


From the Editor’s Desk...

The Founder’s day Special Issue of the BARC 
Newsletter published every year on Founder’s Day, 
carries award winning work of our Scientists and 
Engineers. DAE Awards 2012 received in 2013 and 
Merit Awards for R&D work in 2013.

DAE Awards 2012 received in 2013 and Merit 
Awards for R&D work in 2013 are being published 
in this issue. This year a total of sixty papers have 
been published. DAE Awards constitute 65% of 
the total award papers spanning a wide range of 
areas: from Chemical Sciences, Physical Sciences to 
Computer Sciences, Bio Sciences and Engineering. 
Some of the papers are purely research-based 
whereas others are application-oriented. 

Apart from DAE Awards, BARC Scientists and 
Engineers received several awards for their R&D 
work, which was presented at various national 
and international fora (Merit Awardees). Some of 
the R&D work received special awards instituted 
by the sponsoring organizations. Some included 
oral presentations and others were Poster 
presentations. 

This CD contains all the sixty papers which are 
grouped under 1.DAE Awards and 2. Merit 
Awards.  Individual papers can be accessed from 
the Contents as well as from the Author index by 
clicking on the hyperlinks. 

Dr. K. Bhanumurthy
On behalf of the Editorial Committee
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DEVELOPMENT OF PROCESS SENSORS FOR NUCLEAR 

REACTOR APPLICATIONS

P.R. Patil
Reactor Control Division

Introduction

The sensors are used in process systems of nuclear 

reactor plant for monitoring, plant control, protection 

and actuation of safety systems. The reliable 

functioning of the process sensors in all modes of 

the plant is important for plant availability and safety. 

Reactor Control Division (RCnD) of BARC has developed 

customized sensors for process systems of compact 

Light Water Reactor (LWR) project. Indigenously 

developed sensors are highly customized and designed 

to meet the specific application requirements, 

high pressure, high temperature, nuclear radiation 

endurance, stringent qualification requirements viz. 

environmental qualification, shock and vibration 

qualification, EMI/EMC qualification. These application 

requirements could not be met by commercially 

available sensors. As an application requirement of the 

plant, the sensors used for measurement of process 

parameters of reactor systems of LWR are designed 

with the following important features.

•	 Sensors	designed	to	achieve	zero	leakage,	welded	

process connection for the sensors connected to 

Reactor	Coolant	 System	 (RCS)	 and	high	pressure	

system of the plant. Provision of back up pressure 

boundary in case of inadvertent failure of primary 

pressure boundary of the sensor, to prevent 

leakage of the coolant.

•	 Sensors	 are	 designed	with	 bi-block	 arrangement	

wherein electronic converters are physically 

separated from primary converters. This 

arrangement enables primary converter to be 

mounted inside the containment and the electronic 

converter can be located outside the containment. 

Thus during accident, only the primary converters 

will encounter the accidental ambient conditions.

•	 Sensors	of	the	safety	systems	which	are	mounted	

inside the containment are designed to withstand 

ambient conditions which may exist during Loss of 

Coolant Accident (LOCA).

•	 Sensors	 are	 designed	 for	 high	 process	 pressure,	

high temperature and high radiation. 

Abstract

The importance of process sensors in monitoring, control and protection of nuclear reactor plant is well established. 

The process sensors for reactor applications are special in its category because of the challenges to perform reliably 

in the environment of high pressure, high temperature, nuclear radiation and harsh environmental conditions. 

Reactor Control Division has undertaken indigenous development program of highly customized process sensors 

for	compact	Light	Water	Reactor	to	achieve	self-reliance	in	this	important	field.	Different	types	of	process	sensors	

are successfully developed and qualified under this program. The salient features of various indigenously developed 

process sensors are presented in this article.

Shri P.R. Patil is the recipient of the DAE Homi Bhabha Science &
Technology Award for the year 2012
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•	 Designed	 to	 meet	 the	 stringent	 environmental	

qualification tests, EMI/EMC, shock and vibration 

qualification tests.

•	 Level	 sensors	 are	 designed	 with	 top	 mounting	

due to layout constraints, accessibility and 

maintenance considerations.

•	 Remote	 health-check	 facility	 provided	 in	 sensor	

electronic converters which enables electronic 

converter health check and ensuring connectivity 

with the control system.

Process sensors developed for compact LWR

Multipoint Ultrasonic Level Sensor

Multipoint ultrasonic level sensor is designed to 

measure the water level in pressurized vessel reliably 

under varying process conditions, from atmospheric 

pressure to 21 MPa pressure  and temperature up to 

200ºC, under the presence of high gamma radiation. 

As the vessel is embedded in the shielded cavity, 

conventional differential pressure (DP) type level 

measurement method for pressurized vessel cannot be 

used. Hence top mounted multipoint ultrasonic level 

sensor has been developed. 

The sensor measures the level reliably during normal 

operating conditions as well as under accident 

conditions like LOCA which is associated with 

varying process conditions and harsh environmental 

conditions.

The level sensor works on the principle of change 

in ultrasonic energy while passing through liquid 

or gas, due to difference in acoustic impedance of 

water and gas. The sensor consists of identical 23 

pairs of piezoelectric crystals hermetically sealed in 

stainless	 steel	 (SS)	 housing,	 which	 sense	 the	 water	

level at 23 different elevations in the vessel covering a 

measurement range of 0 – 2500 mm with measuring 

accuracy of ± 5 mm at each sensing point.

Piezoelectric crystal material and its bonding to the 

SS	 housing	 is	 very	 important	 for	 proper	 functioning	

of the ultrasonic sensors particularly under varying 

temperature conditions and high gamma radiation. 

Technique for bonding of piezoelectric crystals to 

SS	 housing	 has	 been	 developed.	 After	 bonding	 of	

piezoelectric crystals in the sensor housing, sensors 

are	 hermetically	 sealed	 by	 welding.	 Special	 welding	

techniques are developed to avoid any damage to the 

piezoelectric crystals and signal wires inside the sensor 

housing during welding. The sensor is designed as 

fully welded construction and provided with a special 

flange suitable for welding to the mounting flange on 

the process vessel to ensure leak free joint. The sensors 

are tested for hydrotest pressure of 24 MPa.

The sensor is interfaced with electronic converter 

with high frequency signal cable of length up to  

30 metre. Electronic converter excites the transmitting 

piezoelectric crystals, receives the signal generated by 

Fig.1: Multipoint Ultrasonic Level Sensor



Special Issue  |  October 2014         3

BARC NEWSLETTERFounder’s Day

receiving crystals and generates analog output and 

level indication in discrete level indicator. Fig.1 shows 

Multipoint	Ultrasonic	Level	Sensor	and	Fig.2	shows	its	

electronic converter and Discrete Level Indicator.

The salient features of multipoint ultrasonic level 

sensor are as follows.

•	 Fully	 welded	 construction,	 welded	 process	

connection to ensure zero leakage.

•	 The	level	indication	is	not	affected	by	changes	in	

fluid properties due to change in process pressure 

and temperature; hence gives true level indication 

in all operation regimes of the plant including 

accident situation like LOCA. 

•	 There	 is	 no	 drift	 in	 level	 indication	 and	 the	

sensor does not require periodic calibration or 

adjustments. 

•	 The	 signal	 cables	 from	 the	 sensor	 pass	 through	

a specially designed high pressure cable seal 

mounted in the sensor head assembly which 

serves as a back up pressure boundary in case of 

inadvertent rupture of immersed portion of the 

level sensor.

LOCA qualified Absolute Pressure Sensor

Measurement of reactor coolant system pressure in 

all modes of reactor operation including accident 

conditions is important from safety consideration. 

As a safety requirement, pressure sensors connected 

to reactor coolant system are mounted inside the 

containment and they must withstand the 

normal ambient conditions and harsh ambient 

conditions which exist during accident like 

LOCA. The signals for these pressure sensors 

are used for actuation of reactor safety systems. 

The pressure sensor should function during 

accident and maintain its functionality after 

the accident to ensure the safety of the plant. 

Considering	 these	 requirements,	 bi-block	

type absolute pressure sensor with remotely 

mounted electronics is developed, so that the 

electronics can be kept out of accident zone and the 

pressure sensor is located inside the containment. 

Pressure sensor connected to remotely mounted 

electronics	 through	pressure-tight	 screened	cable	up	

to 100 metre length. 

Pressure sensor uses Bourdon tube as basic pressure 

sensing element. The deflection at the free end 

of the Bourdon tube due to the applied pressure is 

converted to electrical signal by customized high 

temperature Linear Variable Differential Transformer 

(LVDT). The pressure sensor is provided with back up 

pressure boundary to contain the process fluid in case 

of accidental rupture of Bourdon tube. The sensor is 

designed as fully welded construction with welded 

process connection to ensure zero leakage.

Absolute pressure sensors are developed for ranges, 0 

– 25 MPa and 0 – 10 MPa with measurement accuracy 

of ± 1.0 % of span at reference condition. The over 

range pressure of the sensor is 150% of full scale. It 

provides 4 – 20 mA output (4 wire configuration) 

proportional to the measured pressure. The pressure 

sensor is designed to operate under LOCA, accidental 

ambient conditions of 180ºC, 10 bar saturated 

steam atmosphere and Total Integrated Dose (TID) 

50	MRad	 of	 gamma.	 Steam	 chamber	 test	 has	 been	

successfully carried out on the pressure sensor for 

LOCA qualification and performance checking under 

accidental (LOCA) environmental conditions. LOCA 

qualified	Absolute	Pressure	Sensor	is	shown	in	Fig.3.

Fig.2: Electronic Converter and Discrete Level Indicator for Multi-point 
Ultrasonic Level Sensor
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Three Channel Ultrasonic Flowmeter

The measurement of feed water flow rate to steam 

generators is important for plant safety and protection 

and hence requires triplicated measurement of feed 

water flow rate. Three channel ultrasonic flowmeter 

is developed for measurement of feed water flow 

rate to steam generators of nuclear reactor plant. The 

flowmeter has three independent channels on a single 

SS	body.	The	ultrasonic	flowmeter	covers	measurement	

range of 2 to 60 m3/hr with measurement accuracy 

of ±1% full scale. The measurement range can be 

extended up to 100 m3/hr. Design pressure and 

temperature of the flowmeter is 10 MPa and 90ºC 

respectively. 

The flowmeter works on principle of time of flight 

method and makes use of multiple reflections of the 

ultrasound to achieve high rangeability of around 

30:1. 

The performance of the flowmeter has been 

successfully tested in the flow calibration facility at 

IDEMI, Mumbai. Fig.4 shows Three Channel Ultrasonic 

Flow Meter.

The salient features of the three channel ultrasonic 

level sensor are as follows.

•	 Each	 measuring	 channel	 of	 the	 flowmeter	 is	

independent and provides four galvanically 

isolated analog outputs proportional to volumetric 

flow rate.

•	 Each	measuring	channel	 is	provided	with	on-line	

diagnostic facility, remote health check, channel 

fault detection, zero calibration facility.

•	 Considering	 the	 compact	 layout	 and	 available	

short upstream straight length, the flowmeter 

is	 provided	 with	 specially	 designed	 in-built	 flow	

straightener. 

•	 Measurement	 not	 affected	 by	 change	 in	 sonic	

velocity due to change in process temperature and 

pressure. 

 
Thermocouple Assembly for reactor coolant 
temperature measurement

Measurement of reactor coolant inlet and outlet 

temperature is important for reactor control and 

protection. These measurements are challenging as 

they have to be carried out inside the reactor pressure 

vessel due to layout constraints. Response time of 

these sensors is very important as reactor coolant 

temperature signals are used for reactor control and 

protection. To achieve fast response, thermocouple 

assemblies are designed for direct contact with 

the reactor coolant. Hence, they are designed for 

pressure and temperature of reactor coolant system. 

The body of the thermocouple assembly is made 

of	SS	321	and	it	has	fully	welded	construction.	The	

Fig.3: LOCA qualified Absolute Pressure Sensor

Fig.4: Three Channel Ultrasonic Flow Meter
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thermocouple assemblies are inserted into the reactor 

vessel through the guide tubes from the nozzles 

provided on the vessel and welded to the nozzles to 

ensure zero leakage. Proper support arrangement has 

been designed in the sensor assembly to reduce the 

flow induced vibrations. Thermocouple assemblies 

are designed to function under LOCA conditions. To 

ensure integrity of the senor throughout its life, the 

thermocouple assemblies are subjected to various 

tests viz. Autoclave test, hydrostatic test at 40 MPa, 

Insulation Resistance test at room temperature and 

at high temperature (400°C), temperature cycle test, 

helium leak test, radiographic examination. Fig.5 

shows the thermocouple assemblies for reactor 

coolant temperature measurement.
The level sensors are provided with remotely mounted 

electronics and support a cable length of 30 

metre. It provides 4 – 20 mA output (4 wire 

configuration) proportional to the measured 

level.

Ultrasonic type Presence of Gas Detector

Ultrasonic type presence of gas detector is developed 

to detect presence of gas in the top cavity of canned 

motor pump. In the canned motor pump, the pumped 

primary water is used for lubricating the bearings of the 

motor. If the lubricating water is absent in the top cavity 

of the pump, the pump operation should be stopped 

to avoid damage to the bearings. The sensor works on 

the principle of change in ultrasonic energy while passing 

through liquid or gas, due to difference in acoustic 

impedance of the water and air. The sensor is designed 

for 21 MPa pressure and temperature up to 200ºC. 

It has fully welded construction and welded process 

connection. A specially designed high pressure cable seal 

provided in the sensor head assembly which serves as a 

back up pressure boundary in case of inadvertent rupture 

Fig.5: Thermocouple Assembly for reactor coolant temperature measurement

Capacitance type flexible level sensor

The capacitance level sensor is meant for continuous 

measurement of water level in the tanks of the process 

systems of the plant. The principle of the operation is 

based on the considerable difference in the dielectric 

constants of water and gas. Hence, the capacitance 

of the level sensor changes linearly with the change in 

water level of tank. 

The capacitance level sensors are designed for 

pressure of 7 MPa and temperature up to 200 ºC with 

measuring range of 0 – 900mm to 0 – 2000mm with 

accuracy of ±1.5% of span.

The level sensor is designed as flexible element 

to allow removal and installation of the sensor 

in the tanks with limited head room. The sensor 

has minimum bending radius of 600 mm. 

Capacitance	Type	Flexible	Level	Sensor	 is	shown	

in Fig. 6.

Mounting Flange

Sensing Element

→

→

Fig.6: Capacitace Type Flexible Level Sensor

Fig.7:Ultrasonic type Presence of Gas Detector
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in immersed portion of the level sensor. Ultrasonic type 

presence of gas detector is shown in Fig.7.

the water temperature with in built Resistance 

Temperature Detector (RTD).

Salinity	sensors	are	developed	

to cover the salinity 

measurement range of 0.4 – 

4 mg/litre, 1 – 10 mg/litre, 4 

– 40 mg/litre, 10 – 100 mg/

litre and 40 – 400 mg/litre. 

The sensors are designed for 

process pressure of 10 MPa 

and temperature 100ºC.  

The remotely mounted 

electronics connected to the 

salinity sensor with a cable of 

maximum 50 metre long. It provides analog output 

proportional to salinity of water and relay output on 

specified high salinity limit. Fig. 9 shows different 

types of salinity sensors.

Fig.8: Single point Ultrasonic Level Singnalizers

Fig.9: Salinity Sensors

2.7 Single Point Ultrasonic Level Signalizers

The single point ultrasonic level signalizers are used to 

detect high and low water level in closed tanks.  Four 

types of single point ultrasonic 

level signalizers have been 

developed are shown in Fig.8. 

These level sensors are designed 

with	 SS	 body,	 pressure	 of	 21	

MPa and temperature up to 

200 ºC.

2.8 Salinity Sensors

Salinity	 sensors	 are	 used	 to	

detect inadvertent ingress 

of sea water into DM water systems of plant. 

Salinity	 is	 the	 concentration	 of	 dissolved	 salt	 in	

a solution and is determined by measuring the 

conductivity of the solution by conductivity cell 

of known cell constant. The sensor continuously 

measures conductivity at process temperature and 

converts to conductivity at reference temperature 

of 25 ºC by automatic temperature compensation. 

From the conductivity at reference temperature, 

salinity of the water is determined. Automatic 

temperature compensation is provided by sensing 

3. Qualification Requirements

The process sensors developed are subjected to the 

following qualification tests.

•	 Environmental	 qualification	 tests	 (High	

Temperature Test, Low Temperature Test, Moisture 

Resistance Test, High ambient pressure test, Low 

ambient	pressure	test,	Water	spray	test,	Salt	spray	

test)

•	 EMI/EMC	tests	(as	per	MIL-STD	461C/E),	
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•	 Shock	qualification	tests	

•	 Vibration	qualification	tests,	

•	 Radiation	Endurance	test

•	 Steam	chamber	test	for	checking	the	performance	

of the sensor during LOCA conditions

Conclusion

Reactor Control Division has successfully developed 

and qualified the process sensors for compact LWR, 

thus	 gaining	 self-reliance	 in	 this	 vital	 field.	 These	

sensors are indigenously developed to meet the 

customized application requirements of nuclear 

reactor plant, stringent environmental qualification 

requirements, EMI/EMC, shock and vibration 

qualification requirements. Technology for these 

sensors, manufacturing processes and inter stage 

testing methods have been developed. Testing and 

qualification requirements for the sensors have been 

formulated. Development of technology for these 

sensors resulted in successful manufacturing of 

variety of sensors for the project with participation 

of	 indigenous	 industries.	 The	 technical	 know-how	 is	

transferred to ECIL for manufacturing of these sensors 

for future projects.
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INDIGENOUS DEVELOPMENT OF LASER SPECTROMETERS 

FOR INVESTIGATION OF IMPORTANT  
ATMOSPHERIC REACTIONS

P.D. Naik
Radiation & Photochemistry Division

Introduction

Earth atmosphere can be divided into several layers 

depending on the properties under the consideration. 

With regard to temperature variation, the atmosphere 

can be divided into five major layers, namely, 

troposphere, stratosphere, mesosphere, thermosphere 

and exosphere. We are mainly concerned about the 

chemical reactions taking place in the troposphere and 

stratosphere, as man-made activities can influence the 

reaction taking place in these two layers. Moreover, the 

troposphere is the home place of everyday weather, 

and stratosphere consists of ozone layer, which absorbs 

harmful UV-radiation. Many chemicals are released in 

the troposphere due to anthropogenic and natural 

activities. The fate of these chemicals is decided by the 

chemical/ physical process initiated by (1) solar photon 

of wavelength > 300 nm, (2) oxidizing species such as 

OH, O3, NO3, Cl etc., and (3) precipitation agents such 

as water droplet, rain, cloud, dew etc. present in the 

troposphere. Among all the above pollutant removal 

processes, the degradation by the OH oxidant species 

is the most important pathway. Hence, pollutant 

tropospheric lifetime is related to the rate of the 

above process. If this lifetime is short, few days, it 

contributes only to the local effect, such as smog, 

acid rain etc. However, if lifetime is long, it mainly 

contributes to the global effect such as global warming, 

and also diffuses into the stratosphere and takes part 

in stratospheric reactions. The former effect depends 

on pollutant’s radiative forcing efficiency, which is 

related to absorption cross section in far-IR region, 

Abstract

The chemistry occurring in earth atmosphere, particularly in the troposphere and stratosphere, is of great concern 

to mankind.  The most important pathway for the destruction of a chemical species in the troposphere is its 
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apart from its tropospheric lifetime. In stratospheric 

chemistry, the influence of chlorofluorocarbon (CFC) 

is well known. CFC being tropospherically stable and 

thus having long lifetime, enters the stratosphere, 

where on UV photon induced dissociation leads to 

the formation of Cl atom, a species which acts as a 

catalyst in ozone destruction reaction. Since 1970, 

about 4% per decade decline in stratospheric ozone 

was observed and much higher in Antarctic region 

during springtime [1].

The tropospheric global warming and ozone 

depletion in stratosphere have generated a lot 

of interest in atmospheric chemistry, and many 

research activities were initiated to assess the 

impact of industrially employed chemicals 

and new synthesized chemicals of potential 

applications, especially as refrigerants and 

fire extinguishers, on the tropospheric and 

stratospheric chemistry.  Radiation and 

Photochemistry Division, BARC, has developed 

Laser Photolysis – Laser Induced Fluorescence 

(LP-LIF) for measurement of rate coefficients 

of chemical species with the OH radical, and 

Resonance Enhanced Multiphoton Ionization- 

Time-of-flight mass spectrometer (REMPI-

TOF-MS) for understanding halogen atom 

formation dynamics on UV photoexcitation 

of halogen containing molecules. The article 

covers the kinetic measurement of the OH 

radical reaction with fluoroalcohols (CF3CH2OH, 

CF3CF2CF2CH2OH and CHF2CF2CH2OH) employing LP-LIF 

setup, and Cl and Br atom formation dynamics on 235 

nm excitation of halothane employing REMPI-TOF-MS. 

Tropospheric Impact: Tropospheric lifetime 
of fluoroalcohols with respect to OH radical 
reaction 

Experimental setup

Partially fluorinated alcohols (HFAs) have been 

considered as new generation alternative of CFC for 

applications such as cleaning of electronic components, 

refrigeration, and as carrier compounds for lubricants 

[2].  Due to the presence of both abstractable 

hydrogen atoms and OH group, the chemical 

reactivity of HFAs is likely to be higher than the present 

alternative of CFC, i.e., hydrofluorocarbons (HFCs). 

The major pathway of HFAs removal in troposphere 

is expected to be by reaction with the OH radical. We 

have measured the rate coefficients of fluoroalcohols 

(CF3CH2OH, CF3CF2CF2CH2OH and CHF2CF2CH2OH) 

with the OH radical, using indigenously developed 

LP-LIF experimental setup [3-5]. A schematic of the 

same is shown in Fig. 1. Hydrogen peroxide, which 

Fig. 1. : Schematic of LP-LIF setup employed for kinetic studies.

gives exclusively OH radical on 248 nm (KrF excimer 

laser) photolysis, was used as precursor for the OH 

radical. A Nd:YAG pumped frequency-doubled dye 

laser, tuned to ~308 nm, was employed as a probe  

laser to excite the P1(2) line in the (0,0) band of the (A2∑) 

← (X2Π) transition. The reaction chamber is a double-

walled Pyrex glass cell, fitted with MgF2 windows at 

the Brewster angle, and experiments were carried out 

under flow condition. The pump and the probe laser 

beams, intersect at right angle at the center of the 

reaction cell. The reaction cell temperature was varied 

and maintained by circulating water through the outer 
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jacket from a thermostatic bath. Temperature at the 

intersection zone of the pump and the probe laser 

beams was measured by introducing a Chromel-Alumel 

thermocouple from the top. A capacitance manometer 

was used to measure the total pressure in the reaction 

cell, and the partial pressures of the individual 

gases were estimated based on their flow rates. The 

fluorescence of OH from the intersection volume was 

collected by a lens (diameter = 38 mm, focal length 

= 50 mm), and detected by a photomultiplier tube 

(PMT; Hamamatsu, model R928P), kept orthogonal to 

both the laser beams, after passing through a band 

pass filter. The reaction is initiated by generating OH 

by photolysis of its precursor H2O2 by pump laser, in a 

flowing mixture of reactant, precursor and buffer gas. 

The time t=0 is the time at which the pump laser is 

fired. The temporal profile of the OH concentration 

was obtained by varying the delay between the pump 

and the probe laser pulses and measuring the LIF 

signal, which is integrated by a boxcar and averaged 

for 30 laser pulses, at each delay time. The signal is 

fed into an interface for A/D conversion. Both the 

pump and the probe laser intensities were monitored 

by photodiodes, and the average values of 30 laser 

pulses were used to normalize the averaged LIF signal 

intensity at each delay time.

To obtain OH decay profile at various concentrations 

of fluoroalcohols, the flow rates of fluoroalcohols–He 

mixture and pure helium were adjusted at different 

ratios, keeping the total flow rate of these two 

together constant. All the kinetic measurements were 

carried out at nearly constant total pressure of ~55 

Torr. The flow velocity of the experimental mixture 

was kept to ~ 10 cm/s, to make sure that a fresh 

gaseous reaction mixture was seen by each pulse of 

the photolysis laser operating at 20 Hz. The number 

density of H2O2 molecule in the reaction cell was 

maintained to around 1 × 1014 molecules cm−3. At 

this concentration of H2O2, the concentration of OH 

generated is estimated to be in the range of 1010–1011 

molecules cm−3, using the laser fluence employed 

for the experiments and absorption cross-section of 

H2O2 at 248 nm. The concentration of a fluoroalcohol  

estimated on the basis of total pressure  and flow rates 

was cross-checked by measuring the FTIR spectrum of 

the mixture, collected downstream of the reaction cell.

Results and Discussion

The intensity of the fluorescence signal is proportional 

to the concentration of OH, and its variation with 

time, i.e., the pump-probe delay time, gives the 

concentration of OH as a function of reaction time. The 

experiments are carried out under pseudo first order 

condition, the concentration of fluoroalcohol >> 

[OH].  Thus, at a given temperature and composition 

of the reaction mixture, the OH fluorescence intensity 

decay follows a first-order exponential relation, 

St = S0 e
-k’t                                                              (1)

Where, St and S0 are the LIF intensities at time t = 0 and 

t, respectively. The pseudo-first-order rate coefficient, 

k’, is obtained from the linear least-square fit of the 

plot of log(LIF intensity) vs. time, as shown in Fig. 2. 

The rate coefficient, k’, is related to the bimolecular 

rate coefficient, k II, by the expression,

Fig. 2 : Typical profiles of OH radical decay with time, at room 
temperature, with increasing concentration of CHF2CF2CH2OH. 
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k’ = kII [fluoroalcohol] + k0 ,                                  (2)

where [fluoroalcohol] is the number density of 

fluoroalcohol and k0 is the sum of all first-order 

rate coefficients of OH loss, except by reaction with 

fluoroalcohol. The ratio [fluoroalcohol]/[OH] are 

kept in the order of 105, to minimize the secondary 

reactions. A typical plot of k’ vs. [fluoroalcohol] at 

different temperature is shown in Fig. 3. From the 

plots the values of the bimolecular rate coefficient 

kII(T) at that temperature T, and k0, were obtained. 

The bimolecular rate coefficients were obtained at 

various temperatures, and Arrhenius plot of the same 

is constructed to calculate Ea/R and the A-factor.

The kinetic parameters, k298 and Ea/R, for reaction of 

the OH radical with primary fluoroalcohols, obtained 

in our laboratories along with other reported work, 

are tabulated in Table 1. From these kinetic data, 

two conclusions can be drawn. (1) The reactivity of 

fluoroalcohols increases with the increase in its number 

of abstractable hydrogen atom in the fluorinated chain, 

and is more pronounced for the hydrogen atom on the 

terminal carbon atom. (2) The reactivity has negligible 

dependence on the number of CF2 units in the molecule. 

Atmospheric implications

We have estimated the tropospheric lifetime of the studied 

fluoroalcohols with respect to the OH radical reaction 

Fig. 2: Typical profiles of OH radical decay with time, at room 
temperature, with increasing concentration of CHF2CF2CH2OH.

Molecule k298 x 1013

(cm3 molecule-1s-1) Ea/R
Method and
Reference

CF3CH2OH  1.03 ± 0.10 760 ± 170 LP-LIF (our work [5])

CF2HCH2OH 2.52 ± 0.44 LP-RF      [6]

4.57 ± 0.38 RR-FTIR [7]

CFH2CH2OH 16.3 ± 0.9 330±45 PLP-LIF  [8]

13.9 ± 0.5 RR         [7]

CF3 CF2CH2OH 1.0± 0.1 900± 70 LIF        [9]

CHF2CF2CH2OH 1.67 ± 0.04 565 ± 40 LP-LIF    [5]

CF3CF2CF2CH2OH 1.15 ± 0.10 765 ± 85 LP-LIF    [5]

CF3CHFCF2CH2OH 1.30 ± 0.08 880 ± 40 LP-LIF    [10]

Table 1: k298 and Ea/R  for fluoroalcohols with –CH2OH end group. 

Fig. 3: Pseudo first-order decay constants (k’) with the 
concentration of CHF2CF2CH2OH at different temperatures.
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at 272 K, which is taken as the average temperature of 

the troposphere for chemical species lifetime estimation. 

Apart from the reaction with the OH radical, the other 

important pathway for removal of fluoroalcohols in 

the troposphere is uptake in the cloud droplets and 

subsequent rain out. The estimated tropospheric lifetimes 

are tabulated in Table 2, along with the reported values. 

The global warming potential at various time horizons 

for CF3CF2CF2CH2OH and CFC-12 and HFC -134 are 

also included in Table 2. It may be concluded that 

fluoroalcohols are better candidates than CFC -12 and 

HFC- 134, in terms of their global warming implication. 

Stratospheric Impact: Cl and Br formation 
dynamics on UV-photodissociation of halothane

Experimental

The indigenously developed resonance-enhanced 

multiphoton ionization (REMPI) with time-of-

flight (TOF) mass spectrometer was employed 

for investigating photodissociation dynamics of 

halothane, by detecting the photoproducts, Br(4P 
2P3/2), Br*(4P 2P1/2), Cl(3P 2P3/2) and Cl*(3P 2P1/2) atoms, 

state-selectively. The photograph of the setup is shown 

in Fig. 4, which is described in detail in our previous 

publications [11, 12]. In brief, a pulsed supersonic 

molecular beam was generated using a solenoid valve 

nozzle and conical skimmer. A time-of-flight mass 

spectrometer (TOF-MS), two-stage Wiley–McLaren 

type [13], was mounted vertically, perpendicular to 

the horizontal MB, with 18 mm dual microchannel 

plates as a detector.  The halothane molecules seeded 
in helium were obtained by bubbling helium through 

a sample maintained at room temperature, and the 
molecular beam, formed after passing through nozzle-
skimmer arrangement, was intercepted by a laser 
beam in the ionization region of the TOF assembly. 
In this experiment, a single colour laser was used for 
both photodissociation of the parent molecule and 
ionization of the photoproducts, halogen atoms. 
A Nd:YAG pumped dye laser was employed for 
generating the requisite tunable laser beam in 586-
607 nm range. This fundamental dye laser output 
after frequency-doubling followed by mixing with the 
fundamental output of the Nd:YAG laser gives output 
in the range 230-236 nm for 2+1 REMPI of Cl and 
Br atoms. The laser line width was broadened (> 1.5 
cm-1) for all the REMPI experiments by operating the 
Nd:YAG laser without an injection seeder, and the dye 

laser without a set of line width narrowing prisms in 

Molecule Tropospheric lifetime GWP (Time Horizons)

τOH τtotal 20 yr 100 yr 100 yr

CF3CH2OH 154 day 106 day

CF3CF2CF2CH2OH 142 day 137 day 90 25 8

CHF2CF2CH2OH  81  day 46 day

CFC-12 100 yr. 10340 10720       5230

HFC134 (CHF2CHF2) 9.6 yr. 3200 1090 337

Table 2: Comparison of tropospheric lifetimes of fluoroalcohols with CFC and HFC.

Fig. 4 : Photograph of REMPI-TOF-MS setup
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the laser cavity. The laser line width was always greater 
than the Doppler profile of the recoiling halogen 
atom fragments. The laser beam was passed through 
a converging lens of 200 mm focal length, and the 
distance between the lens and the interaction zone 
was adjusted to obtain the best ratio of on- and off-
resonant signals.

Digital delay/pulse generator of 20 ps pulse resolution 
was used as master for time synchronization of all 
the instruments. The ion signal from MCP was fed to 
a boxcar gate integrator and after averaging for 30 
laser pulses, passed on to an interface (SRS 245) for 
A/D conversion. A PC was used to control the scan 
of the dye laser via an RS232 interface, and collect 
data from SRS 245, through a GPIB interface, using a 
control and data acquisition program. For obtaining 
TOF spectrum, the MCP signal was fed to a 500 
MHz digital oscilloscope (LeCroy 9350A), which was 
interfaced to a Pentium PC. The contributions to the 
signal from pump-oil related background and the 
multiphotonic processes were removed by subtracting 
the off-resonant signals from the on-resonant signals. 

A double Fresnel rhomb was used for rotation of the 
laser beam polarization entering the chamber. TOF 
profiles were taken for three different experimental 
configurations, vertical (laser polarization || detection 
axis), horizontal (laser polarization ┴ detection axis), 
and magic angle (laser polarization at 54.78° to the 
detection axis). 

Analysis of the Experimental Data 

Analysis of TOF profile 

Photodissociation of halothane at ~234 nm generates 
Br and Cl, in both the ground (2P3/2) and the excited 
(2P1/2) spin orbit states, which were detected using 
(2+1)-REMPI and TOF mass spectrometer. The observed 
TOF profiles of Br, Br*, Cl and Cl* were analyzed, using 
a forward convolution method, described in detail in 
earlier publication [14], and the photofragment speed 

distribution, P(v) and anisotropy parameter, b, were  

obtained. The former is converted into the center-of-

mass translational energy distribution, P(ET) and the 

average translational energy was calculated. A typical 

photofragment center-of-mass translational energy 

distribution P(ET) for Cl atom is shown in Fig. 5.  

Fig. 5: Photofragment centre-of-mass translational energy 
distribution of chlorine atom, the dashed lines indicate the speed 
distributions for the fast and slow component.

Spin-orbit branching ratio 

The ground X(2P3/2) and the spin-orbit excited X*(2P1/2) 

atomic halogen photoproducts were scanned in the 

region of their two photon transitions, and the ion 

intensity due to a species X, S(X), is obtained. The ratio 

of number density of X*, N(X*) and X, N(X) species 

is related to the measured ion intensity ratio by an 

expression,

)(
*)(

) XS
XS

k
N(X
N(X*)

=
  

,   (3)

where k represents the relative ionization probability. 

The quantum yield values of spin orbit excited halogen 

atom, Φ(Br*) and Φ(Cl*), were calculated from the 

number density ratios to be 0.23 ± 0.05 and 0.22 ± 

0.02, respectively.

Discussion and Stratospheric Impact

The UV excitation of halothane at ~234 nm leads to 

the σ*(C-Br)←n(Br) transition. The parent molecule 
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undergoes the C-Br bond rupture on the excited 

potential energy surface, which is repulsive along the 

C-Br bond, and produces bromine atom in both the 

ground Br(2P3/2) and the spin-orbit excited Br*(2P1/2)  

states, with the former accounting for 77% of the 

total bromine yield. Both Br and Br* are produced with 

anisotropic distributions, characterized by the recoil 

anisotropy parameter b value of 0.6±0.2. This b value 

is lower than the expected value of 2.0 for a parallel 

transition. This indicates that some contribution 

from the perpendicular transition and non-adiabatic 

curve crossing may be responsible for lower b value. 

We measured translational energy distributions 

and estimated the fraction of the available energy 

partitioned to the relative translation (fT) to be 0.17 for 

both the Br and Br* channels, which is in reasonably 

good agreement with the predicted value of 0.22 by a 

soft impulsive model.

In addition to the C-Br bond rupture in halothane, 

we also observed the unexpected C-Cl bond cleavage 

channel on UV laser excitation, with b value of 

0.3±0.1. Since only the C-Br bond is directly excited 

at 234 nm, the formation of chlorine atom involving 

the C-Cl bond rupture cannot be through the direct 

excitation of halothane. Based on our excited state 

calculations the C-Cl bond rupture is explained by 

intramolecular electronic energy transfer involving an 

avoided crossing of the nσ*(C-Br) and the nσ*(C-Cl) 

diabatic potential energy surfaces near the excitation 

energy of ~122 kcal/mol above the ground electronic 

state. Thus, the C-Cl bond rupture results due to the 

transition from the nσ*(C-Br) to the nσ*(C-Cl) surface. 

Like formation of the bromine atom, the chlorine atom 

also has two pathways producing Cl and Cl*, with 

the former accounting for 78% of the total chlorine 

yield. Although, the velocity distribution of bromine 

atom has a single component, that of chlorine atom 

has two components (shown in Fig. 5), implying two 

different mechanisms of chlorine formation. The 

relative translational energies for the fast (high energy) 

and slow (low energy) Cl channels are 17.5±2.0 and 

7.5±1.0 kcal/mol, respectively. The fractions of the 

low and high translational energy components are 

determined to be 75% and 25%, respectively, for 

the Cl channel. Similarly, the average translational 

energies for the fast and slow Cl* channels are 

21.0±2.0 and 9.5±1.0 kcal/mol, respectively. For the 

Cl* channel as well, the slow component contributes 

predominantly to the total yield, accounting for about 

95%. The minor fast Cl atom channel originates 

from the impulsive C-Cl bond rupture.  Hence, the 

experimental fT values agree well with the predicted 

value by the soft impulsive model. The slow chlorine 

atoms are most likely generated from the vibrationally 

excited ground electronic state of halothane after fast 

internal conversion from the lower adiabatic state. 

The measured fT values of the slow chlorine atoms 

are somewhat greater than the statistical values. 

The b values of chlorine atom channels are reduced 

to 0.3±0.1 from that of the bromine atom channels 

(0.6±0.2), due to the curve crossing. The branching 

ratio of the low kinetic energy C-Cl bond scission to 

the high energy C-Cl bond scission is 0.65/0.35. 

The branching ratio of the C-Br bond scission to the 

C-Cl bond scission channel in halothane on excitation 

at 234 nm was estimated, using the relative ionization 

probability of Cl to that of Br* as 1.24 ± 0.30 [15], 

and found to be ~13.0/1.0. Thus, the C-Br bond 

rupture is the major C-X bond dissociation channel 

accounting for ~93% of the total X (Br and Cl) yields. 

As per atom basis, bromine has global ozone depletion 

potential 60 times higher than chlorine; hence impact 

on stratosphere will be quite significant if any transfer 

of halothane from troposphere to stratosphere takes 

place. 

Conclusion

The author is involved in indigenously development 

of several state-of-the-art experimental facilities for 

chemical physics research, and setups described in this 

article are two of them.  The facilities are employed 

to deduce the microscopic aspects of chemical 

reactions relevant to atmospheric chemistry. The 
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facilities developed have potential applications in 

environmental studies, ultrasensitive remote analytical 

techniques for nuclear waste, explosive detection, etc. 
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SCIENCE AND TECHNOLOGY OF THIN FILM AND 

PHOTONIC MULTILAYERS: APPLICATIONS IN NEUTRONS, 
X-RAYS, LASERS TO TERAHERTZ SPECTRAL REGIMES

N.K. Sahoo
Atomic and Molecular Physics Division

Introduction

Presently, the word “thin film” no longer needs a formal 
introduction or explanation. Thin film technology, 
simultaneously, is one of the oldest arts as well as 
one of the ever expanding science and technology 
[1]. The field have shown remarkable progresses, 
especially over the past few decades, depicting 
unparalleled potentials from scientific to commercial 
domains. It has been projected to be one of the major 
processing techniques to fabricate electronic, optical, 
optoelectronic, photonic, spintronics, magnetic 
data storage devices, sensors, fuel cells, solar cells, 
communication devices, etc [2]. Departmentally, thin 
films and multilayer devices have been dominating 
the high-end scientific and technology researches 
in various atomic energy programs pertaining to 
the material sciences, astrophysical sciences, space-
telescope technology, solar cell researches, laser 

spectroscopy, reactor core-viewing optical periscopes 
and wide range of sensor technologies.  The very basis 
of interplaying and transporting of electromagnetic 
radiations emanated from conventional discharges, 
lasers, synchrotrons, neutron sources critically depend 
on the single and multilayer thin film coatings which 
control the propagation and manipulation of these 
radiations from hard X-ray to far infrared wavelengths 
extending to terahertz regimes [3].  Several laser 
spectroscopic researches, analytical spectro-chemical 
techniques and optical communication programs 
primarily rely on dense wavelength division multiplexing 
(DWDM) of electromagnetic pulse or CW radiations 
utilizing multilayer thin film devices matching to the 
various customized experimental needs.

Conceptually, periodic thin film multilayers belong 
to the family of 1D photonic crystal, in which there 
is periodic variation in the dielectric constant or 

Abstract

Thin film multilayers as 1D photonic crystal has been serving the science world both technologically as well as with 

fundamental research interest. It’s the tailored photonic band gap that is made use of in the efficient reflection, 

antireflection and polarization of electromagnetic radiations from terahertz, infrared, optical, X-rays to neutron 

wavelength regime. The physical basis of these multilayers is to essentially create an appropriate refractive index 

(or polarizabilty) contrast between the layers in order to manipulate the amplitude, phase and polarizations of 

these electromagnetic radiations to serve the ultimate interests. However, each wavelength and energy regime 

has specific complex issues in designing and developing these multilayers. Moreover, with the emerging novel 

electromagnetic sources, the challenges are being compounded regularly to appropriately overcome the materials, 

numerical design, development and characterization issues.  The present article is a small attempt to present a 

glimpse of the multilayer R&D issues and possible solution in the present science and technology context. 
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polarizability and hence in the refractive index [4]. In 

general, photonic crystal (PCs) families are periodically 

distributed material structures in one (1D), two (2D), 

or three spatial directions (3D) that exhibit stop bands 

or photonic band gaps (PBGs) as shown in layer 

geometries in  Figs.-1(a) & (b). 

In this regard, 1D photonic crystal geometry as 

multilayers or super-lattices is the most practicable as well 

as demanding option to fabricate devices for scientific, 

commercial and technological applications.  Historically, 

although multilayer films received intensive study over 

an century, it was when Yablonovitch and John in 1987 

joined the tools of classical electromagnetism and solid-

state physics, that the concepts of omnidirectional 

photonic band gaps in 1D to 3D was introduced [5]. 

This generalization, which inspired the name “photonic 

crystal,” led to many subsequent developments in their 

fabrication, theory, and application; from integrated 

optics to negative refraction to optical fibres that guide 

light in ambient. As can be seen in the Fig. 2, a multilayer 

of alternative layered thin film materials as 1-dimensional 

photonic crystal is the array of 1D lattice points in the 

reciprocal space. The very basis of this formulation is to 

create a contrast in the dielectric or optical properties 

between the successive layers for predictive manipulation 

of the propagation of electromagnetic radiations that 

can be extended to 3D geometries as shown in Fig. 3.

Fig.1(a): Example of 1D-Photonic Crystals

Fig.1(b): Example of 1D-Photonic Crystals

Fig.2: Presentation of a  multilayer depicting (a) layer structures in real space, (b) corresponding variation  
of polarizability between the layers and (c) ultimately its depiction as 1D lattice in reciprocal space

Fig.3:  A 3D-Photonic Crystal
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Multilayers for Lasers, X-Rays and Neutrons 

Multilayer Coatings, as mirrors, anti-reflectors, filters 

and polarizers, play vital roles in the extended spectral 

range of electromagnetic radiations starting from 

Neutron, X-ray, UV-Vis- IR to Terahertz frequency and 

wavelength regimes [6]. In spite of distinct differences 

amongst these radiations there are striking similarities 

in designing guiding thin film based components 

commonly used to transport these radiations and 

beams. One of the essential as well as most demanding 

requirements in guiding these beams has been the high 

efficient reflection or anti-reflection components or 

subsystems that often decide the quality of the high-

end experiments, instrumentations or performance. The 

design and development such mirror system become 

more complex when issues of polarization and high 

peak flux pulse nature of the radiation are to be tackled. 

It is interesting to note that irrespective of the diversity 

amongst the radiations, numerical design formulations 

used for multilayer interference laser mirrors can be 

conveniently adapted for neutron and X-ray mirrors 

only with the appropriate re-formalism of the refractive 

index and extinction coefficient variables. Historically, 

there have been very interesting evolutions in the field of 

multilayer science and technology, especially related to 

the numerical design and computations. In mid-sixties, 

Seeley and Smith [7] developed an interesting method 

of adapting results obtained in the synthesis of lumped 

electrical circuits for use in multilayer thin-film optical 

filters. The concept and the analogy of using the lumped 

electrical network circuit in designing optical multilayer 

dielectric edge filter or the wavelength multiplexer 

are depicted in Fig. 4. Such formulations can also be 

extended to more complex designs like omnidirectional 

reflecting multilayers [8, 9]. But presently more complex 

numerical methods are available [10, 11].

Refractive Index: the prime 
factor in formulating any 
Optics and Photonics

The propagation of electromagnetic 

radiation is generally presented 

according to an optical formalism in 

which the properties of a medium 

are described by a fundamental 

parameter termed as refractive 

index. Knowledge of the refractive 

index is sufficient to predict what will 

happen to all such electromagnetic 

radiations at an interface; that is 

to establish the Snell’s laws and to 

calculate the Fresnel coefficients 

for reflection and transmission. 

The laws of propagation of 

radiation, and in particular the 

refractive index, depend on the 

fundamental phenomena involved 

in the interaction of radiation 

with matter. The main process of 

interaction in the visible region 

Fig.4 : Analogy of a dielectric multilayer with the equivalent cicuit of a lumped electric filter in 
computing the reflectance, trancemittance as well as absorptance. The conversion used in the 
computation is shown here by in diagrammatic form. In this formulation High-index layers are 
first replaced by a T circuit and low-index ones by a π circuit. This figure shows the step-by-step 
process by which a multilayer thin-film filter  can be converted into a lumped electric filter in 
such a way that the elements of the electric filter can be identified with the optical thickness of 
the films, the indices of the films being specified with absolute independence.
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of the electromagnetic spectrum is the polarization 

of the molecules in case of an insulator/dielectric 

and plasmonic in metals. At higher energies as with 

X-rays, it is generally sufficient to take into account 

the interactions with the atoms and at the highest 

X-ray energies only the electrons need be considered 

in the interaction process. Neutrons interact with 

the nuclei of the materials, and also have another 

interaction with the electrons for those atoms which 

carry a magnetic moment. Since the neutron or X-ray 

refractive indices of most condensed phases are only 

slightly less than that of air or vacuum, total external 

reflection is more commonly observed instead of 

the total internal reflection experienced with light of 

optical regime. The critical angle for total reflection is 

such that the reflectivity of neutrons or X-ray of a given 

wavelength from a bulk interface is unity at lower 

glancing angles (ignoring absorption effects) and falls 

sharply at larger angles. A critical comparison of the 

above explanations is presented in the Fig. 5.

Similarities in Multilayers for Lasers, X-Rays and 
Neutrons

The propagation of neutron de Broglie waves in a 

potential field is analogous to the propagation of 

light waves in a medium with a continuously variable 

refractive index. The potential can be gravitational, 

magnetic, or nuclear. For example, slow neutrons 

follow a parabolic path under the effect of gravity as in 

classical mechanics. Neutrons in a constant magnetic 

field experience a torque and undergo precession. In 

a non-uniform magnetic field they experience a force 

that depends on the relative orientation of the spin 

and field vectors.

The similarity of the mathematical descriptions for 

neutron wave and light propagation gives rise to 

phenomena that are analogous to those of classical 

optics. In fact, virtually all the well-known classical 

optical phenomena that are characteristic of light and 

Fig.5: Formulation of complex refractive index in the optical, X-ray and neutron wavelength regime depicting the 
dependance of real and imaginary part on the medium as well as on the material parameters.
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X-rays have also been demonstrated with neutrons. In 

geometric optics, there are not only the refraction and 

reflection of neutrons by materials, but also special 

properties in magnetic media. In wave optics, there 

is Bragg diffraction from crystalline materials, and so 

on, as for X-rays, but there are also other phenomena 

completely analogous to classical optics. Essentially the 

mirror or the high reflecting property of the multilayers 

designed and formulated for all these electromagnetic 

radiations is closely associated with the achievement 

of 1D photonic band gap in an appropriate thin 

film multilayer geometry. As a specific example, a 

generalized multilayer formulation with an objective 

of 1D photonic band gap for the laser applications is 

presented in the Fig. 6.

Mirrors and Super Mirrors for ultra-fast lasers

Current laser technology 

characteristically has an inverse 

relationship between pulse 

duration and bandwidth, 

requiring any optical component 

used in short pulse applications 

to provide the desired response 

over a large bandwidth. Due to 

this increased bandwidth, the time domain shape of 

the ultra-short laser pulse of femto-second (10-15 sec) 

or less is adversely affected by material dispersion. 

In general, the longer wavelengths of laser light will 

travel faster than the shorter wavelengths resulting in 

an unusable signal. More specifically, the dispersion 

causes phase velocity of the pulse to increase in relation 

to the group velocity (hence the term Group-Delay-

Dispersion GDD). The GDD of the laser amplifying 

medium, along with other components of the system, 

must be compensated for, to achieve or maintain the 

desired pulse shape. Chirped mirrors, a rather recent 

development in the area of non-linear optics, have 

provided a solution for these phenomena which utilizes 

the multilayer formulations of the super mirror designs 

[12]. Chirped mirrors are now the essential elements 

in ultrafast optics in order to compensate for positive 

Group Velocity Dispersion (GVD) suffered by a short 

Fig.6: (a) A typical design example of a multilayer geometry in which multiple combination of thin film materials with appropriate 
thickness, refractive index, polarizabilities, absorption coefficients can be used in satisfying  the  objectives, and  

(b) Origin of the photonic band gap in a 1D photonic crystal or a perodic multilayer structure with  
all-dielectric or metal-dielectrc or metal-metal layer geometries.

Fig. 7 : Double Chirped Mirror (DCM) design at AR coting the front for thr dispersion 
control in femtosecond lasers
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laser light pulse, which travels through a dispersive 

medium. Design and deposition of a chirped mirror are 

more complicated than that of an ordinary multilayer 

dielectric reflector, because one has to fit not only an 

amplitude target, but also a phase target. The Fig. 7 

presents the layer design for a Double chirped mirror 

(DCM). An impedance-matching section and an AR-

coating on top of the mirror avoid the oscillation in 

the group delay. 

Mirrors and Super Mirrors for X-rays

Compton showed that X-ray reflection was governed 

by the same laws as reflection of light but with 

different refractive indices depending on the number 

of electrons per unit volume. The advances in X-ray 

optics during the last 25 years were facilitated by the 

availability of bright synchrotron radiation sources, 

the invention of multilayer x-ray mirrors with high 

reflectance, and the development of high resolution 

zone plates. In this context, it is important to note that 

the multilayer coated mirrors can reflect X-ray beams 

efficiently at grazing angles up to 10 times larger than 

the critical angle of a single layer (Fig.8).  

x-ray telescopes for imaging of the solar corona have 

obtained images with about one order of magnitude 

better resolution than grazing incidence telescopes; 

the actual resolution (about 0.5 arc sec) is presently 

not limited by the quality of the optics but by the 

detectors, the pointing stability of the spacecraft, and 

the available photon flux. Pictures from the multilayer 

mirror telescopes on the SOHO and TRACE spacecraft 

are available on the Internet at http://umbra.nascom.

nasa.gov/eit/ and http://vestige.lmsal.com/TRACE/.

Mirrors & Super Mirrors for Neutrons

In 1946 Fermi and Zinn first demonstrated the mirror 

reflection of neutrons (Fermi and Zinn, 1946). Again 

this follows the same fundamental equations as 

optical reflectivity but with different refractive indices. 

Neutrons are scattered by nuclei and the neutron 

refractive index depends not only on the number of 

nuclei but also on how strongly they scatter. A quantity 

known as the “scattering length” that indicates a 

nucleus’ ability to scatter neutrons may be defined 

[13]. A neutron refractive index of any material is a 

function of the scattering length density (SLD) of its 

constituent nuclei and the neutron wavelength. As with 

light, total reflection may occur here when neutrons 

pass from a medium of higher refractive index to one 

of lower refractive index. Since the neutron refractive 

indices of most condensed phases are only slightly less 

than that of air or vacuum, total external reflection is 

more commonly observed instead of the total internal 

reflection experienced with light. 

The critical angle for total reflection is such that the 

reflectivity of neutrons of a given wavelength from a 

bulk interface is unity at lower glancing angles (ignoring 

absorption effects) and falls sharply at larger angles. 

Fermi and Zinn had observed the total reflection of 

thermal neutrons below the critical angle. Since the 

neutron refractive index, unlike X-rays, is related to 

its composition and to the scattering lengths of its 

constituent atoms, it does not follow any systematics 

as shown in Fig. 9. 

Fig.8: A typical design example of a X-ray multilayer 
highlighting critical issues with respect to the design as well as 
development.

The efficiency is also better even at normal incidence, 

especially for soft X-rays with λ>25 Å in a spectral 

or angular region around the Bragg angle. These 

properties make them useful as beam deflectors, 

spectral filters, collimators or focussing elements. They 

are efficient polarizers for incidence angles around 450. 

The imaging performance of mirrors is considerably 

better at normal incidence than at grazing incidence 

angles, and optical systems with multilayer mirrors 

can be used for high resolution imaging as well. Soft 
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Initially, neutron guides were fabricated from glass 

plates coated on their inside with a thin layer of 

natural Ni or enriched Ni. In such guides neutrons 

are transported by total reflection on the inner guide 

walls, with typical neutron reflection losses of 1% per 

bounce.  Starting about ten years ago, neutron guides 

equipped with ‘Super-Mirror’ coatings were developed. 

A typical neutron supermirror used for guiding thermal 

neutrons consists of typically ~250 bilayers (500 

Layers) of Ni/Ti or Co/Ti of varying thickness followed 

by ~20 anti-reflecting bilayers of Gd/Ti. So the layer 

geometry and sequence is quite complex as shown 

in Fig. 10. Experimentally, such mirrors are realized 

by sophisticated magnetron sputtering process with 

precise process control formulations [14]. In this case 

the substrate is the glass with a typical thickness of 

200 micron. The total layer thickness of mirror is 7.2 

micron and the glass substrate needs to have such 

super mirror coatings both the side for the desired 

waveguide applications as depicted above. With the 

magnetron sputtering system now readily available, 

a typical Super Mirror deposition process takes 15-20 

hours (one side). Such magnetron sputtering system 

usually has the provision to load 5-15 such substrates 

(with standard substrate dimensions 141 mm x 254 

mm) while carrying out the multilayer coatings as 

shown in Fig. 11.

Fig.9: Depicting how the the critical parameter of the refractive index which is termed as scattering length density 
(SLD) vary in case of X-rays and neutron with respect to the atomic number. As it can beseen there is a systematic in 
case of X-rays and no systematics for the neutrons.

Fig.10:  shematic of multilayer depth graded neutron super mirror 
polarizer with 1080 layers, coated both sides of a substrate
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Mirrors for Terahertz Regime (T-rays) 

The terahertz (THz or 1012 Hz) is the part of the 

electromagnetic spectrum (wavelengths typically 

ranging from 100 µm to 1000 µm), where most 

molecules have rotational and vibrational absorption 

modes and therefore is a rich area for molecular 

spectroscopy, chemical and biological analysis [15]. 

The frequency range is also termed the far-infrared but 

the terahertz term was originally used for the region 

between photonic devices and electronic transit-time 

devices where few practical sources of radiation were 

previously available, termed the THz gap (roughly 200 

GHz to 10 THz - or 30 µm to 1.5 mm wavelength) 

(Fig. 12). In the last 5 years this situation has changed 

significantly and there are many THz sources available 

with differing power, bandwidth and operating 

temperatures. The frequency range is particularly 

interesting for medical and security imaging and 

spectroscopy as the radiation is non-ionising and 

hence is far safer than X-ray or gamma camera 

techniques. However, with terahertz wavelengths 

ranging from 100 to 1000 µm, the diffraction limit for 

this long wavelength light means that it is difficult to 

measure small volume samples. The development of 

electromagnetic, artificial-lattice structured materials 

(photonic crystals), termed as metamaterials, has 

led to the realization of phenomena that cannot be 

obtained with natural materials

In the terahertz regime, unlike optical region, 

interactions of both electric and magnetic 

components of EM radiation with matter need to be 

considered. Concepts of Metamaterials or Negative 

Refractive Index Materials [16] arise primarily due to 

the following mathematical formulation depicting 

the relationship of refractive index with electric and 

magnetic permeability factors as follows:

                                              
 ….(1)

Fig.12:  Terahertz regime

Fig.13(a):  Reflectance and Transmittance characteristics of 
structured multilayer for the geometry depicted in  Fig. 13(b)

Fig.11:  An indigeneously developed magnetron sputtering sys-
tem for super mirror developments at A&MPD
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Where, εr is the relative electrical permittivity, defined 

as εr=ε/ε0and µr is the relative magnetic permeability, 

defined as µr =µ/µ0. Usually, for conventional materials 

+ sign is taken. But for metamaterials, both εr and 

µr are simultaneously negative. This only possible 

by designing a structured multilayer in which the 

material property and geometry both carry the similar 

importance. A typical design of a reflecting multilayer 

using this formulation of metamaterial multilayer is 

depicted in Figs. 13(a) & (b).

Conclusion

The science and technology of multilayers for 

transporting as well as manipulating electromagnetic 

radiations has ever expanding domain both with 

respect to the design formulations and practical 

realizations. The wavelength domain starting from 

terahertz, infrared, visible, X-ray to neutron have 

their specific complex issues and considerations with 

respect to design concepts, geometries and material 

choices. In spite of distinct differences amongst these 

radiations there are striking similarities in designing 

guiding multilayer thin film based components 

commonly used to transport these radiations and 

beams. It is also interesting to note that irrespective 

of the different radiation-matter interaction processes, 

numerical design formulations used for multilayer 

interference laser mirrors can be conveniently adapted 

for neutron and x-ray mirrors only with the appropriate 

re-formalism of the refractive index and extinction 

coefficient variables. Further, the super-mirror design 

initially visualized for the neutron beams to extend the 

angular-range of the reflected mirror coating utilizing 

a graded geometric layered structure has also drawn 

significant attention for X-ray and ultrafast laser mirror 

related technologies. However, with increasing demand 

on quality, precision, efficiency, dimension and long 

term stability on the multilayer mirrors there are serious 

issues related to selection of new thin film materials, 

processes, process-monitoring and characterization 

techniques. In the Department a strong scientific and 

technology base has been established to carry out 

the R&D and develop such state-of-the-art multilayer 

devices with challenging as well as customized needs 

of the nuclear energy programs.
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SECURE NETWORK ACCESS SYSTEM (SNAS)

Gigi Joseph
Computer Division

Abstract

Cyber-security has emerged as an important issue because of the sophisticated cyber attacks on information as-

sets and industrial assets which lead to serious threats to power plant control and critical information of our 

organization. It is a well known fact that cyber security related products sourced from other countries may have 

built-in trap doors. Hence development of indigenous security solutions are  very important. In April 2012, SNAS 

was launched as a commercial product at national level by Dr. Srikumar Banerjee in the presence of Dr. Rajagopala 

Chidambaram in Delhi. ECIL is providing marketing and support of SNAS. This article details some of the major 

highlights of SNAS.

Shri Gigi Joseph is the recipient of the DAE Homi Bhabha Science &
Technology Award for the year 2012

Introduction

Secure Network Access System (SNAS) is an 

indigenously developed integrated host-aware 

network security appliance. It secures any enterprise 

network by intelligently sensing security threats 

and responding to them automatically. With next 

generation portable devices, network access has 

become trouble-free. Users can be simultaneously 

connected to multiple networks. But this renders the 

concept of perimeter firewall based network security 

useless. In such a scenario, firewalls need to be aware 

of the endpoint status and health to counter the 

threats to organizational networks.

SNAS combines the features of a perimeter 

firewall with those of an endpoint security 

solution to provide a bird’s eye view of the entire 

network as well as detailed information about 

each entity connected to it.  SNAS is a highly 

scalable system which can be easily configured 

to suit the requirements of any small, medium or 

large enterprise with varying security concerns. 

It identifies the “who, what and where” of the 

devices connected in the network. SNAS can 

identify everything on your network – the devices, 

their operating systems, applications running on 

them and their network activities.

Fig.1:  SNAS Appliance BOX
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SNAS Subsystems 

SNAS has got many subsystems which themselves can 

also be implemented as independent systems.

number, installed and running software and services. 

If the security state of the end-system is such that 

it casts negative impact on other devices then SNAS 

can isolate it from the internal network also. This way 

NeTwork Admission ConTrol (iNTACT) 

module of SNAS ensures that the 

end-systems remain unharmed by 

compromised systems.

Host AwaRE security Policy 
Enforcement FIREwal (HEAR-FiRE)

If an end-system complies with the 

security policy, the firewall rules are 

dynamically manipulated so that it can 

only access the network services that it is 

authorized to. Once an end system has 

securely gained access to the network, 

continuous monitoring, threat analysis 

and policy enforcement are provided 

through intelligent integration 

with other SNAS components.  

This capability makes SNAS a Host 

AwaRE security Policy Enforcement 

FIREwall (HEAR-FiRE). The acronym 

HEAR-FiRE stands for the capability 

of SNAS to listen to the state of  

hosts, check their security compliance and configure 

the firewall rules accordingly. 

Fig.2:  SNAS Subsystems

NeTwork Admission ConTrol (iNTACT)

SNAS offers a comprehensive solution 

for proactive network security by 

determining the policy compliance 

of the connected end-systems. End-

systems are allowed to access network 

services only if they are in compliance 

with the security policy defined for 

them. The identification and subsequent 

authentication of the end-systems can 

be based on a multitude of factors. 

Among others, these include IP, MAC, 

location, generated network traffic, 

running operating system, open 

application ports, disk-partition serial 
Fig.3:  SNAS End Point Policy Enforcement  Architecture 
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CompLete SEcUrity viSualisation (CELSiUS) 

SNAS provides a CompLete SEcUrity viSualisation 

(CELSiUS) of all the entities present in the network. 

It measures the security state of the end-systems in 

the network using various parameters. The SNAS 

dashboard enables administrators to monitor the status 

of the network. It provides them with an interface to 

know what processes and services are running, whether 

they are trusted or not, what software have been 

installed, when they have been installed, what network 

application ports are open on the devices, which 

devices have connected to those application ports and 

the traffic that is being generated by the systems.

This functionality is a major advancement to that 

provided by traditional Intrusion Detection and 

Prevention System (IDS/ IPS). The approach used 

by SNAS is capable of detecting and mitigating 

even those attacks whose packets do not reach the 

SNAS appliance. SNAS can identify any malicious 

behavior of end points in terms of network traffic, 

applications and threat propagation. Endpoints 

causing Denial of service (DOS) attack are detected 

and isolated from the network in near real-time. 

SNAS approach of integrated network admission 

control and anomaly detection provides a dynamic 

intrusion response and proactive prevention against 

zero-day attacks

Fig.4:  SNAS dashboard

Network and hoST Anomaly DEtection (iNSTEAD) 

Network and hoST Anomaly DEtection (iNSTEAD) 

ensures that whatever happens in the network is 

trusted and any non-trusted behaviour is isolated. 

SNAS Network Management Suite (NMS)

SNAS Network Management Suite (NMS) provides 

a mechanism to monitor and manage the various 

network devices and end-systems present in the 
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network. It provides the details about the device, 

their configuration, current status, their link with 

other devices and status of those links. It also helps 

administrators in managing IP address allocation, 

device movement and generating periodic reports for 

the purpose of network auditing. 

   

Rogue Detection with Isolation (RiD)

The Rogue Detection with Isolation (RiD) module of 

SNAS ensures that as soon as any unknown device 

enters the network, it can be identified and isolated in 

near real-time. This module is able to scan a sufficiently 

large network and detect and isolate unknown systems 

in less than a minute. True to its name, this module rids 

administrators from the menace caused by unknown 

entities. 

Backdoor Detection 

Users connected to internal networks can connect 

to external networks simultaneously using wireless 

Fig.5:  SNAS Security Visualization and NMS dashboard

devices e.g. USB dongles, smart-phones etc. This can 

not only compromise the confidentiality of information 

present on that system, but it can also be used as a 

point to attack the enterprise’s internal network. SNAS 

can detect endpoints which are connected directly to 

outside networks. They pose a threat to organizational 

security as they bypass all network security systems 

and act as a bridge between outside world and 

internal secure networks. Such end-points can be 

easily detected by SNAS and blocked from using the 

internal network while they are connected to external 

networks.

USB Storage Management 

USB based storage devices are prominently used for 

data transfer between different machines. But they 

also act as hub for the spread of viruses and worms 

and pose a threat to network security. SNAS can track 

the movement and usage of USB-storage devices 

within the network. It can ensure that only authorized 

USB-based storage devices are used on an end-system. 
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This will help in ensuring that there is no unintended 

data loss from PCs through removable media. Also, 

once a pen-drive is registered, the user can get full 

details about when and where his/her pen-drive has 

been used. 

 

Network Bridging Sensor 

When multiple isolated networks are extended to 

user’s end, there is a definite chance of network 

bridging. SNAS detects any bridging immediately and 

disconnects the devices to keep your networks isolated.

Trust Monitor 

SNAS monitors and mitigates the impact of untrusted 

programs and services on the network. SNAS builds a 

profile of trusted applications and services running on 

Fig.6:  SNAS USB Module 

the endpoints. Patterns of newly found processes can 

be monitored and easily analyzed to handle threats.

Conclusions

SNAS can be deployed in enterprise networks to replace 

the existing firewalls between intranet segments (LAN) 

and various demilitarized zones and WAN. SNAS will 

ensure that the devices in the user segment comply 

with security policy and all internal network attacks 

are identified and mitigated. The SNAS security suite 

provides a comprehensive solution for mitigation of 

internal and external attacks. As on today, SNAS is 

the only Indian integrated network security solution 

present in the country. The SNAS is being accepted 

as an Intranet security solution at national level and 

installation of SNAS in various organizations including 

strategic ones is in progress.
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SMALL-ANGLE NEUTRON SCATTERING FROM  

BIO- AND NANO-MATERIALS

V.K. Aswal
Solid State Physics Division

Abstract

Bio- and nano-materials possess a specific shape and charge, which regulate and control their functionality and 

stability. The particles in aqueous solution are known to interact through different interaction forces. Different 

phases in any of these systems are preceded and followed by structural changes among them, which can be 

induced simply by varying temperature or neutralizing the charge on the particle by salt or breaking the water 

structure by urea. We have used small-angle neutron scattering (SANS) technique for studying the evolution of 

structure and interaction in different phases of biological and nanomaterial systems.

Dr. V.K. Aswal is the recipient of the DAE Homi Bhabha Science &
Technology Award for the year 2012

Introduction

Small-angle neutron scattering (SANS) is a powerful 

technique in the study of biological and nanostructured 

systems as for most of these systems their 3D structure 

have a length scale in the range 1 - 100 nm [1]. The 

major advantage of the method lies in its ability to 

provide structural information about partially or 

completely disordered systems. SANS allows to study 

the structure of native particles in near physiological 

environments and to analyze structural changes in 

response to variations in external conditions. Both 

structure as well as interaction in these systems can 

be determined by SANS [2]. The applications cover 

extensive studies of different types of biomolecules 

(e.g. proteins, lipids, nucleic acids, macromolecular 

complexes and polyelectrolytes) and nanomaterials 

(e.g. nanoparticles, fullerenes, dendrimers and 

composites) as well as their conjugates. The contrast 

variation SANS either by deuterating the particle 

or solvent is widely used in such multi-constituents 

systems. This article presents some of our recent 

results.  

Evolution of Structure and Interaction in Protein 
Solutions

Proteins are macromolecules made of amino acids 

perform structural, transport, catalytic, sensory 

and many other important biological functions. 

In solutions, they are known to exhibit rich phase 

behavior. It is believed that many of these phases of 

protein solutions can be explained by the interaction 

combining short-range attraction along with the long-

range repulsion [3]. The tuning of these two interaction 

components can lead to different phase transitions 

including liquid-liquid phase transition (LLPT). In LLPT, 

the protein solution gets divided into two phases one 

rich in protein while the other protein deficient. The 

liquid-liquid phase is one of the important phases that 

can enhance solid phase such as crystallization. The 

LLPT in aqueous salt solutions of lysozyme protein 

has been studied by SANS (Fig. 1a).  Measurements 

were carried out on fixed protein concentration with 

varying salt concentration approaching LLPT [4]. The 

data are fitted considering protein interaction by 

two Yukawa (2Y) potential which combines short-
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range attraction and long-range repulsion. We 

showed that LLPT arises because of enhancement 

of non-DLVO short-range attraction without any 

conformational structural change of the protein. This 

attractive interaction is believed to be arising from 

entropy driven dehydration induced by the hydrated 

salt ions. The salt concentration required for LLPT as 

well as corresponding short-range attraction decrease 

significantly with increase in protein concentration 

(Fig. 1b).  

alteration of quaternary, tertiary, and secondary 

structure [5]. We have used SANS to study protein 

unfolding and refolding if any in protein bovine 

serum albumin (BSA) due to perturbation in its 

native structure as induced by different protein 

denaturating agents [6].  BSA protein unfolds for urea 

concentrations greater than 4 M and is observed to 

be independent of protein concentration. The addition 

of surfactant unfolds the protein by the formation of 

micelle-like clusters of surfactants along the unfolded 

polypeptide chains of the protein and depends on the 

ratio of surfactant to protein concentration. We used 

the dilution method to show the refolding of unfolded 

protein in presence of urea and surfactant. BSA does 

not show any protein unfolding up to the pressure of 

450 MPa.  The presence of urea and surfactant (for 

concentrations prior to inducing their own unfolding) 

Fig. 1: The correlation of (a) SANS data and (b) total potential 
for different protein concentrations in presence of salt on 
approaching LLPT.

Proteins function depends absolutely on its three-

dimensional folded structure. Proteins can undergo 

unfolding/refolding transitions in presence of 

denaturants such as urea, surfactant and pressure.  

Protein unfolding process involves the disruption 

of H-bonds, disulphide bonds, salt bridges and 

hydrophobic interactions, leading to its successive 
Fig. 2: SANS data (a) 1 wt% BSA and (b)1 wt% BSA + 4 M Urea 
as a function of pressure
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has been used to examine pressure-induced unfolding 

of the protein at lower pressure. The protein unfolds 

at 200 MPa pressure in presence of urea, however 

no unfolding is observed with surfactant (Fig. 2). The 

protein unfolding is shown to be reversible in all these 

denaturating methods. 

Synthesis and Characterization of Nanoparticles

Recently an economical, environmentally benign and 

fast synthesis methodology for gold nanoparticles 

using block copolymer has been developed [7]. In 

this synthesis, block copolymer plays the dual role 

of reducing agent as well as stabilizing agent. The 

formation of gold nanoparticles comprises three main 

steps, reduction of AuCl4
- by the block copolymers in 

the solution and formation of gold clusters, adsorption 

of block copolymers on gold clusters and reduction 

of AuCl4
- ions on the surfaces of these gold clusters 

for the growth of gold particles in steps and finally 

its stabilization by block copolymers. The control over 

these three different steps decides the output of the 

synthesis of gold nanoparticles. We have looked into 

the role of different components and optimization of 

concentrations to enhance the yield of the synthesis. 

This method usually has a very limited yield which 

does not simply increase with the increase in the 

gold salt concentration. We showed that the yield 

can be enhanced by increasing the block copolymer 

concentration but is limited to the factor by which the 

concentration is increased [8]. On the other hand, the 

presence of an additional reductant (trisodium citrate) 

in 1:1 molar ratio with gold salt enhances the yield 

by manyfold (Fig. 3 a). In this case (with additional 

reductant), the stable and high-yield nanoparticles 

having size about 14 nm can be synthesized at very low 

block copolymer concentrations. These nanoparticles 

thus can be efficiently used for their application such 

as for adsorption of proteins (Fig. 3 b).

            

Nanoparticle dispersions are known to show rich 

phase behavior and find numerous applications. Many 

of these phases can be explained by DLVO theory 

governed by the competition of short-range van 

der Waals attraction and a long-range electrostatic 

repulsion among the particles [9]. However, there are 

numerous cases where DLVO theory fails and non-

DLVO contributions (e.g. hydration and depletion 

interactions etc.) are required to explain the system 

behavior. The depletion force arises in a system 

consisting of two significantly different sizes of 

structures (e.g. nanoparticles, micelles, polymers) due 

to the exclusion of a non-adsorbed smaller structure 

from the gap region between larger structures. 

The resulting concentration difference produces 

an osmotic pressure imbalance between the gap 

Fig. 3: SANS data of varying P85 concentration for 0.2 wt% HAuCl4.3H2O with 0.2 wt% Na3Ct at 15 oC. SANS data of gold nanoparticles 
and BSA and their conjugates. The gold nanoparticles in all these studies are prepared using 0.01 wt% P85 + 0.2 wt% HAuCl4.3H2O 
+ 0.2 wt% Na3Ct system. The pH for BSA in all the samples is kept at 7.
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and bulk, resulting in a net attractive force. The 

depletion interaction has been mostly considered as 

short-range attraction and found applicable to the 

systems which are sterically stabilized as hard sphere 

potential as repulsive part. SANS has been carried 

out to examine block copolymer induced depletion 

interaction of charged silica nanoparticles in aqueous 

solution (Fig. 4a) [10]. The measurements were 

performed on anionic Ludox silica nanoparticles in the 

presence of 0.1 M NaCl and varying concentration of 

polyethylene oxide-polypropylene oxide-polyethylene 

oxide (PEO-PPO-PEO) P85 [(EO)26(PO)39(EO)26]  

block copolymer. The depletion interaction is found 

to be long-range attraction whose magnitude and 

range increase with block copolymer concentration  

(Fig. 4 b). The depletion interaction is further enhanced 

by tuning the self-assembly of block copolymer 

through the variation of temperature. The increase of 

depletion interaction ultimately leads to clustering of 

nanoparticles and is confirmed by the presence of a 

Bragg peak in the SANS data. The positioning of Bragg 

peak suggests simple cubic type packing of particles 

within the clusters. The scattering from the clusters in 

the low Q region is governed by the Porod scattering 

indicating clusters are quite large (order of micron). 

The depletion interaction is also found to be strongly 

dependent on the size of the nanoparticles.

                  

Interaction and Resultant Structure of 
Nanoparticle and Protein Complexes

The nanoparticles, being small, can interact with 

cellular machinery in biological applications. For 

example, nanoparticle-protein systems are extensively 

utilized in drug delivery, catalysis, biological imaging, 

biosensors and bio fuel cell [11]. Silica nanoparticles 

are one of the most commonly used model inorganic 

nanoparticles, which are non-toxic and biocompatible. 

The globular proteins (e.g. BSA and lysozyme) are 

known to be highly stable and easily soluble in 

water. We have examined the differences in the 

interaction and structural evolution of colloidal silica 

nanoparticles for their interaction over a wide range 

of concentration of lysozyme and BSA proteins at 

physiological conditions [12]. It is found that despite 

of having different nature (opposite charge) both the 

proteins can render to the same kind of aggregation 

of silica nanoparticles. However, the concentration 

regions over which the aggregation is observed are 

widely different for the two proteins. The lysozyme 

with very small amount (e.g. 0.01 wt. %) leads to the 

aggregation of silica nanoparticles. On the other hand, 

silica nanoparticles coexist with BSA as independent 

entities at low protein concentrations and turn to 

aggregates at high protein concentrations (> 1 wt. 

Fig. 4. SANS data of 10 wt% LS30 silica nanoparticles with 
varying concentration of P85 block copolymer at 20 oC. Inset 
highlights the variation in low Q data. (b) total interaction 
potential for 10 wt% LS30 silica nanoparticles with varying 
concentration of P85 block copolymer. 
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%).  In the case of lysozyme, the charge neutralization 

by protein on the nanoparticles gives rise to the 

protein-mediated aggregation of nanoparticles. The 

nanoparticle aggregates coexist with unaggregated 

nanoparticles at low protein concentrations whereas 

with free protein at higher protein concentrations. For 

BSA, the non-adsorbing nature of protein produces 

the depletion force that causes the aggregation of 

nanoparticles at higher protein concentrations. The 

nanoparticle aggregation is found to be governed 

by the short-range attraction for lysozyme and long-

range attraction for BSA (Fig. 5). The aggregates are 

characterized by diffusion limited aggregate type of 

mass fractal morphology.

                 

SANS has also been used to study resultant structures 

formed from lysozyme protein adsorption on different 

sized silica nanoparticles [13]. The studies were carried 

out on the nanoparticle systems having sizes much 

larger than the protein size. The protein adsorption 

on nanoparticle shows an exponential behavior with 

adsorption coefficient and saturation values increasing 

with the size of the nanoparticle. The adsorption of 

protein leads to the aggregation of nanoparticles 

which are characterized by the fractal structure. The 

nanoparticle aggregates coexist with un-aggregated 

particles at low protein concentrations whereas at 

high protein concentrations the excess free proteins 

are found with the nanoparticle aggregates. It is also 

found that the native protein structure is disturbed on 

their adsorption on nanoparticles.  

In summary, SANS is an ideal technique for investigating 

the phase behavior of bio- and nanomaterials. We 

have extensively used this technique in protein and 

nanoparticle solutions as well as their complexes. 

Our results show that the phase behavior in these 

systems is governed by the delicate interplay of short-

range/long-range repulsive and attractive interactions 

followed by formation of structures from nano to 

micron length scales.
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ULTRAFAST CHARGE TRANSFER DYNAMICS IN SUPER-

SENSITIZED QUANTUM DOT SOLAR CELL 

Hirendra N. Ghosh
Radiation and Photochemistry Division

Abstract

Working principle and charge transfer dynamics in ultrafast has been demonstrated in quantum dot (QD) /dye 

composite materials where dye and composite form strong charge transfer (CT) complex in the ground state. 

Charge separation processes found to take place in three in three different pathways: by transferring photo-excited 

hole of QD to dye, electron injection from photo-excited dye to QD and direct electron transfer from HOMO of 

dye to conduction band of QD. Charge transfer dynamics was monitored by direct detection of dye cation radical 

and electron in the QD in the transient absorption spectra. Electron injection and electron transfer process are 

found to be pulse width limited (< 100 fs) however hole transfer time measured to be sub-picosecond. Charge 

recombination dynamics has been found to be very slow. Photovoltaic response of CdS/DBF super sensitized TiO2 

quantum dot solar cell found to be improved drastically due to spatial charge separation (electron in CdS QD and 

hole in DBF).

Dr. Hirendra N. Ghosh is the recipient of the DAE-SRC Outstanding  
Investigator Award for the year 2012

Scheme 1: Schematic Diagram of Super-sensitized Quantum 
Dot Solar Cell.

Augmentation of current conversion efficiency in dye 

sensitized solar cell (DSSC) is one of the most challenging 

tasks. So far the record conversion efficiency of above 

13% in DSSC has been reported by Graetzel and co-

workers using specially synthesized Zn−porphyrin and 

cobalt (II/III)- based redox electrolyte, which is believe 

to be lower for commercial application. In this regard 

design and development of quantum dot sensitized 

solar cell (QDSSC) has been started world-wide for the 

next generation solar module. It is believed that single 

photon can generate more than one electron-hole pair 

multiple exciton generation (MEG) in quantum dot 

which in turn can drastically increase the efficiency of the 

devices. It has been verified that efficiency of quantum 

dot solar module can be enhanced significantly by 

dissociating or separating the multi-exciton before 

ultrafast exciton-exciton annihilation. However, so far 

the highest conversion efficiency in QDSC has been 

reported by Kamat and co-workers to be ~ 5.2 %. 

By introducing inorganic−organic heterojunction and 

hybrid passivation the efficiency could increased upto 

~7 %, which is still much lower than conventional 

dye-sensitized solar cells (DSSCs). In QD materials 

majority of exciton recombines before it dissociates 
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as a result efficiency realized in QDSC is much lower 

than expected. By using suitable molecular adsorbate 

(electron or hole acceptors) exciton dissociation in QD 

materials can be reality. In addition to that it has been 

realized that limited absorption of solar radiation of 

QDs and slow hole transfer rate are the main reasons 

for overall low efficiency of QDSC. These problems 

can be tackled by introducing super sensitizer in 

QDSC, where quantum dot and molecular adsorbate 

can exchange charge carriers on photo-excitation. In 

super sensitization in addition to photosensitizing the 

quantum dot material, molecular adsorbate also can 

act as hole transporting materials for photosensitized 

quantum dot, as a result grand charge separation 

takes place in QD-molecular composite material.

In this article we intend to demosnstrate charge 

transfer mechanism and grand charge separation of 

super-sensitized solar cell materials. For this purpose we 

have chosen CdS QD and di-bromo fluorescene (DBF) 

dye molecule where both CdS QD and DBF individually 

can sensitize TiO2 nanoparticles. Redox energy levels 

of CdS QD and DBF molecule imply that conduction 

band (CB) of CdS lies below LUMO level which allows 

photo-excited DBF to inject electron in to the CB of 

CdS QD and HOMO level of DBF lies above the valence 

band (VB) of CdS QD allowing photo-excited hole 

transfer to DBF molecule. Interestingly CdS QD and 

DBF forms strong charge transfer (CT) complex where 

on photo-excitation direct electron transfer from DBF 

to CdS QD is feasible. We have carried out steady 

state and time-resolved emission measurements to 

confirm hole and electron transfer processes following 

different path ways in the above system. Femtosecond 

transient absorption spectroscopy and Fluorescence 

Up-conversion techniques have been employed to 

monitor the charge (both electron and hole) transfer 

dynamics in ultrafast time scale and to demonstrate 

grand charge separation in CdS QD/DBF composite 

system. 

Oleic-capped CdS QDs were synthesized by following 

the previously reported method of high-temperature 

reaction of precursors in hot noncoordinating solvent 

ODE. Fig. 1 shows the high resolution TEM images of 

CdS QD particle and particle size were determined to 

be 2.5 nm. 

Fig. 1: The HRTEM image of synthesized CdS QD. 
Particle size was measured to be 2.5 nm (scale bar 5 nm). 
Inset: The SAED pattern of CdS QD (scale bar 5 nm-1).

To understand charge transfer interaction in the 

excited state it is very important monitor ground state 

interaction between dye and QD materials. Fig. 2 shows 

the optical absorption spectra of DBF sensitizd CdS 

QD. Pure DBF molecule shows weak optical absorption 

up to 550 nm with a peak at 465 in addition to an 

absorption band below 280 nm as depicted in Fig. 2a. 

Fig. 2b depicts the optical absorption spectrum of 0.49 

Fig. 2: Optical absorption spectra of (a) DBF dye (0.3 mM)  
(b) CdS QD (0.49 µM), (c) DBF-CdS complex
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µM CdS QD in chloroform which shows an exciton at 

433 nm and corresponding band gap can be calculated 

to be ~2.69 eV. Now on addition of CdS quantum 

dot (QD) in DBF solution the optical absorption band 

become broader and shifted to the red region of the 

spectrum (Fig. 2c). The color of the solution becomes 

deep red (while the color of free DBF and CdS is light 

orange and yellow respectively) indicating formation 

of strong charge transfer (CT) complex between CdS 

QD and DBF. High extinction co-efficient of the CdS-

DBF complex suggest that the composite materials 

form strong CT complex where partial charge transfer 

takes place in the ground state. This observation 

clearly suggests that CdS-DBF composite material is 

a potential material for super-sensitizer, which can 

absorb more solar radiation as compared to that of 

the individual CdS QD and DBF molecule.   

To understand charge transfer dynamics steady state 

and time-resolved emission studies for both CdS QD 

and DBF molecule separately and also in the composite 

system by selective excitation. Figure 3a shows steady 

state luminescence spectra of CdS QD in chloroform 

after exciting the sample at 375 nm, which consist 

an emission peak at 450 nm with high quantum yield 

(jf=0.24). Fig. 3b shows the emission spectra of CdS 

QD in presence of 0.3mM DBF. It is clearly seen that 

CdS emission is completely quenched in presence of 

DBF. As we have already mention that the valence 

band (1.35V vs NHE) of CdS lies below the HOMO (0.8 

V vs NHE) of DBF (Scheme 2), so photo-excited hole 

can be captured by DBF which is thermodynamically 

viable. Hole transfer reaction can be expressed by the 

equations below:

CdS + hv→ CdS (e- + h+)   (1)

CdS (e- + h+) + DBF → CdS (e-) + DBF+   (2)

To find the hole transfer dynamics time-resolved 

emission studies has been carried out of free CdS 

QDs and also in presence of DBF and shown in Fig. 3 

inset (upper panel). The emission decay traces of CdS 

QD and CdS/DBF composite have been monitored at  

450 nm after exciting the samples at 406nm. The 

emission decay traces can be fitted multiexponentially 

with time constants of τ1 = 0.58 ns (39%),  

τ2 = 23.8 ns (32%), τ3 = 5.2 ns (29%) with τavg = 

9.4 ns for CdS QD and of τ1 = 0.12 ns (61%), τ2 =  

0.94 ns (22%), τ3 = 3.4 ns (17%) with τavg =0.9 ns 

for CdS/DBF system. The average lifetime of CdS/

DBF system is ten times shorter as compared to that 

of CdS QD, which confirms hole transfer process in 

the composite materials as suggested in equation 2.  

Presumably the observed decrease in lifetime arises due 

to hole transfer (HT) from CdS QD to DBF molecule, 

then the HT rate constant can be determined through 

the following expression

kHT =1/τCdS+DBF – 1/τCdS                             (3)

Using the average lifetime values of 9.4 ns (CdS) and 

0.9 ns (CdS-DBF) the hole transfer rate constant can be 

determined to be 1.1x109 sec-1. 

Fig. 3: Upper panel: Photoluminescence (PL) spectra of CdS QD 
(a) in absence and (b) in presence of DBF in chloroform solution 
after exciting at 375nm. Inset: Emission decay traces of (c) CdS 
QD and (d) CdS-DBF composite after exciting at 406 nm and 
monitoring at 450 nm. Lower panel: Photoluminescence (PL) 
spectra of DBF (e) in absence and (f) in presence of CdS QD after 
exciting at 500nm. Inset: Fluorescence upconversion traces of (g) 
DBF and (h) CdS-DBF composite after exciting at 435 nm and 
monitoring at 560 nm. [CdS] = 0.49mM and [DBF] = 0.3mM.
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Now from Scheme 2 it is clear that photo-excited 

DBF molecule can inject electron into the conduction 

band of CdS QD. To monitor this electron transfer 

process from photo-excited DBF to CdS QD we have 

carried out emission spectroscopy in the present 

investigation after exciting DBF molecule. Electron 

injection dynamics from photo-excited xanthenes dyes 

(DBF is a xanthenes dye) to the conduction band of 

TiO2 have been demonstrated by us. Since xanthenes 

dye molecules are highly luminescent, it is easy to 

demonstrate electron transfer process by monitoring 

the luminescence quenching measurements. Fig. 3 

lower panel depicts the emission spectra of DBF and 

DBF-CdS composite after exciting the samples at 500 

nm. Fig. 3e shows the emission spectra of DBF which 

has emission peak at 557 nm with a hump at 584 nm. 

However in presence of CdS the emission intensity 

drastically reduces as shown in Fig. 3f. Again as we 

have already mentioned that LUMO (-1.5 V) of DBF lies 

above the conduction band (-1.3 V vs NHE) of CdS QD 

(Scheme 2), so photo-excited DBF can inject electron 

into the conduction band of CdS. The emission 

quenching can be attributed to electron injection from 

photoexcited DBF to CdS, and can be expressed by the 

equations below:

DBF + hv→ DBF*     (4)

DBF* + CdS QD→ DBF+ + CdS QD (e-)    (5)

Now to monitor electron injection dynamics we have 

carried out fluorescence upconversion measurements 

for free DBF and also in presence of CdS QD after exciting 

the samples at 435 nm laser pulse and monitoring at 

560 nm and shown in Figure 3 inset (lower panel). 

We would like to make a point that exciting pure CdS 

at 435 and monitoring at 560 nm, no emission signal 

was observed. It is clear from emission decay trace 

of pure DBF (Fig. 3g) that emission lifetime of DBF is 

too long to measured in fluorescence up-conversion 

technique. So to measure the emission lifetime of DBF 

we performed nanosecond life time measurements 

(TCSPC) and determined to be 1.6 ns. Fig. 3h depicts 

the emission kinetics of DBF in presence of CdS 

QD which can be fitted bi-exponentially with time 

constants of τ1 = 618 fs (85%) and τ2 = 1.8 ps (15%) 

with average life time τavg=800 fs. If we presume that 

the observed decrease in lifetime arises due to electron 

injection from photoexcited DBF to CdS QD, then we 

can determine the electron injection time constant by 

the following expression. 

kinj =1/τDBF+CdS – 1/τDBF                (6)

By following the above expression electron injection 

rate can be determined to be 1.2X1012 sec-1. With 

the help of time-resolved emission technique we have 

demonstrated both electron injection from photo-

excited DBF to CdS QD and also hole transfer from 

photo-excited CdS QD to DBF molecule. 

To substantiate charge (both electron and hole) transfer 

dynamics in early time scale with accuracy femtosecond 

transient absorption spectroscopic measurements 

has been carried out by exciting CdS QD, DBF and 

DBF-CdS QD/composite system at 400 nm laser 

light. Fig. 4 shows the transient absorption spectra 

of photoexcited CdS/DBF QD composite materials 

in different time delay, which comprises a bleach 

below 550 nm and two broad absorption bands at  

550-750 nm and 750-900 nm respectively. The broad 

Fig. 4: Transient absorption spectra of CdS-DBF composite 
materials in chloroform at different time delay after excitation 
at 400 nm laser light. Inset: Kinetic decay trace at (a) 500 nm 
(b) 650 nm.
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spectral absorption in the 750-900 nm regions can be 

attributed to the electrons in the conduction band in 

CdS QD. The transient absorption band at 550-750 nm 

can be attributed to DBF cation radical. The band having 

maximum at 650 nm is assigned to DBF cation radical 

(DBF.+). We have already demonstrated that at 400 nm 

photo-excitation both electron injection and hole transfer 

process can occur in DBF/CdS composite materials. 

Now to understand the charge transfer and charge 

recombination dynamics we have monitored the kinetics 

at 500 nm (bleach wavelength) and 650 nm (DBF cation 

radical) and shown in Figure 4 inset. It is clearly seen that 

charge recombination dynamics is extremely slow where 

electrons and holes are spatially separated. 

From steady state and time-resolved emission and 

absorption studies suggest that generation of electron 

in the conduction band in CdS and formation of DBF 

cation radical might be taking place through more 

than one process. Recent investigation on quantum 

dot solar cell suggests removal of charges (holes and 

electrons) from photo-excited quantum dots can be 

key factor to improve the conversion efficiency. In 

CdS-DBF composite materials it is clear from Scheme 

2 that DBF can extract the photo-excited hole from 

CdS QD (path 1, Scheme 3). In addition to that photo-

excited DBF can inject electron to the conduction band 

of CdS (path 2, Scheme 2) suggesting CdS-DBF is a 

typical type II system of QD-molecular system. Over 

and above the formation of type II system, from steady 

state optical absorption measurements (Fig. 1) it is 

clear that CdS QD and DBF form strong CT complex 

with very high molecular extinction co-efficient, 

which has absorption band in the red region of the 

solar radiation as compared to both CdS QD and DBF 

molecule, as a result the absorption cross-section of 

CdS-DBF composite system towards solar radiation 

increase dramatically. Excitation of CT CdS-DBF complex 

electron from HOMO of DBF can move directly to the 

conduction band of CdS (path 3, Scheme 2) which 

ensure much higher charge separation as compared to 

both hole transfer from CdS to DBF and also electron 

injection from photoexcited DBF to the CB of CdS. We 

have demonstrated that blue part, green part and red 

part of the solar radiation will be absorbed by CdS QD, 

DBF and CdS-DBF CT complex respectively as shown in 

Scheme 2. 

Steady state and time-resolved spectroscopic analysis 

suggest that CdS-DBF composite can be used as a 

great super sensitizer in quantum dot solar sell. The 

photo-electrochemical performance of mesoscopic 

TiO2 films modified with CdS, DBF, and CdS/DBF 

was monitored under similar illumination condition 

of AM 1.5 irradiation (100mWcm-2) using a redox 

couple, where Pt-coated FTO is used as counter 

electrode. The electrolyte composition: 0.6 M 1,2 

dimethyl 3-propyl imidazolium, iodide, 0.1 M LiI,  

0.05 M I2, and 0.5 M, 4-tert-butylpyridine in 

acetonitrile is used. It is noteworthy that Fig. 5 

purely shows a comparison of solar cells based on 

CdS QD, DBF dye and CdS/DBF composite and actual 

photocurrent action spectra can be improved further 

by optimized fabrication of QDSC. It is interestingly 

to see that maximum IPCE observed for TiO2/CdS/

DBF electrode which is much higher as compared 

to both TiO2/CdS electrode and TiO2/ DBF electrode, 

confirming efficient hole transfer from CdS QD to 

DBF molecule and also super sensitization through 

CdS-DBF charge transfer complex. 

Scheme 2: Charge transfer processes (hole transfer, electron 
injection and charge recombination reactions) involving CdS 
QD and DBF dye in chloroform.  Molecular structure of DBF is 
shown in the scheme.
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This synergy between the CdS and the dye in facilitating 

higher photocurrent generation indicates an additional 

role of the dye in shuttling holes across the CdS/dye 

electrolyte interface. With this proposition, it becomes 

quite impressive to see dramatic improvement of 

photovoltaic response for the CdS-DBF composite 

on TiO2 photo anode, which represents the high 

efficacy of super-sensitization in stabilizing interfacial 

charge separation of QDSC. This is a direct correlation 

of transient absorption and luminescence data and 

photoaction spectra which describes higher charge 

separation through super-sensitization. CdS-DBF 

composite not only effectively removes the hole from 

quantum dot it can also absorbs more solar radiation 

due to formation of charge transfer complex which 

has very high  molar extinction coefficient. Considering 

the fact that QDSC photoaction is exclusive outcome 

of kinetic competitions of electron injection, hole 

transfer, back electron transfer and dye-regeneration 

processes, this super-sensitization scheme can bring 

significant improvement in QDSC without much 

changing the devise fabrication. 

In conclusion ultrafast hole and electron transfer 

dynamics in CdS QD/di-bromo fluorescein (DBF) 

composite are explored and verified as a super-

Fig. 5: Photovoltaic performance of DBF-CdS super-sensitizer: 
Incident photon-to current conversion efficiencies vs. wavelength 
for (a) CdS QD, (b) DBF molecule, and (c) CdS-DBF composite. 
Inset Current density (J) as a function of Voltage (V) (d) CdS 
QD, (e) DBF molecule, and (f) CdS-DBF composite. 

sensitizer in QDSC. Optical absorption studies indicate 

CdS QD and DBF form strong charge transfer complex 

in the ground state. Steady state and time-resolved 

absorption and emission studies confirmed that 

on photo-excitation charge separation in CdS-DBF 

composite take place in three different pathways. As a 

result grand charge separation takes place in CdS-DBF 

composite, which confirms the usefulness as a super-

sensitizer in QDSC. Ultrafast transient absorption 

and Femtosecond up-conversion studies indicates 

that path 2 and path 3 are  pulse width limited (< 

100 fs) however path 1 time measured to be 800 fs. 

Charge recombination dynamics found to very slow 

due to spatial charge separation in the composite. 

Understanding the charge transfer dynamics at 

molecular level in ultrafast time scale has helped in 

achieving superior J-V and IPCE response of CdS/DBF 

super sensitized TiO2 quantum dot solar cell. This 

observation confirms the reality of multiple exciton 

dissociation and finally higher photo-conversion 

efficiency in quantum dot solar cell. 
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COMPUTATIONAL HYDRODYNAMICS AND MHD FOR 

STRATEGIC  SYSTEMS

Srinivasagopalan Madhavan and Shashank Chaturvedi
Computational Analysis Division

Abstract

A two-dimensional lagrangian hydrocode has been developed and that was extensively used in understanding 

and optimizing experimental systems of DAE’s interest. Our 2-D MHD code that has been used in three ways. The 

first is design and optimization of CAD’s experiments on a multistage electromagnetic coilgun that accelerates 

metallic projectiles to high velocities. Secondly, the MHD code has been used for understanding and optimizing 

Electromagnetic Forming systems being developed at BARC. Thirdly, this MHD code has been used for scoping 

studies of an electromagnetic shell acceleration system in Z-pinch geometry. The code allows for various Equations 

of State, Dynamic strength and Fracture models, and can handle a variety of solids and fluids. These codes are in 

regular use as a validated design tool for supporting BARC’s development of various systems and test facilities.

Keywords:  Hydrocode, Elastic-Plastic analysis, MHD, Coilgun

Shri Srinivasagopalan Madhavan is the recipient of the DAE Scientific &
Technical Excellence Award for the year 2012

Introduction

This report focuses on induction coilgun system 

and application of our 2D-MHD1,2,3 code for  

electromagnetic coilgun experimental system4. 

Induction coilguns have been used to accelerate metallic 

projectiles to velocities of a few hundred meter 4,5 .  

Fig. 1 shows a schematic of one design of an induction 

coilgun system. The discharge of a charged capacitor 

through the coil sets up time-varying flux linkage with the 

projectile. This induces time-varying eddy currents that 

vary  through the projectile length and also as a function 

of depth through the projectile thickness. The interaction 

of these eddy currents with the magnetic field produces 

axial and radial electromagnetic forces. The axial force 

accelerates the projectile out of the coil, while the radial 

force leads to pinching. The eddy currents causes non-

uniform  joule heating of the projectile, in turn affecting 

the spatio-temporal variation of its electrical  resistivity. 

For this system, we have performed two-dimensional 

simulations as explained below. 

Salient features of our 2D Computational Model 
Main features of the computational model are  :

•	 Explicit	 finite-difference	 Lagrangian	 Magneto-

Hydrocode where mass in a cell remains constant.Fig. 1. Schematic of coilgun system in R-Z axisymmetric plane

Home

NEXTPREVIOUS ê ê

CONTENTS



44         Special Issue  |  October 2014

BARC NEWSLETTERFounder’s Day
•	 Solves	 finite-difference6	 approximations	 of	 mass,	

momentum and energy conservation equations.

•	 Self-consistent	 calculation	 of	 dynamically	 evolving	

coil current from capacitor bank discharge.

•	 Temperature	dependent	 resistivity	model	 included	

to account for joule heating effects.

•	 Handles	multiple	materials,	solids	as	well	as	fluids.

•	 Contains	 Node-coupler6, to prevent ``hourglass’’ 

formation in the mesh.

•	 Being	 lagrangian	 formulation	 the	 code	 preserves	

material interfaces.

•	 Restart	option	from	specified	dump	times.

•	 Supports	Plane,	Cylindrical	and	Spherical	geometries

•	 Provision	for	problem	specific	addition	/	deletion	of	

cells.

•	 Timestep	criteria:

o	 CFL	based	on	sound	speed.

o Based on characteristic time for evolution of 

internal energy, velocity, etc.

•	 Equation	of	State:	The	EOS	computes	the	pressure	

for a given combination of density and internal 

energy. Mostly we use EOS table generated by CAD.

•	 Plastic	 yielding	 model:	 Von-

Mises yield condition.

•	 Dynamic	Strength	models:	The	

following models are available:

o Steinberg-Guinan7.

o Revised Johnson-Cook8.

•	 Includes	 Fracture	 models	

namely, Johnson-cooks9  and 

Bao-Wierzbickis10  

  

Results

Coil Stability at high current

Simulations performed to identify the upper limit of 

the current that coil can withstand. For current up to 

60	kA,	it	was	found	that	coil	should	be	potted	with	a	

material whose yield strength not less than 50 MPa to 

avoid coil failure. Simulations results (Fig. 2) showing 

the location where potting material has crossed elastic 

limit	 (yielding)	whose	 initial	 yield	 strengths	were	 16	

and 30 MPa. 

Optimized projectile design

We have optimized the projectile shape and size. 

The optimized projectile be 25 mm long and has an 

uniform outer diameter (24 mm). Up to an axial extent 

11	mm,	the	inner	diameter	is	16	mm	and	for	the	rest	

of the length, the inner diameter of the projectile 

was 20 mm. Calculated simulation results along with 

experimental results for various cases is listed in Table.1

 Fig. 2. Final shape of the potting shown as grids. The region crossing the yield limit is shown as green (LHS Y0=16 MPa) and 
blue (RHS  Y0= 30 Mpa).

Case # Applied	Volt
(kV)

Peak Current of the Coil 
(kA)

Projectile	axial	Velocity	under	
Electromagnetic force

Simulation Experimental Simulation 
(m/s)

Experimental 
(m/s)

1 2.5 28 30 66 69

2 3.5 39 41 114 112

3 4.0 45 48 141 142

4 4.5 50 52 177 169

5 5.0 55 58 197 183
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Projectile stability

Projectile with 2 mm thickness resulted with heavy 

deformation and fracture. This has been analyzed with 

our composite 2D-MHD axisymmetric RZ code and XY-

Plane geometry codes in sequence. Firstly axisymmetric 

RZ code has been used to record the time and space 

varying electromagnetic forces on the projectile. 

Subsequently this was feed to 2D-XY Plane geometry 

code to evolve the projectile radial deformation. Since 

this mode includes fracture phenomena, the dynamical 

radial inward deformation of the projectile is obtained 

along with the evolution of damage parameter to 

define the projectile integrity. This could be one 

of the causes projectile failure upon radial pinch. A 

comparison of projectile shape is presented in Fig. 3.

projectile. The code includes elastic-plastic temporal 
deformation of the coil and the projectile. The code 
has been validated with in-house experiments. 
Stability of the coil and projectile was examined using 
our computational tool. Projectile design for CAD’s 

coilgun experimental system has been optimized.
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Fig. 3: LHS shows experimentally observed projectile shapes. 
RHS shows 2D simulations showing the radial pinch along with 
an indication of fracture in red marks.

Conclusions

A two-dimensional (2-D) hydrocode has been 

developed in-house and has been extensively used 

for simulation of coilgun electromagnetic system 

involving electromagnetic coupling between coil and 
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COMPUTATIONAL HYDRODYNAMICS FOR  

CRITICAL SYSTEMS 

Venkata Ramana Ikkurthi and Shashank Chaturvedi
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Abstract

We have indigenously developed a set of sophisticated computer code for modeling ultra high-pressure shock and 

detonation waves and the dynamic behavior of materials under various loading conditions. These involve a fully-

parallelized, three-dimensional (3-D) hydrocode called DEPAS-3D. The code allows for various Equations of State, 

Dynamic strength and Fracture models, and can handle a variety of solids and fluids. These codes are in regular use 

as a validated design tool for supporting BARC’s development of various strategic systems and test facilities. Apart 

from helping in system optimization, these codes provide detailed insight into the underlying physical phenomena. 

These codes have also been used in Multiscale modelling program to validate fracture model parameters obtained 

from Atomistic Simulations.

Keywords:  Hydrocode, Elastic-Plastic analysis, Detonation interaction, Shock waves, Parallelization
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3-D Hydrocode: Features

A three-dimensional (3-D) hydrocode called DEPAS-

3D1, has been developed in-house, broadly following 

the algorithm of Ref. [2]. Main features of the code 

are the follows:

•	 Explicit	 finite-difference	 Lagrangian	 Hydrocode	

where mass in a cell remains constant. Solves finite-

difference2	 approximations	 of	mass,	momentum	

and energy conservation equations.

•	 Handles	multiple	materials,	solids	as	well	as	fluids.

•	 Node-coupler2, to prevent ̀ `hourglass’’ formation 

in the mesh.

•	 Material	 interfaces	 are	 preserved,	 since	 this	 is	 a	

Lagrangian	code.

•	 Restart	option	from	specified	dump	times.

•	 Cartesian	and	Pseudo-polar	grids.

•	 Artificial	 viscosity	 to	 handle	 shocks	 and	 grid	

distortions.

•	 Cell	Erosion	/	Chopping	of	cells.

•	 Timestep	criteria:

o	 CFL	based	on	sound	speed.

o	 Based	on	burn	fraction	for	explosives.

o Based on characteristic time for evolution of 

internal energy, velocity, etc.

•	 Equation	of	State:	The	EOS	computes	the	pressure	

for a given combination of density and internal 

energy.	 Two	 broad	 types	 of	 EOS	 models	 are	

available:
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o	 Tabulated	EOS	for	several	materials,	generated	

by CAD.

o	 A	variety	of	analytical	EOS:

◊	 Stiffened	gas	EOS.
◊	 Gruneisen	EOS.
◊	 Six-parameter	EOS	for	metals3.
◊	 Jones-Wilkins-Lee	(JWL)	EOS	for	explosives4.

•	 Wave	propagation	models	for	reactive	shocks:

o Ignition and Growth reactive model4.

o Programmed burn model.

•	 Supports	various	initiation	patterns.

•	 Plastic	yielding	model:	Von-Mises	yield	condition.

•	 Dynamic	Strength	models:	The	 following	models	

are available:

o Steinberg-Guinan5.

o Zerilli-Armstrong6.

o Revised Johnson-Cook7.

•	 Fracture	models3: 

o	 Void-Growth.

o Cochran-Banner.

o	 Nucleation	and	Growth	(NAG).

o Plastic-strain threshold based model.

      

Results

Parallelization performance

The code has been parallelized using the 

Message Passing Interface (MPI)8. This 

involves two major steps. The first is to 

partition the job between processors with 

load balancing. The second is to ensure data passage 

between different processors. The parallelized 3-D 

hydrocode	 is	 being	 run	 on	 a	 5	 TFLOP	 cluster.	 The	

parallelized code is being used for simulation of a 

variety of problems related to shock waves and high-

velocity impact.  Performance of a parallelized code 

on	a	cluster	is	expressed	by	‘Speedup’	and	‘Efficiency’.		

Speedup	 (S)	 involving	 ‘n’	 number	 of	 processors	 is	

defined by   where T1	is	the	execution	time	of	the	

code in a single processor and Tn		is	the	execution	time	

of the code on n processors.

Parallelization performance for a shock-wave problem 

involving	strong	exothermic	reactions	and	shock-wave	

interactions is studied in detail. Figure (1) shows the 

speed-up obtained. Effect of mesh resolution has 

been studied. As the grid resolution is increased, the 

saturation point shifts to higher no. of processors. 

The effect of node coupler and cell-erosion has also 

been studied. If the node coupler is turned off, a 

better speed-up is obtained. The effect of cell-erosion, 

i.e., deletion of cells from calculation, contributes to 

reduction of speed-up, as additional message passing 

is done after each erosion takes place.

 

Fig. 1:  Speedup obtained with parallelization along three-coordinate axes 
for fine mesh. Green and red curves correspond to cases without and with the 
use of a node coupler

Other applications

•	 Simulation	of	interaction	of	multiple	shock	waves	

in various geometries.

•	 Simulation	of	flyer	acceleration	due	to	impact	and	

explosive	loading.

•	 Simulation	 and	design	 analysis	 of	 various	 critical	

systems of BARC.

•	 Multiscale	simulations	to	check	validity	of	Fracture	

model parameters obtained from Molecular 

Dynamic Simulations.
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Conclusions

A three-dimensional (3-D) hydrocode called DEPAS-3D 

has	been	developed	in-house	and	has	been	extensively	

used for simulation of 3-D problems involving shock 

wave	 propagation,	 reactive	 exothermic	 flows	 and	

shock-wave interaction problems in solids as well 

as fluids. It has been parallelized using MPI.  The 

performance of parallelization depends on the mesh 

resolution. Inclusion of node-coupler and cell-erosion 

facilities reduces the parallelization performance. The 

code has been used for simulation and design analysis 

of	 various	 critical	 systems	 and	 experiments	 in	 BARC	

and	other	Government	Laboratories.
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Sub-Critical Facility & Alignment System

Sub-Critical Facility named as “Beryllium Reflected 
HDPE Moderated Multiplying Assembly” is designed 

& developed to conduct experiments under sub-critical 

regime. Sub-critical assembly is a zero power reactor 

which consists of HDPE core (Moderator) consisting of 

natural uranium as a fuel. The fuel rods are arranged 

in a 13x13 matrix. HDPE core is made up of a number 

of HDPE plates which are interlocked to each other. 

HDPE core is surrounded by BeO bricks (Reflector) 

housed in Al. boxes. Borated polythene and cadmium 

sheets (Absorber) are placed all around the beryllium 

bricks housing. The whole assembly is on the top of 

alignment system. The alignment system consists of 

three subassemblies 1) Long travel alignment sub 

assembly 2) Cross travel alignment sub-assembly 3) ‘Z’ 

motion & plane alignment sub-assembly.

Criticality in design is to satisfy the load bearing 

capacity of the floor of the PURNIMA building which 

is 5 Tons/m² while the total load of the system is 8.5 

tons and size of the sub-critical facility is 1.2m x 1.2m. 

The second challenge is to accommodate the fully 

automated system in a constrained space of PURNIMA 

hall with all the alignment and safety features. Unique 

General Assembly of the Alignment Modules with Controls
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solution to tackle load bearing capacity was found out 

using composites of MS sheets and neoprene sheets 

to facilitate uniform distribution of the total weight 

of the system. This load is distributed over the area 

of 1.9 m² which is the total area of distributed load 

transferred to the floor through the composites, thus 

satisfying the load bearing capacity of the floor and 

also diffusing concentrated loads.

The sub-critical facility needs to be aligned laterally 

as well as along the neutron beam emanating from 

neutron generator when in use or to be off-positioned 

at a distance of 4 meters, when not in use. To facilitate 

positioning fully automated long travel, cross travel 

alignments are provided with remote operation, whilst 

plane alignment & height adjustment are manual. The 

total design load capacity of the system is 6 Tons.    

 

Trolleys as Installed in Constrained Space at PURNIMA

      SLM Dye Laser Monochromator                                     Optical Cavity Arrangement

SLM Dye Laser Monochromator

SLM Tunable Dye Laser Monochromator for L&PTD 

is designed and developed for U-233 clean-up 

programme. The requirement of this job is to rotate 

tunable mirror which is a part of optical cavity in the 

micro arc sec range while the other optical elements of 

the cavity i.e. grating and end mirror are fixed as per 

optical layout.

Criticality in design lies in high rotational resolution 

of 0.04 arc-sec, compact, large range, universal 

mountable, optical mounts with same degree of 

accuracy.
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De-canning Operation under Progress at TAPS

Very high rotational accuracy of the tunable mirror 

mount is achieved by differential drive mechanism 

and the eccentric cam follower system which gives 

resolution of 0.04 arc-sec. The rotational accuracy of 

0.04 arc-secs was successfully achieved and validated 

in tunable SLM dye lasers in grazing incidence grating 

(GIG) configuration.  Mode hop free tuning over the 

wavelength range from 556.4-568.5 nm was achieved. 

Minimum frequency change designed for coarse and 

fine tuning was 39 GHz and 3 MHz, respectively, 

which was experimentally validated. The total range 

of movement is ±130. The associated optical mounts 

for grating, tunable mirror and end mirror were also 

developed to align them in four D.O.F. motion as per 

optical layout in a 0.1 arc-sec range.

De-canning tool for TAPS 1&2 fuel bundle

De-canning tool was designed and developed for 

separation of old stuck zircalloy channels from the new 

fuel bundle. Channel got stuck at the mid way of the 

locating surface of the bottom tie plate of fuel bundle, 

thus cannot be used. Criticality in design is handling of 

irradiated channels and foolproof de-canning without 

damaging the channel and fuel bundle. Channel is a 

4029 mm long square box section tube, which forms 

an outer cover of the fuel bundle assembly. Inner size 

of the channel is 110.5 mm square and has a wall 

thickness of 1.5mm. The methodology of decanning 

lies on the design that the channel is rested on a plate 

with 148.5 mm diameter hole through which fuel 

bundle can pass but the channel cannot. If the fuel 

bundle is pushed relative to this plate, over which 

channel rest, the fuel bundle will pass but the channel 

cannot and thus de-canned. TAPS 1&2 fuel storage 

pool was used. 

The tool consists of a working platform which is the 

main load bearing sub-assembly and is held firmly 

against the curb of the fuel storage pool. Using 
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this platform intermediate support columns were 

assembled to make its length of 10 meters.

Upper roller guide assembly and lower roller guide 

assembly on the columns guides the fuel bundle 

assembly in position and made it rest over plate 

having 148.5 mm diameter hole. By means of pusher 

and screw jack fuel bundle is pushed to remove the 

channel from the fuel bundle. Using this “De-canning 
Tool” four nos. of irradiated stuck channels were 
successfully released from 4 nos. of fresh fuel 
bundles of TAPS 1&2 in TAPS fuel pool. 

 General Assembly of De-canning Tool
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Background

Spent Fuel Chopping is the pivotal activity for 
reprocessing of spent nuclear fuel as it provides feed 
to the plant. The chopping of spent fuel is done by a 
shearing machine called “Spent Fuel Chopper”. The 
shearing machines installed at PREFRE-1, Tarapur & 
KARP, Kalpakkam are based on progressive cutting, 
where fuel bundle is cut in steps. This process is time 
consuming & hence a new chopping system based on 
‘Gang Chopping Concept’ was developed & installed at 
PREFRE-2, Tarapur where one full fuel bundle is chopped 
in one stroke, thereby reduces time of chopping & 
increases the plant throughput. During the course of its 
initial operation, this newly developed chopping system 
posed many challenging areas of its improvement 
coupled with achieving the target of meeting name 
plate capacity of the plant from 2011-12 onwards.

Problem Identification

A focused detailed review on performance of the 
machine revealed that there were three major 
problems areas which need to be solved in a time 
bound & cost effective manner without affecting plant 

operation to achieve improved performance, easy 
maintenance, reduced man-rem exposure and higher 
plant availability. These areas were

•	 Interruption	 to	 fuel	 pushing	 inside	 Component	
Transfer Assembly (CTA) tube

•	 Erratic	movement	of	CTA	tube	during	forward	&	
return stroke

•	 Interruption	to	CTA	tube	movement
•	 Limited	visibility	of	shear	zone
•	 Difficulty	 in	 manuevering	 during	 maintenance	

inside	shear	zone
•	 Multiple	 handling	 of	 SFC	 components	 inside	

dissolver cell

Design Improvements:

Each of above problem area was studied in detail and 
feasible solutions were found by improving the existing 
design of related SFC components. These design 
modifications were verified by way of mock up trials 
before implementing the same in hot cell environment. 
The major components /areas which needed design 
improvements were Component Transfer Assembly, 
Shear Housing Cover and Remote Handling Tools.  
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Abstract

Spent Fuel Chopper (SFC) is the most vital equipment for a reprocessing plant as it provides feed to the plant. The 

innovative	concept	of	chopping	by	‘Gang	Chopping	Method’	rather	than	well	established	‘Progressive	Chopping	

Method’	was	adopted	for	the	first	time	for	high	plant	throughput.	The	teething	problems	surfaced	during	initial	

trials & first year of operation were solved by providing improved design of failed components such as Component 

Transfer Assembly (CTA), Shear Cover & Remote Handling Tools. This paper describes in brief about the design 

improvements of these components.



54         Special Issue  |  October 2014

BARC NEWSLETTERFounder’s Day
(a) Component Transfer Assembly

The Component Transfer Assembly (CTA) has a 
pneumatically operated tube, which reciprocates 
between moving and fixed blades to receive one fuel 
bundle	at	a	time	from	the	fuel	feed	magazine.	The	CTA	
assembly is locked with the body of SFC during machine 
operation. The frequent problems of dismantled fuel 
bundle getting stuck up during pushing and jamming 
of CTA tube between the blades were affecting the plant 
productivity. Also bundle often failed to follow the CTA 
tube retraction path resulted in obstruction for successive 
bundle	pushing	 in	 the	 shear	 zone,	which	affected	 the	
productivity. Apart from these, “a SFC deadlock situation” 
arose when CTA fails to retract after receiving the spent 
fuel	bundle	from	the	fuel	feed	magazine	as:

(i) CTA could not be dismantled as it was required to 
be rotated for unlocking, 

(ii) Shear module along with shear blades could not 
be disassembled as CTA tube loaded with fuel 
bundle was lying between the blades.

(iii) Fuel bundle could not be retrieved from CTA tube.

On analysis, it was observed that original CTA tube 
(refer Fig. 1(a)) was circular in shape with a slot for 
placing	bundle	stopper.	Internal	diameter	of	CTA	tube	
was 86 mm, just 4 mm more than the diameter of 
spent	fuel	bundle.	CTA	tube	ID	bottom	level	was	same	
as	that	of	Fuel	Feed	Magazine	(FFM)	level.	Also	there	
was close tolerance between front bush & CTA tube. 

To overcome this problem, the design of CTA tube was 
modified (refer Fig. 1(b)).  A semi-circular tube with 
increased	&	 eccentric	 ID	was	 introduced	 in	 place	 of	
original CTA tube. The modified CTA design addressed 
the problem of jamming by providing moderate fits in 
the components subjected to relative motions without 
affecting the functional requirement. The level of 
tube	 ID	was	elevated	by	1	mm	w.r.to	FFC	 ID	 level	 to	
ensure	positive	pushing.	 In	order	to	fit	 this	assembly	
within close tolerances inside radioactive cell, a full 
scale mock set up was made & several iterations were 
done to suit the cell environment. This modification on 
CTA has helped in reducing down-time of spent fuel 
chopper drastically. Also, this modification has helped 
to overcome “SFC deadlock situation” where no design 

provision exists on ‘failing CTA to retract after receiving 
the	spent	 fuel	bundle	 from	the	 fuel	 feed	magazine’.	
With this introduction of new CTA tube, the feasibility 
of chopping of slightly flared irradiated fuel bundles 
with one or two pins dismantled is possible.

(b) Shear Housing Cover

The shearing of spent fuel bundles is carried out 
in a contained environment to eliminate dose & 
contamination rise inside dissolver cell. The cutting 
operation is monitored through CCTV camera 
installed inside dissolver cell. The original shear cover 
was having limited visibility & was made an integral 
part of the housing with a hinged connection (refer 
Fig.	2(a)).	 The	 shear	 zone	was	not	 fully	available	 for	
viewing and maintenance even after opening of the 
shear cover. Frequent disassembly of shear cover for 
dislodging trapped cut pieces between blades and for 
any	maintenance	 inside	 shear	 zone	was	 limiting	 the	
machine availability for continuous plant operations. 

A modified shear cover (refer Fig. 2(b)) with improved 
visibility, to aid in maintenance and improved remote 
handling features was designed, demonstrated & 

Fig. 1a: Old Component Transfer Assembly

Fig. 1b: Modified Component Transfer Assembly
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installed with the machine. The new design has 
polycarbonate sheet over its entire area which provides 
improved	visibility	of	complete	shear	zone.	The	cover	
is attached to the shear housing by swivel bolts at 
four locations and can be disassembled completely 
from the machine by loosing these swivel bolts & 
thereby	provides	entire	shear	zone	for	carrying	out	any	
maintenance/maneuvering.

(c) Remote Handling Tools:
 
The remote handling tools were modified to facilitate 
remote handling of various components of SFC such as 
CTA, shear cover, shear module, pneumatic cylinders, 
main	&	side	doors,	chain	magazine	housing,	wedges	
etc.	and	to	sustain	plant	operations.	Initially	multiple	
remote handling operations inside dissolver cell were 
needed during maintenance of any of these SFC 
components, which was time consuming & limiting 
the machine availability to provide continuous feed 
to	the	plant.	In	order	to	increase	machine	availability,	
design of these remote handling tools were modified 
& made an integral part of the machine components 
to	 avoid	 multiple	 handling.	 Modified	 designs	 were	
verified by way of mock up trials prior to implementing 
in actual plant. These modifications are highly useful, 
operator friendly and have reduced man-Rem exposure 

drastically. The modifications carried out on chain 
magazine	having	&	CTA	have	eliminated	dependency	on	
master slave manipulators for its remote disassembly/
assembly with the machine (refer Fig. 3(a) & (b)).

Fig. 2a: Old Shear Cover

Fig. 2b: Modified Shear Cover

Fig. 3a: Chain Magazine Housing with Remote Handling Tool

Fig. 3b: CTA with Remote Handling Tool

Conclusions

Design improvements in SFC have increased 
throughput of the plant by way of increased availability 
of	the	machine.	In	the	last	two	years,	the	performance	
of the plant has surpassed the targets due to improved 
performance of the SFC. 
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Abstract

Though the probability of occurrence of a Radiation Emergency is extremely small at a nuclear facility or radiation 

facility, it can lead to release of radioactivity into public domain warranting the intervention by the authorities.  It 

is essential to assess the radiological impact following such emergencies for planning the appropriate emergency 

response to mitigate the consequences. In case of large area contamination following any severe nuclear 

accident, fast and accurate assessment of radiological impact is essential to enable quick decision making on the 

implementation of the optimum countermeasures.  Surveying the affected area and generating contour maps 

showing spatial distribution of the contamination can facilitate immediate emergency response as well as long-

term management of affected area. An “Online Early Warning System for BARC, Trombay” and “Radiological 

Impact Prediction and Assessment Software (RIPAS)” on GIS support has been developed for impact assessment 

following nuclear and radiological emergencies.

Shri Rajvir Singh is the recipient of the DAE Scientific &
Technical Excellence Award for the year 2012

Introduction

A large number of nuclear power and research reactors 

are in operation worldwide and there is a continuous 

increase in the nuclear and radiation related applications 

in the public domain.  Nuclear power plants (NPPs) are 

designed, constructed, commissioned and operated in 

conformity with relevant nuclear safety requirements. 

These requirements ensure an adequate margin of 

safety so that NPPs can be operated without undue 

radiological risks to the plant personnel and members 

of the public. Though all the sources transported and 

used are under regulatory control, the possibility of 

the accident cannot be totally ruled out. The degree 

of hazard may vary by many orders of magnitude 

depending upon the scenario and can lead to 

stochastic effects and severe deterministic effects.  It 

is necessary to develop emergency response plans1, as 

a measure of abundant caution to deal with effective 

management of any eventuality with a potential to 

result in undue radiological risk to the public.

In case of a Radiation Emergency, Authorities have to 

implement the protective measures timely to mitigate 

the radiological consequences of the radiation on 

Environment, Health and Property. Considering the 

requirement of Radiological Impact Assessment2 

for radiation emergency preparedness, ‘Online 

Early Warning System’ with a display in Emergency 

Preparedness and Response Center (EPARC), BARC 

and ‘Radiological Impact Prediction and Assessment 

Software (RIPAS)’ have been developed to assist the 

decision makers in making decisions about protective 

measures during emergency. 
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Contouring Algorithm for Analysis of Irregularly 
Spaced (scattered) Data

The Radiometric data collected by various mobile 

monitoring methodologies3 are voluminous and are 

irregularly spaced over the monitored area.  A two-

stage irregularly spaced data analysis technique4,5 was 

developed to generate the continuous radiological and 

contour maps to aid in the decision making process.  

In the case of radioactivity, the values are not exact due 

to its statistical nature and will always lie within few 

standard deviations of mean value. The mesh point 

value (Zm,p ) at each mesh point (node) of an imposed 

m×n regular grid (Fig. 1) estimated from N distinct 

irregularly spaced sampled data points Pi=(xi,yi) with 

sampling values zi by Distance Weighted Moving 

Average Technique (DWMAT) also always lie within the 

maximum and minimum value of given data points 

favouring its choice for radiometric data analysis.

In the first step, Zm,p at each mesh point (node) is 

estimated using DWMAT. A weighting factor (w) of 

general nature, incorporating the feature of data 

distribution within radius of influence (R) has been 

considered and is given in Equation 1.  

        

                                          

(1)

where w(di2) is the weighting factor and davg is the 

average distance of the all selected data points around 

the mesh point within R and di is the distance of 

selected data point from the mesh point.

A maximum of 12 sectors of 30° each around each 

mesh point have been considered to minimize the 

anisotropy. The nearest data point within the R of each 

sector is selected for estimation of mesh point value as 

given in Equation 2 below.

      

   

 

           

           

                                          

(2)   

where S is the number of sectors.

Thus the estimated mesh point (node) value will 
always lie within the maximum and minimum value 
of the given data point within R of each sector 
around mesh point. The maximum numbers of data 
points selected to estimate the mesh point value will 
be equal or less than S which need a finer mesh size 
(m×n) with more S for large and dense (clustered) 
data sets to increase the chances of consideration of 
every data point. The choice for minimum R is such 
that at least few data points fall within it and having 
no restriction on upper size of R. The selected R 
decides the distance up to which a data point has 
an influence on the mesh point (node). The size of 
mesh (m×n), number of sectors (S) and the radius 
of influence (R) are dependent on the data pattern 
and its range.

Utilizing these mesh point values estimated by 
DWMAT, Bicubic Splines , a two dimensional 
interpolation of Cubic Splines, are evaluated for all 
the cells, one for each cell, of the imposed grid in 
the second step automatically. The Bicubic Spline of 
respective cell of the grid is a continuous surface 
having 16 terms of x and y coordinates as variables 

Fig. 1: Evaluation Methodology
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and is expressed as  a1x

3y3 + a2x
3y2+a3x

3y + a4x
3+ 

a5x
2y3 + a6x

2y2+a7x
2y + a8x

2+ a9xy3 + a10xy2+a11xy 
+ a12x+ a13y

3 + a14y
2+a15y + a16 where a1 … a16 

are constants to be evaluated using the mesh point 
values obtained by DWMAT. The Bicubic Spline of 
respective cell of the grid is used for contouring 
and mapping purposes. Although the mesh point 
values will always lie within the maximum and 
minimum of the data point, the generated surface 
using the Bicubic Spline may overshoot from 
maximum or undershoot from minimum depending 
on the gradient and distribution of the data. This 
radiological map is continuous in value, slope and 
curvature over whole surveyed/monitored area. 
With control over the w, mesh size (m×n), S and R, 
better results can be achieved for a given data set 
range and pattern at the cost of computation.

Online Early Warning System (OEWS)

OEWS has been developed and installed in EPARC 
for online display of radiological status of BARC, 
Trombay Site. The input for software is the readings 
of installed radiation monitors and wind speed and 
wind direction. The software processes online the 
readings of installed radiation monitors and displays 
as the colored maps and contours along with wind 
speed and wind direction (Fig.2). 

Radiological Impact Prediction and Analysis 
Software (RIPAS)

The RIPAS has been developed to predict (Fig. 3a,  
Fig. 3b) the radiological impact and analyze the 

surveyed data (Fig. 3c, Fig. 3d) to assist the decision 
makers in implementing the protective measures 
timely and accurately. The distance weighted 
moving average technique and bicubic spline 
interpolation technique have been implemented in 
the software. As per the philosophy of protective 
measures implementation, predictive model can 
be used to prevent severe deterministic effects and 
field measurements should be used to minimize the 
stochastic effects. The software has the provision for 
prediction as per the Gussian Plume Dispersion Model 
and analysis of the irregularly spaced surveyed data. 
It has online and offline feature for meteorogical 
data (wind speed, wind direction, stability class (A, 
B, C, D, E, F), met station elevation and plain and 
rough terrain. The release, release height, release 
point and area of interest for Radiolological Impact 
Prediction are the required input parameters. The 
entire area covered by the aerial or ground survey is 
mapped with varying color gradients corresponding 
to the level of contamination or dose rate in the 
area.  The mapping feature facilitates demarcation of 
contaminated land and the ‘hot spots’, strengthening 
the decision support for effective implementation 
of countermeasures. The user can use the default 
parameters or can manually provide the input of 
radius of influence, weighting factor and grid size. 
The main features of the RIPAS are:

(i) It predict the radiological impact for given met 
data and source term alongwith the affected area,

(ii) It analyze the surveyed data,
(iii) Its output is colored map with area information 

even on GIS

Fig.2: Online Display of OEWS in EPARC
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(iv) It draws contours with or without colored map 
(v) Mouse Event for Source Term Position.
                            
Conclusion

Radiological emergency in public domain cannot be 
totally ruled out due to potential orphan sources, 
radiological accidents or malicious acts using 
radioactive materials.  The developed software will 
help the decision makers to implement the protective 
measures timely following nuclear or radiological 
emergency.  
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DEVELOPMENT OF FOUR PIECE SERVO MANIPULATOR

R.V.Sakrikar, U. Sarkar, D. D.Ray, B. Sony, D. C. Biswas and K. Jayarajan 
Division of Remote Handling and Robotics

Abstract

Traditionally, the Master Slave Manipulator (MSM), installed through the standard wall-sleeve, is used as dexterous, 

remote handling tool inside the hotcells for carrying out various operations. The next generations of manipulators 

are the electrically powered servo manipulators, which are installed fully inside the hotcells, usually on a movable 

platform or gantry, thus providing larger flexibility and reach. However large numbers of hotcells in the nuclear 

industry are designed for the use of wall mounted manipulators. The need for extending the superior features 

of a servo-manipulator to the wall mounted MSMs led to the conceptualization and development of the Four 

Piece Servo Manipulator (FPSM). The FPSM, which can be installed in the hotcell through a standard wall sleeve, 

is a bilateral master-slave servo-manipulator with force feedback. The FPSM control system is based on a tightly 

coupled distributed digital micro-processing technique. The paper describes the overall design and implementation 

of FPSM. 

Shri R.V. Sakrikar is the recipient of the DAE Scientific &
Technical Excellence Award for the year 2012

Introduction

Remote handling plays a vital role in all nuclear 

installations. In such facilities, the operators can 

handle the material only behind thick shields, using 

remote handling tools. The remote handling tools 

are expected to carry out varied tasks inside the Hot-

cells. Master Slave Manipulators (MSMs) are the most 

dexterous and widely used general-purpose remote 

handling tools in the nuclear industry. A typical MSM 

has a Slave arm located in the active area of the hotcell 

and a Master arm, which controls the Slave arm, in the 

operating area of the hotcell. The motions imparted by 

the operator to the master arm are replicated by the 

slave arm to carry out the desired tasks. In MSM, the 

two arms are connected mechanically, across a wall-

mounted through-tube [1]. 

The designs of the various MSM models, varying in 

their reach and payloads, have been standardized and 

deployed in the hotcells, in the department, in large 

numbers.

The generation of MSM, was followed by Servo 

Manipulators [2], where the Master and the Slave 

arms are linked together electrically by an appropriate 

control system. Mounting of the slave arm on a 

movable transporter, like a gantry or mobile platform, 

inside the hotcell, results in higher flexibility and reach. 

In a mechanical manipulator, the efforts for performing 

a task have to be provided by the human operator, 

whereas in servo manipulators they are provided by an 

external power source, making them more operator-

friendly. 

The endeavor to provide the obvious advantages of 

the servo manipulator technology to the conventional 

hotcells users led to the conceptualization, design and 

development of the unique design of the Four-Piece 

Servo Manipulator (FPSM), which can be installed 
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through the standard wall sleeves provided in the 

hotcells. 

The Design

Mechanical Design 

The FPSM has four distinct parts or subassemblies: 

the Master arm, the Slave arm, the Through-tube and 

the Motor-drive-unit. Fig. 1 shows the schematics of 

the FPSM along with its four distinct subassemblies. 

The FPSM is an adaptation of the existing Three Piece 

Manipulator (TPM). The Slave Arm and the Through 

Tube of FPSM are identical to those of the TPM. The 

Master Arm of TPM is replaced by the Motor Drive 

Unit, which is interfaced to the Through Tube. This 

design improves the availability of the system as the 

Motor Drive Unit can be replaced by the standard 

Master Arm in case of faults in the Motor Drive Unit or 

the control system.

with the position sensors necessary for their operation. 

The various slave arm motions are illustrated in Fig. 2.

Fig. 3 shows the actual slave arm of the FPSM and the 

Table 1 shows the range of motion of the FPSM Slave 

Arm.  

 Fig. 1: FPSM Schematic

The Slave arm

The FPSM slave arm is designed to handle a payload 

of 20 kg in any position. The slave arm has six degrees 

of freedom and gripper. It has five articulated joints (X 

and Y canting, Azimuth rotation and Wrist Rotation 

and Elevation), a double co-axial telescopic joint and 

gripper. All the joints are powered by the motors 

contained in the motor drive unit. Each joint is provided 

Fig. 2: FPSM Slave Arm Movements

Fig. 3: FPSM Slave Arm

Description Value
X Motion (X) -60° to +60° 
Y Motion (Ym), (Ye) -20° to +25°, -20° to +90°
Z Manual Motion (Zm) 970 mm
Z Electrical Motion (Ze) 900mm
Azimuth Rotation (Az) -170° to +170°
Wrist Rotation(Wr) -170° to +170°
Wrist Elevation(We) -24° to +116°
Gripper opening 80 mm

Table 1:  Range of motions of FPSM Slave Arm
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The Master Arm  

The Master arm (Fig. 4) is iso-kinematic, scaled down 

version of the Slave arm, with handgrip and HMI 

keypads. It can be mounted on a trolley to offer 

flexibility in terms of its stationing in the operating 

area of the hotcell cold. The smaller size of the master 

arm facilitates its positioning close to the hotcell 

window resulting in improved operator visibility inside 

the hotcell. The master arm is provided with position 

sensors on all joints and force feedback actuators on 

the major axes (X, Y and Z) and handgrip. The sensors 

on the master arm generate the appropriate position 

command for the slave arm joints, resulting in Master 

Slave Follower operation. The master arm is fitted 

with two keypads providing facilities for operational 

parameter setting and operation of indexing motions 

and joint locks. 

can be carried out remotely. Sealing and shielding 

can be provided in the through-tube, as per the site 

requirements.

The Motor Drive Unit

The motor drive unit contains eight sets of servomotors, 

gearboxes and position sensors. Motor drive unit 

is designed in such a way that it is accommodated 

within the standard clearances available around the 

manipulator sleeve on the Hot-cell wall. The balancing 

counter weights for major axes motions are provided 

on the motor unit. The motor unit is coupled with 

the Through-tube with an adapter. Apart from its use 

in traditional hotcell architecture, the slave arm with 

the motor unit can also be mounted on a transporter, 

installed inside a hotcell, thereby exploiting all the 

flexibilities of a typical servo manipulator. Fig. 5 shows 

the motor drive unit mounted on a Through-tube 

assembly. 

Fig. 4: FPSM Master Arm

The Through tube

The Through-Tube of FPSM contains a set of parallel 

shafts for transmitting motion from the motor drive 

unit to the slave arm. The through-tube shafts have 

slotted couplings at its either ends for engaging them 

with shafts in the slave arm and the motor drive unit. 

The coupling arrangement is such that the assembly 

and disassembly of Slave arm and Through-tube 

Fig. 5: Motor Drive unit mounted on Through-tube

Control System Design 

The FPSM has a multi axis, bilateral, tightly coupled, 

digital distributed control system [3], [4]. It provides 

a master follower configuration with the position 

control loop from master to slave. Force feedback 

loops provide force reflection to the major axes (X, Y, 

Z) and gripper of the master arm.
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The main components of the FPSM control system   

are the actuators, motor drives, joint controllers, 

HMIs and the master control computer. The control 

schematic is as shown in Fig. 6. 

hardware for all master and the slave drives is identical, 

with different master and slave firmware. The joint 

configuration of the drive is carried out using the 

onboard DIP switch settings. The control architecture 

is designed for high speed data transfer between the 

master and the slave drives for satisfactory operation 

of the manipulator. The manipulator can operate up 

to a distance of 100 m between the control panel and 

the slave arm.

The Servo-drive (Fig. 7) is fabricated in two parts. The 

main base board contains the power electronics and 

servo controller components with necessary isolations. 

The piggyback board, which interfaces with the base 

board, contains the master micro-controller executing 

the control loop, Resolver to Digital (R/D) conversion 

circuit, brake control and the position sensing circuitry.Fig. 6: FPSM Control Schematic

Actuators and Sensors

The FPSM uses wash-down duty Brushless AC 

servomotors, with inbuilt resolver and failsafe brake, as 

actuators on both the Master and the Slave arm. The 

motors operational characteristics suitable for accurate 

position control and also have linear torque-current 

relationship, essential for generating accurate force 

feedback to the operator. The resolver is used to sense 

the rotor position for the electronic commutation and 

providing positional feedback for the control loop. 

A multi-turn potentiometer, mounted on each joint, 

provides absolute joint position for initializing the 

Resolver readings at power up. All the joints are 

provided with failsafe brakes for locking of the joints 

on power failure and system faults. The operator can 

also lock the joints in desired positions, whenever 

required. The load gripper can be locked individually 

for operator convenience during load handling.

Control Hardware

The manipulator joint controls are based on 

indigenously developed BLAC servomotor drives. The 

Fig. 7: The BLAC Servo Motor Drive

Operator Interface

The master control program, deployed on an Industrial 

Computer, provides facilities for initialization of the 

manipulator parameters, display of joint status, alarm 

logging, and fault conditions. The GUI (Fig. 8) of 

the Master controller provides access control for the 

manipulator operation and continuously displays its 

operational status.

The two keypad based HMIs, on the master arm (Fig. 9), 

provide facilities for the operation of Joint brakes, slave 

gripper locking, force reflection ratio (FRR) selection, 

slave arm torque limit selection and Indexing motion. 
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The status of the parameters selected is indicated by 

the associated LEDs on the HMI.

b) Force Feedback mode

In this mode, the slave motor current is used for 

the calculation of joint load. This is applied on the 

corresponding master joint, which is operated in 

the torque control mode after necessary scaling and 

filtering. The direction of the master motor torque 

is always opposite to the torque generated by the 

corresponding slave motor. The resulting joint-

torques contributes to the reproduction of the Slave 

environment force at the Master handgrip.

The Master–slave follower mode and the Force 

Feedback Mode can work together to operate the 

manipulator in bilateral mode.

The control system has additional provision for setting 

up of soft limits, beyond which the slave arm motions 

are not allowed and a stall torque is reflected on the 

master arm.

c) Indexed Motion mode

In this mode, the operator can independently move 

the selected major slave joint, without moving 

the corresponding master joint, using the keypad 

interface. This can be used to move the manipulator, 

along with the load, to the desired location, thereby 

reducing the operator efforts. This mode can also used 

to pre-position the Slave arm at an optimal position, as 

per the operational requirements, before commencing 

with the Master Slave mode thereby extending the 

reach of the operator.

Performance Evalution

Master to Slave Positional tracking is a basic criterion 

for performance evaluation of a master slave 

manipulator. The main criteria for the evaluation are 

the faithfulness of the system and operational effort 

required for load handling. With the servo manipulator 

the operator effort can be easily controlled by the FRR 

settings. The evaluation of the Master to Slave tracking 

Fig. 9: HMI Interfaces on Master Arm

Fig. 8: FPSM Supervisory controller GUI

Operation Modes

The following operator selectable modes are provided 

through the control software:

a)  Master Slave Follower mode 

In this mode the slave arm, which is in the remote 

area, follows the movement of the master arm and 

the handgrip to execute the necessary tasks. The 

primary role of the control system, in this mode, is the 

continuous Master to Slave position tracking for all the 

joints.
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ability hence becomes the most vital parameter. Since 

the configurations of both the arms are same, only 

the rotating angle of corresponding axes needs to 

be compared for testing the tracking performance. 

Fig. 10 shows a single axis tracking performance as a 

representative result. 

 

is carried out on the Slave torque feedback to filter out 

the noise, to avoid spurious reflection of slave torques 

on the master arm. 

 

Conclusion

FPSM is a unique design, which can be installed through 

the standard wall-sleeves of existing hotcell, thereby 

providing a viable alternative to the conventional 

MSMs. The FPSM provides advantages such as 

reduced operator efforts and increased availability 

along with facilities for sealing and shielding as per 

site requirements. The manipulator is modular and 

hence requires less space for installation and is easier 

to maintain.
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Fig. 10: Master to Slave Position Tracking

Fig. 11: Slave Torque and Reflected Master Torque

It is observed that the Positional tracking is in general 

satisfactory. Although, there are errors in tracking, 

in the range of 2-3 degrees at the motor shaft end, 

the actual tracking error at the end effector will be 

significantly less due to the mechanical reductions 

between the motor and the joint output.  Also, due to 

presence of man in the loop, these errors get corrected 

easily and hence are not significant [5]. 

Due to similar kinematic configuration of Master 

and Slave, testing of a single axis torque tracking is 

sufficient to test force reflection. Fig. 11 shows the 

result of torque tracking with a FRR of 0.25. Smoothing 
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EXTRACTING EQUILIBRIUM UNBINDING FREE ENERGY  

OF PROTEIN-DRUG COMPLEXES FROM  
NONEQUILIBRIUM SIMULATIONS

Tusar Bandyopadhyay
Theoretical Chemistry Section, Chemistry Group

Abstract

The use of protein-ligand binding free-energy landscapes rationalizes a wide range of aspects of protein behaviour 
in response to the ligand approach by providing a clear illustration of the different states accessible to these 
molecules, as well as of their populations and interaction pathways. To achieve this goal by computational methods 
is, however, very challenging as it requires an extensive sampling of their conformational spaces. Additionally, at 
an equilibrium condition, (un)binding events of ligands happen on the milliseconds or longer time scale, and is 
therefore not amenable to study through conventional MD (CMD) simulation techniques. Various nonequilibrium 
simulation protocols have been articulated to overcome this challenge with their associated utility and pitfalls. Here 
we will focus on two such protocols, namely, the steered molecular dynamics (SMD) and the popular metadynamics 
(MtD) method in relation to unbinding free energy of acetylcholinesterase (AChE) bound oxime drugs along the 
gorge pathway. Unfortunately however, both these methods suffer from inherent nonequilibrium features. To 
circumvent this we arrive at a simulation recipe, combining the strengths of equilibrium and nonequilibrium 
simulation techniques, that can readily decipher routes, milestones and subtlety towards the (un)binding pathway 
of ligand at finite temperature.

Dr. Tusar Bandyopadhyay is the recipient of the DAE Scientific &
Technical Excellence Award for the year 2012

Introduction

The active site (located deep inside a 20 Å gorge) 

of the nerve enzyme, acetylcholinesterase that plays 

a pivotal role in terminating nerve impulses is also a 

vulnerable target of the lethal organophosphorus (OP) 

compounds (read chemical warfare and nerve gases). 

Potent reactivators of the intoxicated enzyme are 

nucleophiles, such as bispyridinium oximes. Despite 

intensive effort on designing newer oxime reactivators 

that will act as a wide spectrum drug against a variety 

of OP poisoning agents, there is little success. In 

fact, oxime drug administration strategy differs from 

one country to the other. There is no comprehensive 

study either on the oxime binding free energetics 

along the gorge pathway, enumerating metastable 

intermediates, if any. The rational modulation of kinetics 

during lead optimization thus remains unexplored. 

Pharmacy at cyberspace through molecular dynamics 

(MD) simulation of protein-drug complexes can 

become quite handy to achieve this goal. However, 

given the “mammoth” size of the protein, extracting 

equilibrium energetics from standard MD techniques 

is beyond the scope of the most modern computers. 

Here we summarize some of our laboratory endeavour 

in search of a viable alternative towards understating 

the full, complete and optimal (un)binding pathways 

of oximes using a variety of nonequilibrium MD 

techniques. The reported techniques have prospective 

implication as they can be easily incorporated in a 

standard pharmaceutical work-flow for newer drug 

design.
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Steered MD

In order to perform SMD simulations, a harmonic 

spring is attached to the centre of mass (COM) of the 

drug molecule and was pulled with a constant velocity. 

In SMD, one utilizes nonequilibrium work theorem 

such as the remarkable Jarzynski equality that defies 

the common perception held through the second law 

of thermodynamics and interconnects the measured 

work along the nonequilibrium trajectory with the 

free energy differences. However, the free energies 

thus obtained suffer from one serious issue: the 

convergence properties of exponential averages of the 

work, inherent in the Jarzynski formalism is extremely 

slow. The issue of convergence, at least in principle, 

can be imagined to be improved upon by including 

reverse (pushing) trajectories in the forward (pulling) 

path ensemble. Bidirectional SMD protocol relies 

directly on the Crooks fluctuation theorem,1 which can 

be formally stated as: given two systems ‘a” and “b”, 

the equilibrium free energy difference, ΔF between the 

two states can be extracted from nonequilibrium work 

measurement through,

                              
(1)

Here W is the external work done on the system 

forcing it to undergo a→b  transition. PF and PR are 

the probability distribution of releasing the work 

W into the system during the forward (F) a→b and 

reverse (R) b→a transitions, respectively in a finite 

time. Eq. (1) calculates only the free energy differences 

between the end states, “a” and “b”, but not along 

the pathway, a→b, that can be measured through 

the  SMD control parameter, l (=vt). To this effect, Eq. 

(1) can be modified with the adoption of weighted 

histogram analysis method (WHAM) that connects 

different thermodynamic microstates in between and 

one can arrive at an estimator,2 

where WF(R)(l) refers to work done to move the system 

from la(b) to l.ΔF is the free energy difference between 

the end states, and also a function of l,ΔF(l) [also 

known as potential of mean force (PMF)] that has to be 

obtained by solving Bennett acceptance ratio relation 

iteratively and self-consistently. Fig. 1 demonstrates 

the construction of PMF as a function of control 

parameter, l using the above recipe.

(2)

Fig. 1: In panels (a), (b), and (c) trajectories, l(t), force exerted 
on the system and work performed , respectively are presented. 
Data presented in black are for forward SMD and red are for 
reverse SMD simulations. The position of the control parameter 
along the pulling axis is measured relative to the COM of the 
enzyme. The PMF reconstructed from work profiles for repeated 
unbinding/binding steering of drug molecule is presented in 
panel (d) using Eq. (2) (symbol). Red (binding transitions) and 
black (unbinding transitions) solid lines in panel (d) represent 
PMF values that one would obtain for unidirectional pulling. 

Note that the (un)binding free energy can be defined 

both along the path of the control spring variable, l 
and as well as along the path of fluctuating molecular 

position, x . In this regard, for unidirectional biasing, 

viz. the Jarzynski equality and with the help of WHAM 

prescription can be recast into,3
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where G(x) is the free energy as a function of  and t is 

bin sizes over time. The resulting free energy estimator 

for bidirectional simulation is given by,2

                        

where ΔF(l) can be obtained from Eq. (2).

Metadynamics Simulation

To accelerate the (un)binding, in the MtD method 

one relies on the progressive build-up of a memory-

based biasing potential energy term or “hills”, VMtD 

that penalizes the system revisiting the same region 

of the space and is aimed at reconstructing the 

multidimensional free energy landscape of a given 

process. Because of its inherent nonequilibrium 

characteristics, this method is devoid of true 

equilibrium thermodynamic information unless the 

“slow” build-up limit is adopted. MtD is however, 

an elegant method for conformational searching 

along a chosen set of collective variables (CV) (such 

as COM separation), S(x), which itself is a function 

of atomic coordinates, x. The MtD approach thus 

consists of three steps: (i) choice of the most relevant 

CVs describing the dynamics of the system: (ii) MtD 

simulation using the physical potential energy, Vphys  

(force field) enhanced by a time dependent biasing 

term, which at time t reads as 

 

,  (5)

where H and w are the height and width of the 

Gaussian bias that are added with a frequency, 1/tG 

: (iii) appropriate choice of MtD parameters H, w and 

tG . The MtD bias is directly related to the potential of 

mean force (PMF):

 ,   (6)

in the region ∑(s)
, explored by the CV up to time t.

(4)

Fig. 2. (a) Time evolution of the instantaneous values of control 
parameter (l) and the collective variable (x)differs In a typical 
oxime unbinding transition., and so also is the (b)  reconstructed 
PMF as a function of x is different from that presented in Fig. 1. 
In panel (b); red and black lines are the results for unidirectional 
biasing. Inset in panel (b) depicts the idea behind SMD. 

Fig. 2 represents results from bidirectional PMF 

estimators, Eq. 4, along the real molecular pathway 

showing peaks (barrier) and valleys (basins) for oxime 

(ortho-7) translocation from the exterior to the active 

triad through the bottleneck.4 Clearly the bidirectional 

SMD simulation is a powerful method (when compared 

with unidirectional estimator) to reconstruct the 

potential of mean force (PMF) along the translocation 

pathway such that the desired quantity represents 

an unperturbed system. This is because the rare 

trajectories that one misses to count for in the forward 

simulation can be frequently encountered during the 

reverse steps and vice versa. However, although the 

bidirectional estimator appears to be the most modern 

and promising, its usage is biased by the initial choice 

of pulling direction.
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The MtD is however, not the true dynamics of the 

process. The reliability of approximation in Eq. (6) 

depends heavily on the details of buildup process: 

over sampling, convergence, and accuracy of MtD 

run thus remains an issue. However, the MtD method 

(unlike SMD) can be used to generate the (un)binding 

pathway with absolute certainty, free from the prior 

assumptions on final states. 

Improving the Accuracy: Combining 
Nonequilibrium MtD with Equilibrium Umbrella 
Sampling (US)

To circumvent the inherent nonequilibrium feature 

of the MtD method and to obtain a true equilibrium 

free energy pathway, we have refined the MtD 

discovered PMF with the help of US correction.5 

The US corrective step is a rigorous and powerful 

means to determine a formally correct PMF profile 

along an arbitrary (un)binding pathway as obtained 

through the MtD approach. In effect, the resulting 

MtD/US correction combination provides a physically 

insightful and extremely efficient route of enhancing 

the equilibrium sampling phase when compared 

with the conventional US. The combined MtD/US 

correction approach consists of four steps: (i) perform 

MtD run along the chosen CV space; (ii) choose a 

subset of  NUS configurational degrees of freedom, 

s(x) from the multidimensional CV space, s(x), along 

which the US sampling will be applied; (iii) extract the  

NUS -dimensional biasing potential energy surface,  

UUS(s) by averaging over the values along the rest of 

the CVs from the ( )MtDV S x    ;(iv) perform equilibrium 

MD simulation using Vphys, increased by the time 

independent biasing potential UUS(s). Ergodicity is 

satisfied The last US step allows, since the metastabilties 

along the (un)binding pathway are removed by the 

biasing potential UUS(s) and the diffusive dynamics 

in the chosen CV space can be sampled with ease 

with a reasonable computational effort. During the 

equilibrium US run, the ergodicity is measured through 

the probability density,

 

.  (7)

Following a histogram sorting of the chosen CV, si 
(i=1...NUS) , Eq. (7) can be recast into

 

,                                                                            (8)

where h is the bin width. Finally the US corrected PMF 

is given by

 
.       (9)

When compared with Eq. (6), the last term in  

Eq. (9) represent a corrective measure to the MtD 

protocol that depends heavily on the chosen MtD 

parameters.

Fig. 3: PMF of obidoxime unbinding transitions from AChE 
gorge obtained through metadynamics and its US corrective 
run, as indicated.
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Fig. 3 shows the MtD and its US corrected values 

for PMF during unbinding transition of obidoxime: 

an US sampling phase of 310ns was chosen and the 

values of the COM separation CV was recorded at 1ps 

interval, totalling 31x104 samples at the end of the 

correction run. To evaluate Eq. (8) we choose bin size 

of 0.001nm.

 

Conclusion

Ever since the need of molecular level understanding 

of the protein-ligand interactions are known, 

an increasing repertoire of functions have been 

associated with the measurement of equlibrium 

intreaction PMF leading to the discovery of various 

nonequilibrium MD techniques and their physico-

mathematical connection to the equilibrium 

properties. However, each of these nonequilibrium 

techniques has their own inherent assumptions. 

Thus the equilibrium properties extracted from 

them remains questionable. Here we have focused 

on two such techniques and have discussed their 

strength and weakness. Finally we have arrived at a 

recipe where we have combined the advantages of 

MtD configurational searching with the equilibrium 

umbrella sampling. This lead to a quick and 

accurate determination of equilibrium PMF, which is 

otherwise is a formidable task to be accomplished in 

today’s parallel computation architecture.  
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INVESTIGATION OF INTERFACE MAGNETIC STRUCTURE 

OF THIN FILMS USING POLARIZED NEUTRON 
REFLECTOMETRY

Surendra Singh and Saibal Basu
Solid State Physics Division

Abstract

A rapidly increasing number of research and applications in science and engineering rely on thin films, multilayers 

down to the sub nanometer scale. In order to understand the physical, magnetic properties of such nanostructures, 

a thorough and detailed structural and magnetic characterization is required. Polarized neutron reflectivity (PNR) is 

a nondestructive and unique technique to study magnetization depth profile of thin films with in a sub nanometer 

resolution. We have developed a polarized neutron reflectometer at Dhruva reactor, Mumbai. Here we present 

structural, magnetic and morphological properties of some of the technologically important multilayers using PNR.

Dr. Surendra Singh is the recipient of the DAE Scientific & Technical  
Excellence Award for the year 2012

Nanostructured architectures with reduced 

dimensionality and/or enlarged interfacial areas have 

been used as model systems to investigate the effect 

of interface on physical properties of thin films and 

multilayers. The availability of various heterostructures 

formed by depositing materials with distinct phases 

and properties (e.g. magnetic/semiconductor, 

magnetic/ferroelectric, magnetic/superconducting 

systems) offers new opportunities to study competing 

interactions at interfaces because these interactions 

produce a delicate balance between states with 

very different properties, such as ferroelectric (FE), 

ferromagnetic (FM), and superconducting states, and 

thus provide enabling ingredients for new physics and 

functionalities. However to understand the physical, 

magnetic properties of interfaces in nanostructures, 

a thorough and detailed structural and magnetic 

characterization is required. X-ray reflectivity (XRR) 

and polarized neutron reflectivity (PNR) are two 

nondestructive techniques that provide quantitative 

measures of the chemical and magnetic depth profiles 

of films with less than nanometer resolution [1-5].

Specular reflectivity (angle of incidence = angle of 

reflection) involves measurement of the radiation 

(x-ray /neutron) reflected from a sample as a function 

of wave vector transfer Q [= 4πsinθ/λ], perpendicular 

to the sample surface, where λ is x-ray or neutron 

wavelength and θ is angle of incidence. Specular 

reflectivity is quantitatively related to the Fourier 

transform of the scattering length density (SLD) 

depth profile r(z) [1, 4], averaged over the sample 

area.  

For XRR, rx(z) is proportional to electron density 

[1, 4]. In case of PNR, r(z) consists of nuclear 

and magnetic SLDs such that r±(z)= rn(z)±CM(z), 
where C = 2.91×10-9 Å2 cm3/emu, and M(z) is 

the magnetization (in emu/cm3) depth profile 

[1]. The sign +(-) is determined by the condition 

whether  the neutron beam polarization is 

parallel (antiparallel)  to the applied field and  are 

represented by  reflectivity, R±(Q). rn(z) and M(z) 
can be inferred from R±(Q) often with less than 

nanometer resolution.
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We have developed a Polarized neutron reflectometer at 

Dhruva reactor, Mumbai [5]. Fig 1 shows the schematic 

(top) and photograph (bottom) of the instrument. The 

instrument uses a linear position sensitive detector, 

which helps to simultaneously measure the specular 

and off-specular neutron reflectivity over a range of 

wave vector transfer. Here we present some of the 

recent studies using PNR technique.

Asymmetric magnetization profile at Ge/Fe/Ge 
interfaces

Interfaces between ferromagnetic (FM) metals 
and semiconductors have attracted much interest 
because of their potential applications in electronic 
and ‘‘spintronic’’ devices. Growth of transition metal 
on semiconductor generally results in intermixing/
interdiffusion at the interfaces, which decreases the 
magnetization of FM/semiconductor structures. We 
have investigated interface magnetization in Fe/Ge 
multilayer systems [6-8].  Here we present XRR and 
PNR study on a Si(substrate)/Ge/Fe/Ge  trilayer  system. 
We could quantify physical and magnetic roughness 
as well as morphology at the interfaces of the sample. 

 

Fig. 1: schematic (top) and photograph (bottom) of PNR 
instrument at Dhruva and different components, shown by 
symbols: GT is the guide tube, M is the Si single crystal 
monochromator ([113] reflection), S1 and S2 are two cadmium 
slits comprising the collimator, SM is the super mirror polarizer/
non-polarizer assembly, F is a D.C. Flipper, S3 is 3rd Cd slit, Sa 
is the sample on high precision rotation stage and DS is the 
detector inside the shield.

Fig. 2:  (a) XRR data. (b) Electron scattering length density 
(ESLD) depth profile extracted from XRR. (c) PNR data. 
(d) Nuclear and magnetic SLD obtained from PNR data.

Fig. 2(a) shows specular XRR from the sample.   
Fig. 2(b) shows the electron scattering length density 
depth profile which gave best fit to XRR data, clearly 
suggesting a well-defined 3 layer structure of the film 
with an interface roughness of ~ 9Å. Fig. 2(c) shows 
the specular PNR measurement for two polarization 
states of neutron beam. Fig. 2 (d) shows the nuclear 
and magnetization depth profile of the sample which 
gave best fit to PNR data and demonstrates the 
existence of different magnetic and physical density 
profile at interfaces in the sample. The magnetic 
density profile was also asymmetric compared to the 
physical profile at the interfaces. This was attributed 
to different level of inter-diffusion at interfaces as 

suggested by off-specular XRR.
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Correlation of magneto transport properties 
with interface structure and morphology

Fe/Au multilayer is one of the systems studied 

extensively, which include; prediction and experimental 

evidence of electron channeling, theoretical prediction 

of enhanced magnetic moment of Fe at interfaces 

and layer thickness dependent magnetic properties 

of Fe/Au systems [9].  However these studies lack in 

investigation of interface structure and magnetism 

and their correlation with transport properties in Fe/Au 

multilayers. Using specular XRR, PNR and off-specular 

XRR in combination with SQUID and transport 

measurements we established correlation between 

MR and physical parameters of the systems, obtained 

from XRR and PNR. These are fractal dimension at the 

interfaces, normalized magnetic moment profile at 

the interfaces and in-plane correlation length in these 

samples [10]. Two series of multilayers were deposited 

on Si substrate by sputtering: one series with varying 

Fe layer thickness, tFe = 30-100 Å, and another with 

varying Au layer thickness tAu = 50-150 Å.

 

Fig. 3(a) and (b) show the XRR and PNR data from 

two multilayers. This gave detailed depth dependent 

structure and magnetic properties of the multilayer 

samples. Fig. 3 (c) shows the off-specular XRR data 

from these multilayers, which helped to characterize 

the morphology of the interfaces in the multilayers. 

Thus the change in MR was correlated with magnetic 

and morphological properties of Fe/Au and Au/Fe 

interfaces in Fe/Au multilayer samples. We observed 

that large MR is associated to interfaces with larger 

magnetization, large in-plane correlation length (ξ) 

and higher Hurst (h) parameter. The variation of MR 

with these parameters are  shown in Fig. 4.

Fig. 3:  Specular XRR (a) and PNR data (b) from Fe/Au 
multilayers with different thickness. (c) off-specular XRR from 
these multilayers.
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LASER BASED INSTRUMENTATION

Aseem Singh Rawat
Laser & Plasma Technology Division

Abstract

Laser is an excellent tool for measurement application. It offers the advantage of non-contact, non-destructive 

and fast measurement. Also it is more suitable for remote measurement in toxic and hazardous environment. 

Laser based Instrumentation deals with the design & development of instruments that use laser for sensing the 

physical parameter or variable. They have Industrial as well as scientific applications. In this article, Laser based 

instruments for diameter measurement, Surface Roughness measurement, Projectile Velocity measurement and 

Flow visualisation are discussed which are developed in-house.

Shri Aseem Singh Rawat is the recipient of the DAE Scientific & Technical  
Excellence Award for the year 2012

Introduction

Laser based Instrumentation is a branch of 

instrumentation in which the instrument has laser as 

an integral part of its Sensor. Use of laser makes these 

instruments non-contact, non-destructive and fast in 

nature. Laser based instruments are replacing many 

conventional measuring instruments in industrial 

and scientific areas, at the same time also finding 

new applications. Optical methods are more useful 

generally for remote measurement in hazardous and 

toxic environment where human intervention is very 

difficult.

Laser is a light beam with the special property of 

Coherence. Due to this special property, Laser exhibit 

characteristics like high degree of collimation, high 

intensity, sharp focus, monochromacity etc. One or 

more of these characteristics is/are utilized to develop 

a Laser based Instrument. 

A laser based instrument consists of following 

important components:

 Optoelectronic components like laser, photo 

detector

 Optical components like lens, mirror and other 

such components

 Opto-mechanical components for precisely 

mounting optical & opto-electronic components

 Electronic components for processing of photo 

detector output, computation of result and user 

interface through keyboard & display.

Fig 1: Generalized block diagram of a Laser-based instrument
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Among the large number of laser based instruments, 

following of them have been developed in-house:

Laser based Diameter measuring instrument – 
“Lascan Dia-Gauge”

Here a fine beam of visible light from diode Laser scans 

a measuring (vertical) plane using a rotating mirror 

mounted on the shaft of a DC motor and collimating 

lens (plano convex), with the point of reflection being 

the focal point of the collimating lens (Fig 2a). The 

beam after reflection from mirror and emerging from 

collimating lens during scan time, becomes parallel to 

the optical axis of the lens. 

are measured using high speed counter. As shown in 

the fig 2a , the ratio of the two time when multiplied 

by the aperture ‘A’ of the lens gives the diameter ‘D’ of 

the object . A microcontroller-based circuit has been 

developed to calculate the diameter and interface 

with user through display and keyboard. Data is also 

transmitted through serial interface to PC for logging. 

Thus the instrument becomes stand-alone. Here as the 

beam becomes parallel after collimating lens thus the 

separation between the two lens can be increased as 

per requirement (up to 1 meter or so). The instrument 

can measure diameters in the range of 1 mm to 25 

mm with an accuracy of 5 micron. It has application 

in Nuclear Industry, automobile and wire drawing 

industry. The technology of this instrument has been 

so far transferred to five private industries.

Laser based surface roughness measurement- 
Laser Surfcheck

One of the several optical techniques2 for roughness 

measurement is based on measurement of specular 

reflectance.  Optical  RMS roughness, so ,of  a surface 

is related with specular reflectance for range of 

incidence angles (near grazing)  by the formula3 :

  

Ix/Io= exp [ - (4pso/l)2 cos2a]                (1)

Where, 

Ix= specularly reflected intensity from relatively 

smooth surface

Io= specularly reflected intensity from perfectly 

smooth surface or incident intensity for near grazing 

angle of incidence to smooth surfaces

so  = optical RMS roughness

l = wavelength of the incident beam  

a = incident angle

By measuring Ix and Io and using above formula, 

so, can be calculated and thus from this value the 

corresponding value of average Roughness (Ra) can 

be determined using calibration curve generated from 

available experimental data.

(a)

(b)

Fig. 2: a. Schematic of Laser based diameter measurement,  
b. Photograph of Lascan Dia-Gauge

An object kept in the measuring plane, perpendicular 

to the scanning beam (in fig 2 seen as perpendicular 

to the plane of paper), obstructs the scanning beam 

for the time proportional to its dimension1. The 

scanning beam is then focused by a receiving optics on 

a photodiode to generate a shadow pulse of object. 

The shadow pulse width ‘t’ and the total scan time ‘T’ 
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A Laser based instrument for roughness measurement 

using diode laser –“Laser Surf-check” (Fig 3.b) has 

been developed which  measures incident as well as 

specularly reflected light as shown in fig 3a. Then 

using the above formula and a look-up table, so and 

Ra are calculated by the microcontroller based circuit. 

This technique is useful for  surfaces whose roughness 

is very less than the wavelength ,l, of the incident 

beam. Thus if a diode Laser at 670 nm is used  then 

surfaces of Ra  in the range 0.05 mm to  0.25 mm can 

be measured.

Laser based projectile velocity measurement- 
Projectile Velocity Meter

Laser based projectile velocity measurement is based 

on time of flight principle. A horizontally moving 

projectile interrupts two optical screens (parallel to each 

other) separated by a fixed known distance ,D, (fig 5a) 

and the time between two interruptions is measured 

electronically to calculate the speed. An optical screen 

(sheet) is created using the collimated vertical Laser line  

that is obtained from a Diode Laser (635 nm, 15 mW) 

with uniform intensity line generating optics and a 

spherical lens for collimation (fig 4).The size of optical 

screen takes care of little variation in the path of the 

projectile. The collimated line is then focused at the 

receiving unit using focusing optics on a photodiode. 

The output of the photodiode represents the total 

intensity of the collimated line. When any projectile 

passes perpendicular to the optical screen, it reduces 

the intensity of the Laser line falling on the photodiode 

by the amount proportional to its dimension. 

(a)

(b)

Fig. 3: a. Schematic Diagram of Laser based roughness 
measuring instrument,    b. Photograph of Laser Surf-check

Being non-invasive in nature, it is very useful for 

roughness measurement of soft surfaces The fast 

measurement capability makes it ideal for  routine 

comparison of similar surfaces. Laser surf-check has 

LCD display and keypad for user interface. It has been 

supplied to Material Processing Division(MPD), BARC 

for measurement of surface finish of metallic mirrors. 

Fig. 4 Optical Screen Generation

The sensitive photodiode-amplifier4 circuit is designed 

to generate shadow pulse for this change in the 

intensity level. Shadow pulse generated at optical 

screen-1 is the start pulse and at optical screen-2 is the 

stop pulse for an electronic counter (Fig. 5a) operating 

at 10 MHz. Distance (D) between two optical screens 

is known (200 mm).   The count value, representing  

time of flight, is read by micro-controller, which 

calculates the speed for known separation using 

following eqn.

S= D/ (C *T)                                                                 (2)
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Where,   

S -> Speed, D -> Distance between two optical screen, 

C -> No. Of Counts

T -> counter clock period

Laser velocity meter instrument (Fig. 5b) has been 

developed based on above principle.        

The ruggedness in its design is brought due to 

tolerance in optical design and the use of Laser line 

to create optical screen. It can measure velocity of 

projectile in the range 0.01 m/s to 5000 m/s with an 

accuracy better than 2.5%. This instrument has been 

supplied to DMRL, DRDO, Hyderabad for measurement 

of Projectile fired from a Gas gun for material study 

experiments. 

Fig. 5: a. Block Diagram, b. Photograph, of the Laser velocity 
meter

(a)

(b)

Particle Image Velocimetry (PIV)

Schematic representation of the PIV set up is shown 

in Figure 6a. A light sheet produced from the pulsed 

Nd:YAG laser beam at 532 nm of 6-8 ns width using 

cylindrical lens is used to illuminate the seeding 

particles in the fluid along the direction of flow and 

the positions of particles in that plane are recorded 

using a CCD camera, kept at right angle to the plane of 

sheet. After some predetermined delay, another laser 

pulse illuminates the same plane, creating a second 

particle image. Two consecutive images generated 

corresponding to two laser light sheets are captured in 

the separate frames of a double-shutter digital camera 

for fast flowing fluids and cross-correlation is used 

to determine flow velocities at different points in the 

imaged plane. 

(a)

(b)

Fig.6:  a. A Schematic Block Diagram of typical PIV Set-up  
b. Photograph of  PIV set-up
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The triggering of laser pulses is synchronized with 

the camera operation by the PC to capture the two 

images. These particles are added to the flow and are 

known as seeding particles. A PIV set-up developed is 

shown in Fig 6b.

Flow of water in Dye cell of  Dye laser and flow of 

water in a tank have been measured in the range of 

1m/s to 20 m/s using this PIV set-up. Presently work 

is in progress to measure particle flow in gaseous 

medium.

Conclusion

The above described methods are but a few of large 

number of applications of laser-based instruments. 

Laser based Instrumentation is an upcoming field 

and it has wide range of metrology applications. The 

developments in diode laser technology has benefited 

the laser based instrumentation as it becomes possible 

to makes compact, portable and low cost instruments 

using diode laser. 
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NANOMATERIALS FOR LUMINESCENCE AND 

HYPERTHERMIA APPLICATIONS

R.S. Ningthoujam
Chemistry Division

Abstract

SnO2, ZnO, YPO4, YVO4 and CaMoO4 nanoparticles show the luminescence in violet-blue to green region. When 

rare-earth ions (RE3+) are doped into the above hosts, an improvement of luminescence is observed due to energy 

transfer from host/sensitizer to RE3+. In hexagonal phase of YPO4:(Eu3+, Ce3+/Bi3+), water molecules remain within 

the pores extending along the c-axis and such water molecules are stable up to 800 oC and do not freeze at -50oC. 

Switching on and off of luminescence are performed through redox reaction in La/GdPO4:(Tb3+, Ce3+). Again, 

functionalized Fe3O3 superparamagnetic ferrofluids prepared by chemical route show the heating behaviour up to 

the hyperthermia temperature (42 °C) under AC magnetic field. 1 mg of oleic acid (OA) coated Fe3O3 nanoparticles 

shows high cytotoxicity (70%) in cancer cells (1 million) under AC magnetic field.

Dr. R.S. Ningthoujam is the recipient of the DAE Scientific & Technical  
Excellence Award for the year 2012

Introduction

Nanomaterials are those materials in which at least one 

side of the constituent particles lies in between 1-100 

nm (1 nm = 10-9 m = 0.1 Å). Since size is so small, 

surface to volume atomic ratio in a particle is high and 

thus, it possesses excess energy as compared to bulk 

and naked eye cannot see extremely small particles. 

Here, bulk means material, which has large particle size 

(D > 500 nm). This can be confirmed by Mössbauer, 

electron microscopy, atomic force microscopy (AFM), 

scanning transmission electron microscopy (STEM) 

and calorimetric studies. With decrease in particle size, 

the followings are observed: quantum size effect on 

optical properties of semiconductors, ferromagnetic 

to superparamagnetic transition in magnetic material, 

increase of electrical resistivity or metallic to disorder/

semiconducting, change in the optical and acoustic 

phonons, extreme hardness or change in mechanical 

strength, change in thermal conductivity, increase 

in active sites in catalysis, etc. [1]. This suggests the 

change in intrinsic properties of materials with decrease 

of particle size or reduced dimensions as compared 

to bulk. Materials will be of metals, alloys, oxides, 

sulfides, nitrides, carbides and borides, etc. However, 

the materials useful in society will be great important. 

In such situation, we have to choose materials so 

that it has high impact to society. Usefulness of 

nanomaterials in basic sciences (biology, chemistry, 

physics, materials science and engineering) and their 

applications brought nanoscience and nanotechnology. 

Manipulation and engineering of such small particles 

will help in generation of fuel, display devices, tissue 

engineering, bio-separation, health care sector, cancer 

therapy, diagnosis and advanced nuclear reactors, etc. 

in economic ways. In my opinion, nanotechnology has 

merits and demerits in our society depending on ways 

of uses though this brought the revolution in sciences. 

However, we have to think security, safety and future 

consequences of this revolution. In fact, nanomaterials 

should be used under a frame work governed by ethics 

and law in order to maintain sustainable environment.     
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In this article, I present a few examples of nanomaterials, 

which are useful in luminescence devices and hyperthermia 

based cancer therapy and nanomaterials are prepared in 

the laboratory of Chemistry Division, BARC. 

Luminescence Devices

Over the last decade, the semiconducting 

nanomaterials such as SnO2, TiO2, SnO2-TiO2, ZnO, 

A2O3 (A = Y, Gd, La), AVO4, APO4, CaMoO4 and their 

compounds with rare earth ions (RE3+ = Eu3+, Dy3+, 

Tb3+, Sm3+) were prepared by chemical routes [2, 3]. 

These particles can produce emission in UV, visible and 

NIR regions (Fig. 1). Improvement in luminescence 

was found by the following: (a) energy transfer from 

host to RE3+, (b) core-shell model, (b) dispersion in 

another dielectric medium, (c) removal of quencher, 

(d) heating, (f) co-doping with Li+, Bi3+ or sensitizer, 

which either enhance absorption cross-section or 

overlapping of the emission band of the sensitizer or 

host with absorption band of activators. Quantum  

size effect in optical study of ZnO and PbSe was 

Fig. 1: Photographs of GdVO4:RE after UV excitation:  
(a) dispersed particles and (b) films [2].

Fig. 2: Types of hydrogen bonding when (1) salt is added to water, (2) water is contacted with hydrophilic (A) and hydrophobic  
(B) surfaces, (3) water is in different confined regions.
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observed. It suggests the red shift in absorption/

emission peak with increase of particle size. Switching 

on and off of luminescence was performed in Ce3+ 

co-doped LaPO4:Tb3+ and GdPO4:Tb3+ through redox 

reactions [3].

For the first time, the free water on the surface of 

particles and confined water in the pores or interstitial 

water in the hexagonal structure of orthophosphate 

(REPO4) were confirmed using NMR technique [4]. 

There are different types of hydrogen bonding present 

in water depending on container/interface/region 

(Fig. 2). This finding will be useful in production of 

water molecules from 10 to 1010 in a particle under 

controlled NIR/microwave excitation. Also, this 

concept will be useful in biological system, therapy, 

micro-chips, etc. in which limited water molecules are 

needed. Luminescence quenching in such hexagonal 

REPO4 phase was observed and this is due to content 

of confined water, which is near to metal ion (Y3+/Bi3+/

Eu3+) and far from PO4 group. This confined water 

is not frozen even at -50 oC due to less number of 

H-bonding. In such system, the water molecules are 

stable up to 800 °C [5, 6]. The REPO4 compounds are 

available in rocks. This finding will give an alternative 

evidence for possibility of water present in rocks 

available in many planets, where temperature level 

goes up to 800 °C.

Hyperthermia based Cancer Therapy

Magnetic nanoparticles (MN) of Fe3O4, 

CoFe2O4, NiFe2O4, Co-Fe-B, FePd, Co and Ni 

were prepared by chemical routes. These 

were tested for heating behaviour under AC 

magnetic field (265 kHz frequency, 80-400 

Oe field). Fe3O4 coated with polyethylene 

glycol (PEG) were incorporated into thermally 

sensitive liposome. 6-carboxy fluorescein (CF) 

was used as indicator. The enhanced release 

of CF in presence of magnetic nanoparticles at  

42 °C was found. Fe3O4 MN coated with PEG 

and oleic acid were tested in a human breast 

cancer cell line (MCF7) [1,7]. Killing of cancer 

cells was found up to 70% within 10 minutes 

for oleic acid (OA) coated MN (Fig. 3). Bi-

functional properties of MN-Luminescence 

(Fe3O4-YPO4:Eu) having very high specific 

absorption rate (SAR = 100%) and red 

emitter at 615 and 695 nm nm, which is in 

range of biological window were tested in 

mouse fibrosarcoma (Wehi 164) tumor cells 

by Prussian blue staining. The intra-cellular 

uptake of MN was observed. In order to 

perform site selective of cancer cells (including 

metastability), some new approaches are 

under process. Now, in vivo study in mice 

Fig. 3: Induction coil in which cancer cells can be inserted (left) and cell 
viability (right). 1 mg of each sample is added to 106 cells [7]. 

Fig. 4: Tumor growth showed significant regression in mice after MN-OA 
and hyperthermia treatment. Control indicates the treatment without MN-OA 
and without hyperthermia. MN-OA indicates the treatment after injection of 
MN-OA. MN-OA + H indicates the treatment after injection of MN-OA and 
heating through induction.

 Control       MN-OA        MN-OA + H
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study shows significant decrease of tumour size within 

8 days in the presence AC magnetic field when MN 

were incorporated in mice (Fig. 4). This study will be 

useful in clinical trials.

Note

This work is in collaboration with Dr. R.K. Vatsa, 

Chemistry Division, Dr. B.N. Pandey and Neena V. 

Jadhav, RBHSD.  
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REACTIONS INVOLVING WEAKLY BOUND NUCLEI:  

ROLE OF PROJECTILE BREAKUP

S. Santra
Nuclear Physics Division

Abstract

A large number of nuclear reactions involving weakly bound projectiles have been studied to investigate the special 

features in complete fusion, elastic scattering and alpha particle production compared to those involving strongly 

bound projectiles. These features are found to be mainly due to a large probability of breakup of the projectiles in 

the Coulomb as well as nuclear field of the target nuclei.

Shri S. Santra is the recipient of the DAE Scientific & Technical  
Excellence Award for the year 2012

Introduction

The study of nuclear reaction mechanisms involving 

weakly bound stable heavy ions (e.g., 6,7Li, 9Be) has 

been very interesting due to the observation of 

many nonconventional behaviors compared to those 

involving strongly bound projectiles (e.g., 4He, 12C, 16O, 
19F, etc) . A suppression in complete fusion cross section 

at above Coulomb barrier energies, a drastic change 

in the energy dependence of the optical potential, 

and a large production of a particles are some of the 

important features associated with the above reactions. 

These observations are known to be largely due to the 

effect of projectile breakup on other channels. 

Projectile dissociation [e.g., 6Li→ a+d or 7Li→ a+t] 

while passing through the field of a target nucleus is 

a topic of great interest because of its application to 

the determination of radiative capture cross section 

of astrophysical interest. Understanding the reaction 

mechanisms of loosely bound projectiles and the 

effect of their breakup on various channels is also very 

important, especially in the context of the increasing 

number of the radioactive ion beam facilities and 

the quest for super heavy elements by the fusion 

of nuclei near the drip line. With this aim we have 

performed a series of measurements on fusion, elastic 

scattering, breakup and inclusive alpha production 

cross sections and many theoretical calculations based 

on coupled channels equations. Results of some of the 

investigations with interesting observations are as in 

the following. 

Complete fusion in 6,7Li and 9Be induced reactions

The effect of the breakup of weakly bound (stable or 

radioactive) nuclei on the fusion process is a subject 

of current experimental and theoretical interest1. 

Although sub-barrier fusion involving strongly bound 

stable nuclei is well understood, there are contradictory 

results and predictions about the enhancement or 

suppression of the fusion cross section, over predictions 

of the single fusion barrier, around the Coulomb 

barrier, when one of the collision partners is a weakly 

bound nuclide. There are theoretical calculations that 

predict either suppression of the complete fusion 

(CF) cross sections due to breakup of loosely bound 

nucleus or enhancement of the same due to coupling 

of the relative motion of the colliding nuclei to the 

breakup channel.
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To understand the effect of projectile breakup on 

fusion reactions, we made a systematic study on several 

reactions by measuring the complete fusion cross 

sections for 6,7Li+144,152Sm, 9Be+89Y and 9Be+124Sn 

reactions at energies around the Coulomb barrier2,3. 

In Fig.1, the CF cross sections normalized to πRB
2 are 

plotted as a function of beam energy normalized to 

Coulomb barrier. It shows that the  CF cross section for 
6Li+144Sm  (filled circles) at above barrier energies gets 

suppressed by ~32% compared to (i) the coupled-

channels (CC) calculations (dashed line)  as well as (ii) 

the cross sections for reactions involving tightly bound 

projectiles, 20Ne+133Cs (filled triangles) and 12C+141Pr 

(filled squares), forming similar compound nuclei. It is 

interesting to find that the solid line, which is obtained 

by multiplying the cross sections of CC calculations by 

a factor of `0.68’, is pretty close to the measured CF 

cross sections data. It means that the CF cross sections 

for 6Li+144Sm reaction are suppressed by ~32% 

and this is probably because of the loss of incident 

flux due to projectile breakup prior to the fusion of 

the projectile with the target. A large cross section 

of incomplete fusion (ICF) measured for the present 

reaction supports the above explanation based on 

projectile breakup2. 

Fig.1: Reduced cross sections (σfus/πRB
2) as a function of Ec.m./

VB for the present system (filled circles) along with two other 
reactions 12C + 141Pr (filled diamonds, filled squares) and 
20Ne + 133Cs (filled triangles). Dashed line is the result of CC 
calculations. Solid line is obtained by multiplying the CC results 
by a factor of 0.68.

Studies made for several other reactions (i.e., 6Li+152Sm, 
7Li+144,152Sm, 9Be+89Y and 9Be+124Sn) where we have 

again observed the suppression in CF cross section 

at energies above the Coulomb barrier compared to 

those for reactions involving tightly bound projectiles 

and also to the theoretical estimates. A systematic 

study on the suppression of CF cross sections has 

been made as shown in Fig.2. It was observed that 

CF suppression for reactions involving a particular 

projectile is independent of the target. It was also 

observed that the suppression increases with the 

decrease in projectile breakup threshold. That means 

the suppression is highest for 6Li whose breakup 

threshold is the lowest and the reverse is true for 11B.

Effect on elastic scattering

When we get a set of optical potentials that fit the 

measured elastic scattering at different beam energies, 

an anomalous behavior in the energy dependence of 

the nuclear potential is observed around the Coulomb 

barrier energies known as “threshold anomaly”. The 

non-negligible probability of inelastic excitations and 

few nucleon exchange among the projectile and 

target nuclei is the reason behind this observation 

Fig.2: CF suppression factor as a function of the product of 
atomic numbers of projectile and target. Symbols corresponding 
to different reactions are explained in the legend given inside 
the figure itself.
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that modifies the cross sections of  not only fusion but 

also the elastic scattering.  Although this behavior is 

observed for most of the reactions involving strongly 

bound stable projectiles, for example4, 12C + 208Pb,209Bi, 

it is not true for the reactions involving weakly bound 

projectiles with large breakup probability. However, 

contradictory results exist in literature involving 

same weakly bound projectiles, implying that a clear 

understanding of the effect of breakup on the energy 

dependence of the optical model (OM) potential is still 

elusive. Systematic studies of more reactions involving 

weakly bound projectiles are necessary to unfold these 

effects. It would also be interesting to see whether a 

simultaneous description of all the channels as well 

as the energy  dependence of the OM potential is 

possible for a particular system (e.g., 6Li+209Bi) through 

the same coupled-channels calculations with a large 

amount of experimental data for inelastic, transfer, 

and fusion channels as constraints. 

With the above motivation, elastic, inelastic, transfer 

and breakup cross sections were measured for 6Li+209Bi 

system. From optical model analysis the energy 

dependences of the optical model potentials were 

obtained which were found to be different from those 

involving strongly-bound projectiles. CC calculations 

are made to understand this using the potentials and 

coupling parameters that simultaneously explain the 

measured elastic, inelastic, transfer and breakup cross 

sections. It was found that the presence of projectile 

breakup channels modifies the interaction potential 

which makes the shape of the energy dependent 

optical potentials so different5.

To find the relative contribution of the breakup 

channels to the total reaction cross section particularly 

at sub-Coulomb energies, the ratios of cross sections 

for breakup, CF, target inelastic, and transfer channels 

to σreac are plotted as a function of energy in Fig. 3. At 

sub-barrier energies, it was interesting to observe that 

with decreasing energy, the calculated non-capture 

breakup cross section (solid line) and ICF (stars) 

increases, in contrast to the behavior of CF (triangles 

down), the inelastic (dash-dot line), and transfer 

(dashed line) cross sections. The transfer cross section 

represents the sum of the cross sections calculated 

for (6Li,7Li), (6Li,5Li), and (6Li,5He) channels. The above 

observation implies that when all the other channels 

start closing at sub-barrier energies, the breakup 

channel does not close, possibly due to the small 

breakup threshold energy of 6Li, and the breakup can 

be caused by even Coulomb excitation. Thus it explains 

why the imaginary part of the optical potential does 

not vanish even much below the Coulomb barrier.

Fig.3. The ratios of cross sections for CF (triangles down) 
data, ICF (stars), calculated exclusive α + d breakup (solid 
line), target inelastic (dash-dot line), and transfer (dashed line) 
channels to total reaction cross section (σreac) to show their 
relative contributions at different energies.

Inclusive alpha production

The observation of a large cross section for inclusive 

α (σinclα ) produced by breakup and different transfer 

channels for reactions involving weakly bound 

projectiles with cluster structure ‘α + x’ is well 

established. It has been observed that the production 

of α in a reaction is much higher compared to that 

of the valence cluster x. It is a challenging task to 

understand the reaction mechanisms responsible for 

such a large cross section of inclusive α. Attempts have 

been made to understand the origin of such a large α 
cross section but it is far from fully understood. 
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Inclusive α cross sections are measured for the 6Li+209Bi 

reaction at bombarding energies Elab = 24–50 MeV. 

The cross section was observed to be a substantial 

fraction of the total reaction cross section over the 

entire energy range, and it exhausts almost whole of 

the reaction cross section at sub-barrier energies. An 

investigation on the origin of large inclusive α reveals 

that most of the α particles, as shown in Fig.4, are 

produced by non-capture breakup (6Li→α + d, dashed 

line) and ICF via deuteron capture (dash-dot-dot line). 

The combined cross sections (solid line) of non-capture 

breakup, d capture, and transfer reactions (dotted 

line) successfully explain the origin of most of the 

experimental σinclα over the measured energy range5. 

A comparison of the σinclα versus reduced energies for 

several targets involving 6Li as projectile shows that the 

cross sections are independent of target. Interestingly, 

the difference between reaction and CF cross sections 

“σreac − σCF” for several reactions also shows the same 

behavior.
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transfer and breakup channels. Squares and stars represent 
data on exclusive “d + α” (sequential) breakup and “p + α” 
breakup, respectively. (See text for details)
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SYNTHESIS OF PALLADIUM THIOLATE/SELENOLATE 

COMPLEXES AS CATALYSTS FOR SUZUKI  
C–C COUPLING REACTIONS

Sandip Dey
Chemistry Division

Abstract

The new hybrid ligands dimethylaminoalkyl dichalcogenide and 4,4’-dipyridyldiselenide were developed and 

explored the complex chemistry of platinum group metals. A variety of complexes of the type [PdX(EÇN)]n (X = 

Cl, OAc; E = S, Se; EÇN = ECH2CH2NMe2, ECH2CH2CH2NMe2), [PdCl(4-SeC5H4N)(PR3)2] and [PdCl(4-SeC5H4N)(PR3)]n 

were synthesized. The complex [PdCl(4-SeC5H4N)(PR3)]n exists in bi- and tri-nuclear forms. These complexes were 

characterized by multinuclear NMR spectroscopy in solution and single crystal X-ray diffraction analyses in solid 

state. The catalytic activity of palladium complexes in Suzuki C–C cross coupling reactions has been investigated.

Shri Sandip Dey is the recipient of the DAE Scientific & Technical  
Excellence Award for the year 2012

Introduction

The palladium catalyzed C–C cross-coupling reaction 

has become the most powerful and versatile tool 

for the synthesis of pharmaceuticals, agrochemicals 

and advanced materials both on laboratory and 

industrial scale1,2. The importance of this general 

class of reactions was recognized by the awarding 

of the Nobel Prize in Chemistry in 2010 to Richard 

Heck, Ei-ichi Negishi and Akira Suzuki. Catalyst 

design has remained of paramount importance for 

understanding various catalytic processes as well 

as for improving the activity of catalyst system. The 

excellent Pd catalyst systems developed initially 

with Group 5 compounds such as bulky or electron 

rich phosphine ligands and later with nitrogen- 

containing ligands or N-heterocyclic carbenes, oxime 

and imine. Most of these types of catalysts are very 

air, moisture sensitive and difficult to prepare and to 

recover. Although compounds containing sulfur was 

neglected as potential homogeneous catalysts due to 

the extended belief of sulfur to be a catalyst poison, 

palladium complexes derived from chalcogen ligands 

(S, Se, Te) have recently emerged as highly effective 

catalysts and are air and moisture stable. Palladium 

complexes containing S, Se and Te in palladacycles, 

carbenes, Schiff bases and ether type ligands have 

been developed as highly effective phosphine-free 

palladium catalysts in Suzuki and Heck reactions3-5. 

The palladium chalcogenolate complexes owing to 

the stronger Pd–ER linkage may offer an attractive 

potential in C–C coupling reactions. However their 

utility as a catalyst in C–C coupling reactions remained 

rather unexplored due to their tendency to polymerize 

leading to insolubility/ sparingly solubility in organic 

solvents.

We have designed and developed the hybrid and 

hemilabile N,N-dimethylalkyldichalcogenide6 and 

4,4’-dipyridyldiselenide7 ligands which can not only 

yield low nuclearity complexes and but also enhance 

complex stability and solubility. Hemilabile ligands 
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have an advantage as they can protect one or more 

coordination sites that are formed during catalytic 

reaction and are also capable of stabilizing the active 

catalytic species/ reactive intermediates. Employing 

these ligands the chemistry of palladium and platinum 

complexes was explored. The catalytic activity of 

several palladium complexes were evaluated in various 

coupling reactions such as Suzuki7,8, Carbonylative 

Suzuki9 and Sonogashira10 reactions. A few recent 

results are briefly discussed here.  

Discussion

1. (i)  Syntheses      of        dimethylaminoalkylchalcogenolate 
complexes of palladium(II)

Reactions of the ligands (EÇN)2 with Na2PdCl4 yielded 

sparingly soluble products [PdCl(EÇN)]n (E = S or Se; n/

EÇN = 3/ECH2CH2NMe2 (1) and 2/ECH2CH2CH2NMe2 

(3)). Treatment of [PdCl(EÇN)]n with silver acetate 

in acetone-methanol mixture at room temperature 

afforded corresponding acetato-complexes, [Pd(OAc)

(EÇN)]n (2 and 4) (Scheme 1). Complex 4 can also 

be prepared by a redistribution reaction between 

[Pd(OAc)2]3 and [Pd(ECH2CH2CH2NMe2)2]6. The 1H 

NMR spectra of 2 displayed a resonance at ~ 2.0 

ppm attributable to acetato group. The 13C{1H} NMR 

spectra of 2 exhibited a signal at δ ~ 177.3 ppm due to 

carbonyl carbon. The mass spectra of 2 did not show 

molecular ion peaks, but fragmentation ion peaks with 

isotopic pattern consistent with Pd3 species suggesting 

trimeric nature of 2. The TG analysis showed that these 

complexes are stable up to 200 0C.

The molecular structures of dimeric 

[PdX(ECH2CH2CH2NMe2)]2 and trimeric 

[PdX(ECH2CH2NMe2)]3 (X = Cl or OAc) were established 

by single crystal X-ray diffraction analysis. In all these 

structures both the ligands 2-dimethylaminoethyl 

chalcogenolate and 3-dimethylaminopropyl 

chalcogenolate act as chelating-bridging mode. 

The chloride and acetate ligands are bonded as 

monodentate terminal groups to 

palladium center.     

(ii) Catalysis reactions

The coupling reaction of 4-iodotoluene 

and phenyl boronic acid was studied 

in the presence of all the palladium 

complexes as catalysts (0.1 mol%) (Table 

1). The yields of biaryls under the same 

reaction conditions varied between 63-

98% depending on the nature of catalyst. 

It is evident from Table 1 that the binuclear 

palladium complexes (3 and 4) are more 

active than the trinuclear derivatives (1 

and 2). Within the series the acetato 

complexes (2 or 4) are superior than the 

corresponding chloro compounds (1 or 

3). The activity of the sulfur derivatives 

within the series was marginally higher 

than the corresponding selenolate 

complexes.Scheme 1: Syntheses of palladium chalcogenolate complexes.



Special Issue  |  October 2014         89

BARC NEWSLETTERFounder’s Day

2. (i) Syntheses of 4-pyridylselenolate 
complexes of palladium(II)

4-Pyridylselenolate ligand has been employed to 

design various motifs ranging from mononuclear 

to trinuclear Pd complexes with the general 

formula trans-[PdX(4-SeC5H4N)(PPh3)2] (X = Cl (5) 

or SeC5H4N (6)) and cis-[Pd(4-SeC5H4N)2(dppe)]. 

Reactions of [Pd2Cl2(µ-Cl)2(PR3)2] with two 

equivalents of Na-4-SeC5H4N gave complexes of 

composition [PdCl(4-SeC5H4N)(PR3)]N (R = Et (7a), 

Ph (7b)) which were isolated as trimer/dimer 

containing bridging selenolate ligands. The 31P and 
77Se NMR spectra of 7a show single resonances in 

solution but 7bexhibit two such resonances. One 

is attributed to a trinuclear species while the other 

to the dimer (Scheme 2). Both di- and trimeric forms 

could be separated and structurally characterized. The 

crystal structure of [PdCl(SeC5H4N)(PPh3)]2 (7bY) is a 

centrosymmetric dimer with a sym-trans configuration. 

The two palladium atoms are held together by two 

bridging selenolate groups. The two pyridyl groups of 

the bridging selenolate adopt an anti configuration. 

The complex [PdCl(4-SeC5H4N)(PEt3)]3 (7a) represent an 

example of neutral nearly triangular shaped molecule. 

The pyridyl ring is almost perpendicular to the metal 

square plane.

Entry ‘Pd’ catalyst Yield (%)
1. [PdCl(SCH2CH2NMe2)]3 (1a) 87
2. [PdCl(SeCH2CH2NMe2)]3 (1b) 63
3. [PdCl(SCH2CH2CH2NMe2)]2 (3a) 96
4. [PdCl(SeCH2CH2CH2NMe2)]2 (3b) 93
5. [Pd(OAc)(SCH2CH2NMe2)]3 (2a) 92
6. [Pd(OAc)(SeCH2CH2NMe2)]3 (2b) 71
7. [Pd(OAc)(SCH2CH2CH2NMe2)]2 (4a) 98
8. [Pd(OAc)(SeCH2CH2CH2NMe2)]2 (4b) 92

Table 1: Suzuki-Miyaura cross-coupling of aryl halide with 
arylboronic acid.

S. No. R Complex mol% Pd Time 
(hrs)

Yield 
(%)

TON

1. 4-CH3 5 0.1 8 27 270
2. 4-CH3 5 0.1 20 39 390
3. 4-CH3 5 0.3 8 40 133
4. 4-CH3 5 0.5 8 80 160
5. 4-CH3 7b 0.1 8 28 280
6. 4-NO2 5 0.1 8 91 910
7. 4-NO2 7b 0.1 8 97 970
8. 4-NO2 7b 0.01 8 62 6200
9. 2-CHO 5 0.01 6 82 8200
10. 2-CHO 7b 0.01 6 84 8400
11. 4-COCH3 5 0.01 12 14 1400
12. 4-COCH3 7b 0.01 12 29 2900

Table 2: Suzuki-Miyaura cross-coupling of aryl bromide with 
phenylboronic acid.

(ii) Catalysis reactions

Both 5 and 7b were examined as catalysts 

in Suzuki cross-coupling reactions of 

arylbromide and arylboronic acid to yield 

biaryls (Table 2). Catalysts are tolerant to 

various functional groups, such as CHO, 

NO2, COCH3, etc. Cross-coupling yielded 

products almost quantitatively when electron 

deficient arylbromides were used (Table 2, 

entries 6-7). High yields were also obtained 

(> 82%) when the catalyst concentration was Scheme 2: Dimers and trimers of complexes [PdCl(4-SeC5H4N)(PR3)]n (7)
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lowered by ten times in the case of electron-deficient 

arylbromides (Table 2, entries 9-10). The catalytic 

activity of monomeric complex 5 and trimeric-dimeric 

complex 7b are comparable as both gave similar yields 

of biaryls under similar reaction conditions. As it is 

commonly believed that catalytically active species are 

generally monomeric which indirectly also supports 

the trimer-dimer-monomer equilibrium of 7b prior to 

catalyst initiation.
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Fig. 1: Molecular structure of [PdCl(4-SeC5H4N)(PPh3)]2 (7bY)

Conclusions

The hybrid and hemilabile ligands dimethylaminoalkyl 

dichalcogenide and 4,4’-dipyridyldiselenide have been 

designed and developed. Using these ligands the 

chemistry of palladium and platinum complexes was 

explored. The nuclearity of complexes [PdX(EÇN)]n is 

influenced by the chain length of the ligand. The non-

chelating ligand 4-pyridylselenolate has a promising 

potential in constructing multinuclear complexes. 

The palladium complexes have been shown to serve 

as catalyst in Suzuki C–C coupling reactions. Catalytic 

activity of [PdX(EÇN)]n follow the trend: OAc > Cl; S 

>Se; binuclear > trinuclear.
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GENERATION AND THERMODYNAMIC 
CHARACTERIZATION OF FGM INDUCED  

ISENTROPIC COMPRESSION

Aditi Ray 
Theoretical Physics Division

Abstract

The feasibility of achieving isentropic compression using functionally graded materials (FGM) has been explored in 

both gas gun and explosive driven systems. Qualitative analyses of temporal profiles of pressure pulse generated 

with various density distributions within FGM impactors showed that quadratic density variation is most suitable 

for this purpose. The signatures of isentropic compression are established from basic thermodynamic aspects like 

target temperature rise and deviation of entropy from theoretical isentrope. Optimum density profile within FGM 

flyer that leads to minimum entropy change found to follow quadratic variation. Further, it is shown that efficiency 

of spherical implosive system can be enhanced by use of FGM flyers with optimum density interval.

Dr.  Aditi Ray is the recipient of the DAE Scientific & Technical  
Excellence Award for the year 2012

Introduction

High energy density (HED) physics deals with behavior 

of matter under extreme thermodynamic conditions of 

pressure and temperature. Several fields of research 

involve high energy density; e.g., astrophysics, 

geophysics, inertial confinement fusion (ICF), explosive 

and impact loading of materials, Z -pinch devices, etc1. 

With the advent of modern laser based technologies, 

ICF has driven much of the development of HED 

physics at laboratory level, National Ignition Facility 

(NIF) of USA being one example of it. Realizing HED 

by any approach involves dynamic compression 

experiments where energy is deposited in a small 

region at extremely fast rate leading to hydrodynamic 

motion and propagation of shock waves. Though static 

compression techniques like diamond anvil cell can 

lead to Mbar pressures, but disadvantage associated 

with long time duration makes them unsuitable. 

Dynamic compression is realized either in strong 

shock loading or isentropic compression experiments 

(ICE). Difference between the two is that there is an 

abrupt increase of material temperature by shock 

(ns timescale), which is in contrast to relatively low 

temperature rise for isentropic methods, that occur 

over longer (μs) timescales. It is known that, maximum 

achievable compression in strong shock is limited 

due to irreversible heating and subsequent melting 

or vaporization. On contrary, there is no theoretical 

limit on maximum attainable compression by the 

latter. Thus, isentropic method offers a practical way 

for comprehensive determination of material response 

in a broad range of phase diagram that cannot be 

achieved by strong shock techniques.

Shock pressures are generated by impact of high 

velocity flyer plates accelerated in a powder gun, single/

two-stage gas gun or by burning high explosives (HE)2. 
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There are several approaches to generate ICE each 

with the aim of increasing peak pressure and its rise 

time. In laser systems, it is realized by suitably tailoring 

the pulse shape3. Other approaches include: multiple 

shock, shock reverberation and shaped current pulses 

for magnetic compression4. 

Recent advances in fabrication of FGM have opened a 

new front in generating smooth, continuous isentrope 

in gas gun devices6,7. FGMs are composite materials 

with composition varying along thickness in such a 

way that certain material property is allowed to vary 

continuously or step-wise from one side to the other. 

The idea of varying density along the thickness is to 

generate a smooth variation of shock impedance, 

which is the product of density and shock speed. 

We have carried out detailed study on generation 

and thermodynamic characterization of isentropic 

compression wave by FGM7,8. The present article 

provides a brief description of our achievements 

towards generating ramp pressure waves and brings 

out new insight in this area.

Isentropic loading in gas gun system

Simulation of typical hydrodynamic experiments 

performed by impact loading of normal and FGM 

flyers accelerated by gas gun, as displayed in Fig. 1, 

shows longer rise time of pressure pulse obtained 

by FGM. Isentropic compression is characterized 

from the temporal profiles of pressure pulse applied 

at target by different functional forms of density 

variation along FGM thickness. Quantitative analysis 

supported by physical reasoning enables us to arrive at 

the conclusion that quadratic variation is best density 

profile for FGM layers for generating ideal ramp 

compression7. Simulation results for pressure profile 

with 1 km/sec impact of Al, linear (L) and quadratic 

(Q) FGM flyers on to Cu target are illustrated in Fig. 

2. In case of LFGM, peak pressure as well as its rise 

time is more, but the pulse shape does not have 

characteristics of ideal isentrope. The pulse shape is 

reminiscent of linear ramp wave with QFGM. Profile of 

target-window interface velocity, measured through 

VISAR techniques, followed similar ramping pulse7.

Fig.1: Schematics of impact loading exp., either in gas 
gun or HE burn

Fig.2: Time profile of pressure pulse applied to a 
target by normal, linear and quadratic FGM flyers

Isentropic loading by HE driven FGM plates: 
Since flyers can be accelerated to higher velocities by 

explosive burn, the possibility of generating isentropic 

wave in HE driven FGM plate impact has also been 

explored. Our study revealed the first observation 

that with moderate flying HE driven QFGM produces 

smooth ramp pressure pulse leading to an ideal 

isentrope, as displayed in Fig. 3. Pressure pulse in 

Fig.3: Pressure profile for HE driven normal and 
graded density flyer impact
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contact geometry shows up an undesirable initial spike 

due to shock jump7. Moreover, peak pressure realized 

in HE driven system is much greater than what can be 

achieved by gas gun system with identical FGM flyer. 

Thermodynamic characterization of FGM 
induced isentropes: Signatures of isentropic 

compression have been identified from basic 

thermodynamic aspects of target temperature rise and 

entropy increase from an ideal isentrope. Theoretical 

evaluation of EOS temperatures along Hugoniot and 

FGM induced isentropes show that for significant 

compression the temperature rise by shock pressure 

is much larger than that generated by any kind of 

FGM flyer8. Nevertheless, target heating due to all 

types of FGMs are nearly same. Fig. 4 compares target 

temperature for Hugoniot pressure and isentropic 

pressures of Fig. 3, delivered by HE driven QFGM. 

Further, optimum density profile of a 14-layer FGM flyer 

that produces minimum entropy at target with pre- 

decided peak pressure has been obtained by finding 

densities of individual layer through optimization 

technique. Interestingly, profile fits very well with 

quadratic function as shown in Fig. 6

Fig.4: Temperature rise with pressure along 
Hugoniot and HE driven FGM flyer impact

Increase in entropy on any arbitrary (P-V) state from 

an ideal isentrope is the measure of irreversible energy 

loss due to shock heating. Thus lower this entropy 

deviation, better it is for ICE. Fig. 5 displays the entropy 

increase as a function of pressure along Hugoniot and 

isentropes obtained with linear and quadratic FGMs in 

gas gun acceleration. It is clear that entropy change by 

FGM loading is nearly two orders of magnitude smaller 

than that of Hugoniot8. It is also obvious that, QFGM 

is most suitable as it leads to least entropy change for 

a specific peak pressure.

Fig.5: Entropy production vs pressure for Hugonion 
and FGM induced isentropes

Fig.6: Optimized density profile of FGM for least 
entropy prodcution

Effect of FGM flyer in spherical geometry: Due to 

converging detonation waves produced by explosive 

burn, it is possible to achieve higher velocities and 

pressures in spherical geometry than planer case. Our 

simulation of spherical implosion system, as depicted in 

Fig. 7, shows that use of FGM flyer enhances impact 

velocity, W at target to some extent for LFGM and to a 

great extent with QFGM, as compared to normal flyer7. 

Table-1 compares the maximum attainable impact 

velocities for Fe flyer and those found by optimizing 

densities of front and rear layers of FGM flyers with 

given configuration. 
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Conclusions

Results of detailed hydrodynamics simulations of 

dynamic compression experiments for generating 

isentropic pressures are presented. The main 

conclusions emerging from the studies are: shape of 

pressure pulse can be suitably tailored by appropriate 

density variation within FGM and quadratic FGM is 

best choice for ICE since it produces linear ramp pulse 

with least temperature rise and entropy production in 

the target.
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R&D RELATED TO EAR, NOSE AND THROAT AT  

THE MEDICAL DIVISION

Nalini Bhat
Department of ENT, Medical Division

Abstract

As an ENT specialist Dr. Bhat handles cases related to ear, nose, throat and cancers of the head and neck region 

in her practice. Besides routine and emergency clinical and operative work she is also a teacher for post- graduate 

training in ENT (accredited by Diplomate of National Board) and guides her students in their thesis work. Her 

main areas of interest are hearing loss and its rehabilitation, endoscopic sinus surgery and speech disorders. She 

has upgraded her department to offer state of the art facilities in these sub-specialities of ENT.  She has started 

the neonatal screening for hearing loss programme and the cochlear implant programme at her department. The 

department also has a computerized, modern speech laboratory and a multidisciplinary thyroid clinic. She has 

started sialendoscopy facilities. This is the current recommendation to handle benign salivary gland disease and is 

being offered by very few centres across the country. She is also currently researching the role of genetic mutations 

in people with severe congenital deafness. 

Dr. Nalini Bhat is the recipient of the DAE Scientific & Technical  
Excellence Award for the year 2012

As part of her R&D, Dr. Bhat studied the various 

presentations of tuberculosis of head and neck that 

she had come across in her practice. The retrospective 

study included 117 patients of primary head and neck 

TB. Clinical presentations of different areas affected 

and the diagnostic modalities used in various settings 

are discussed in the paper.  Cervical lymphadenopathy 

was the commonest presentation followed by laryngeal 

tuberculosis. Other areas such as retrophryngeal, 

cervical spine, oropharynx etc were solitary cases. 

FNAC is a very easy and reliable method to diagnose 

TB. However newer diagnostic tests should be used in 

suspected cases if FNAC is negative.  The study stresses 

the need to rule out lung or other systemic TB, in 

cases of head and neck TB. It also recommends culture 

and drug sensitivity, at least in cases of previous or 

subsequent TB, to reduce the problem of multidrug 

resistance TB. The subjective level of satisfaction in 

patients of presbyacusis using monoaural hearing 

aids from Feb 2008 to Sept 2009 was studied, and 

the various attributes affecting hearing aid use among 

patients. The study reported a significantly high level 

of satisfaction among hearing aid users (74%).Almost 

half the subjects reported no problems with their 

hearing aids.  Subjects with mild hearing impairment 

were less satisfied with their hearing aids than the 

others. Most people under used their hearing aids 

even when they were satisfied. Subjects with severe 

hearing loss used their hearing aids for longer duration 

daily. Thus Mono-aural hearing aid fitting was found 

to be a satisfactory and a cost effective option of 

rehabilitating people with age related hearing loss, 

especially in developing countries like ours. This 

book is a useful guide for all ENT surgeons who are 

performing endoscopic sinus surgery or are keen to 

learn the same. The chapter outlines the diagnosis of 

sinusitis based on clinical guidelines, nasal smears and 

imaging modalities. Each of these has been discussed 
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in detail and flow charts have been presented to assist 

the reader in step-wise management of different 

situations in sinusitis. Also a pre-operative checklist, 

pre-anaesthesia preparation and surgical planning 

have been discussed. A consent form specifically for 

ENT surgeries has been presented and recommended. 

The chapter stresses on the need for a thorough pre-

operative preparation and has suggested a step-wise 

approach so as to significantly improve the chances 

of success in sinus surgery. She has also published a 

number of unusual case reports that she has come 

across in her practice with a view to increase awareness 

regarding incidence, presentation, diagnosis and 

treatment of these unusual cases. This is a  report of  

an interesting case of anaplastic thyroid carcinoma,( a 

rare, extremely aggressive tumour) in a colloid goiter 

of long standing, in a 80 year old lady who went 

on to develop lung metastasis and a paraneoplastic 

syndrome in spite of good regional control. Epithelial- 

myoepithelial carcinoma (EMC) arising from the minor 

salivary gland of the hard palate is very rare. Besides the 

rarity of the case, diagnostic difficulties are discussed. 

FNAC and histomorphology though suggestive were 

not diagnostic.  Immunohistochemistry was used to 

clinch the diagnosis. Post treatment outcomes were 

extremely good.  Lipomas though common benign 

tumours, are uncommon in the oral cavity and account 

for only 1-5 % of all the oral benign neoplasms. This 

case of lipoma of tongue was presented in view of its 

rarity. A 71 year old man presented with a history of a 

slowly enlarging, painless mass on right side of tongue 

since 1 month. A presumptive diagnosis of lipoma was 

based on the clinical and MRI findings. The tumour 

was excised enbloc, transorally. Histopathologic 

examination of the tumour confirmed that it was a 

lipoma.
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DESIGN AND DEVELOPMENT OF COMPACT  

PULSE FORMING LINES

Surender Kumar Sharma & Anurag Shyam
E&ED

Abstract

Pulse forming line (PFL) is an important subsystem of pulsed power system for shaping and delivering fast pulses to 

the load. PFLs with higher dielectric constant ceramics materials and alternative engineering topologies are designed 

and developed to reduce its size. A novel technique is also proposed using the transmission line characteristics of 

the PFL to generate fast repetitive double pulse (~ 100 ns) with very short (~ 30 ns) inter pulse repetition interval.

Keywords: Pulsed Power, PFL, Ceramic, Helical

Dr. Surender Kumar Sharma is the recipient of the  
DAE Young Engineer Award for the year 2012

Introduction

Pulsed power is a technology to accumulate energy 

over a longer duration of time and then releasing it in 

a shorter duration, thus increasing the instantaneous 

power levels (Fig 1). 

 

This technology can be found useful for industrial, 

medical and environmental applications. Nowadays, 

the pulsed power field is driven by size, weight, and 

volume constraints and certain applications require 

technology that can be deployed in smaller volume.

Compact Pulsed Power

Compact pulsed power technologies are characterized 

by concentration of energy both in time and size to 

generate pulses of high intensity. The development 

of compact pulsed power technologies requires 

combined efforts at three levels: efficient and 

robust devices at component levels, novel circuits 

and architecture at the system level, and effective 

technique to deliver fast pulses at the application 

levels. The pulse conditioning 

system is an important part 

of pulsed power system, 

its general functions are 

the storage, switching, and 

scaling [2].

Compact Pulse Forming Line

Transmission line based PFL can be made by using 

commercially available coaxial cables or by putting 

two/three concentric cylinders with suitable 

dielectric filled between them. The design of PFL 

includes optimization of inner and outer radius of 

the coaxial cylinder of length, dielectric material 

(er), to get required pulse duration (t) and source 

impedance (Z0). 

Fig 1. : Block diagram of pulsed power system [1]
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Development of Solid dielectric PFL using 
ceramic material

The length of the PFL is, L ~ 1/e1/2. The higher e can 

lead to shorter length of the PFL. The ceramic material 

has large dielectric constant (> 100) and is ideal for 

energy storage in PFL. Barium Titanate ceramic was 

not widely used in pulsed power systems because of 

its piezoelectric properties. A composite dielectric PFL 

is designed and developed using barium titanate and 

neoprene rubber [3]. Rubber is an elastic material, 

when local stresses are developed in barium titanate 

during the high voltage discharges the rubber will 

expand and contract to absorb the stress.

Fabrication of barium titanate – rubber PFL

A coaxial PFL was made using two SS 304 cylinders 

of length (l = 350mm) (Fig 2). The inner and outer 

diameter, and the thickness was 120 mm, 240 mm 

and 2 mm respectively. 

 

for an hour, and then it is filled between the cylinder 

by heating the mixture and then gradually cooling it 

to room temperature.  The parameters measured of 

the composite dielectric PFL are inductance (48 nH), 

capacitance (2.4 nF) and impedance (4.5 Ω).

Measurement of dielectric constant of the 
composite dielectric

A disc of composite dielectric was cut to measure its 

dielectric constant. The diameter (d) and the thickness 

(t) of the composite dielectric material disc are 90 

mm and 10 mm. The dielectric constant (er) of the 

composite dielectric material of capacitance (C) and 

area of disc (A=πd2) is, er  = . The capacitance 

was measured to be 475 pF. The dielectric constant of 

the composite dielectric was calculated to be 85. 

Testing of barium titanate – rubber PFL

The PFL was pulse charged with pulse transformer and 

discharged through sparkgap across 5Ω resistive load. 

The pulse transformer charge the composite dielectric 

PFL to 120 kV, the sparkgap switch after the PFL breaks 

and the PFL discharge into the 5 Ω resistive load. A 

high voltage pulse of 70 kV, 21 ns pulse was measured 

across the load (Fig 3). The compactness in length of 

the PFL was achieved by mixing of barium titanate in 

neoprene rubber, which reduces the length of the PFL 

by a factor of 3.8 as compared to neoprene rubber  

(er  = 6, µr,= 1) dielectric material PFL.

 

Fig. 2: Barium Titanate Rubber PFL

The volume between the two cylinders was filled with 

composite mixture of barium titanate and neoprene 

rubber. The composite mixture was prepared by mixing 

barium titanate of 1-3 micron size with neoprene 

rubber in the ratio of 1:10. Other additives are added 

for the curing of the rubber and mixed in rolling mill 
Fig. 3: PFL charging and load voltage
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Investigation of non linear effect of electric field on 
composite dielectric 

The ceramic materials behave non-linearly with different 

applied electric field [4]. The composite dielectric PFL 

was charged at different voltage and discharged across 

the load. The duration of pulse width  

across the load depends on dielectric constant and 

the length of the PFL. The pulse width was measured 

experimentally with applied electric field (Fig 4).  The 

length of the PFL was fixed and we found no variation 

in the value of dielectric constant of the composite 

dielectric up to the electric field strength of 20 kV/cm. 

 

168 mm). The outer cylinder was made up of SS-304 

(Diameter, thickness = 237 mm, 2mm). The length of 

the PFL was 800 mm. The impedance of the helical PFL 

is 22 Ω. The volume between the inner strip and outer 

cylinder was filled with deionised water circulated 

through a pump and deionizer unit. 

 

Fig 4. Pulse width measured at different applied electric field

Development of water helical PFL

Deionised water is used as liquid dielectric medium in 

PFL because of its high dielectric constant and high 

dielectric strength [5]. The length of the coaxial PFL 

increases for the generation of longer duration pulses. 

The pulse width can also be increased by using helical 

inner conductor as it has higher inductance and also 

increases the transit time [6]. 

Fabrication of water helical PFL

Water helical PFL was designed and developed (Fig 

5). The helical PFL inner conductor was made up of  

13 turns of SS-304 strip (Width, thickness = 39.5 mm, 

0.5 mm) rolled on the delrin cylinder (Diameter = 

Testing of water helical PFL 

The performance of helical PFL is tested by pulse 

charging it to 200 kV and discharging it across the 

matched resistive load (22 Ω). The voltage pulse was 

measured across the helical PFL and the load (Fig 6). 

The helical PFL produces 100 kV, 260 ns pulse across 

the matched load. So, the pulse width of 260 ns is 

generated with 800 mm length of the helical PFL, as 

compared to coaxial PFL, which generates 50 ns pulse 

with 800 mm length of the PFL. 

 

Fig 5. Water helical PFL

Fig. 6: PFL charging voltage and load voltage
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Effect of reduction in water temperature on the 
pulse width

The deionised water inside the helical PFL was circulated 

through a water chilling unit and its temperature was 

reduced from 25 0C to 5 0C, the pulse width was 

experimentally measured across the matched load at 

different temperature (Table 1). The increase in pulse 

width was due to increase in the relative permittivity of 

the water with the reduction in temperature of water. 

The relative permittivity of the water increases with 

the reduction in the temperature of the water [5]. The 

dependence of relative permittivity of water on the 

temperature is given by (i)

r = 78.54 (1 – 4.579 x 10-3 T1) + 1.17 x 10-5 T1
2 – 2.8 x 10-8T1

3   (i)

Where T1 = T0- 25, T0 is Temperature in (0C)

The pulse width generated across the load increases 

up to 6 % with the reduction in the temperature of the 

water from 250C to 50C. So the length of the PFL can 

further be reduced with the cold water circulation and 

the size of the PFL can be reduced.  

Fast repetitive double pulse generation using 
compact PFL

The repetition rate of the pulsed power system is 

determined by various factors such as the capacitance 

or inductance of electrical circuit, power supply, load 

characteristic and switch etc [7]. Transmission line 

characteristics of the helical PFL was investigated to 

generate fast repetitive double pulse with extremely 

short inter pulse repetition interval [8].  Fast repetitive 

double pulse could be used to study double pulse 

laser ablation [9]. The two turns at the input side of 

the helical PFL are covered with 3 mm of ethylene 

propylene rubber tape (r ~ 3) on the SS strip (Fig 8).

 

Table 1: Pulse width measured at different temperature

Water Temperature Pulse width (FWHM) 
25 0C 260 ± 1 ns
20 0C 265± 1 ns
15 0C 270 ± 1 ns
10 0C 275 ± 1 ns
5 0C 280 ± 1 ns

The increase in relative permittivity with decreasing 

temperature is due to decrease in thermal agitation 

of molecular dipole of water. The relative permittivity 

of water was experimentally measured at different 

temperature (Fig 7).

 

Fig. 7: Experimentally relative permittivity measured at different 
temperature

Fig. 8: Inner conductor of helical PFL

The testing was done by pulse charging the helical 

PFL to 200 kV and discharging it into the matched 

Fig. 9: Voltage measured across PFL & load
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22Ω resistive load, while discharging it generates two 

fast pulses of 100 kV, 100 ns with 30 ns inter pulse 

repetition interval across the load (Fig 9). 

 

When high voltage was applied to the inner conductor 

of the helical PFL and pulsed charged to 200 kV, the 

water capacitor was fully charged where there was 

no ethylene propylene rubber on the SS strip inner 

conductor. At the input side of the PFL maximum 

potential appears across the ethylene propylene 

rubber, and the water capacitor was charged to 

lesser extent due to its higher relative permittivity 

compared to that of ethylene propylene rubber. The 

self breakdown sparkgap switch closes at 200 kV and 

the PFL discharges into the load. While discharging the 

forward voltage wave travels towards the source and 

voltage appears across the load.  The voltage across the 

load appears till it discharges up to the initial 2 turns. 

Then there was less voltage across the water capacitor 

above the ethylene propylene rubber, so no voltage 

appears across the load. When the wave is reflected 

from the input end due to the high impedance of 

pulse transformer it again appears across the load 

after the end of the 2 turns. So, the two pulses of 100 

kV, 100 ns pulse width and interval of 30 ns between 

the pulses appears across the load.  

Conclusion

The compactness of the PFL depends on the length 

of the conductor (l), dielectric constant (εr) and 

temperature of the medium. Compact PFLs were 

developed using high dielectric constant composite 

dielectric material and an alternative topology using 

helical inner conductor for pulse compression. A novel 

technique is also developed using the transmission 

line characteristics of the helical PFL for generation 

of very fast repetitive pulse with very short inter pulse 

repetition interval.
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Abstract

Refractory metal intermetallic composites (RMICs) are being pursued as high temperature material beyond nickel 

based alloys.  The results on in-situ synthesis of Mo based RMIC and its characterization have been presented in the 

present article. Silicothermic co-reduction and reaction hot pressing techniques were explored to prepare Mo-16Cr-

4Si (wt.%) alloy. The multiphase alloy was consisted of Mo3Si and discontinuous (Mo, Cr) (ss) phase with volume 

percentage of 28%. The synthesized alloys were characterized with respect to composition, phases, microstructure, 

hardness and their oxidation behaviour. The composite shows an excellent balance of low temperature mechanical 

properties with promising environmental resistance at temperatures above 1000 oC.

Shri Bhaskar Paul is the recipient of the  
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Introduction

Design of high temperature structural material 

having favorable properties such as high temperature 

oxidation resistance, strength, creep resistance on the 

one hand and room temperature fracture toughness 

on the other is a challenging task in materials 

science. Maximum operating temperature capability 

of superalloys has risen significantly, but eventually 

it faces melting point limitation of major alloying 

element e.g. Co, Ni. The next choice is the refractory 

metals and alloys, because of their high melting 

points and high temperature strength. Amongst 

the various refractory metal alloys, molybdenum 

based alloys are considered as most attractive and 

promising due to their  superior high temperature 

properties such as excellent creep and tensile strength 

at elevated temperature, adequate compatibility with 

molten metals such as Pb, Pb-Bi eutectic etc. and 

exceptionally high melting temperature. The major 

barrier to the use of molybdenum based alloys for 

high-temperature applications is their catastrophic 

behaviour under oxidizing environments. In contrast, 

molybdenum silicides have excellent high-temperature 

oxidation resistance with high melting point. However 

silicides in monolithic form have inadequate damage 

tolerance and extremely low fracture toughness and 

the suitability for the practical applications of these 

materials as structural components, thus are hindered 

by these drawbacks. It has been reported in some 

literature that the fracture toughness of silicides can 

be improved by incorporating a ductile Mo phase 

i.e., ductile phase toughening or refractory metal-

intermetallic composites (RMICs). It is known from 

the binary phase diagram of Mo-Si system that below 

9.0 wt.% of Si, the microstructure consists of Mo and 

Mo3Si.The oxidation resistance of Mo3Si has been 

found to be enhanced by the addition of Cr due to the 

formation of thermally stable impervious oxide layer of 

Cr2O3. The multiphase approach has led to the study 

of the systems such as Mo-Cr-Si provide a high level of 

freedom in selecting compositions of the constituent 

phases in order to obtain a more favorable balance 

of high temperature strength, creep, good oxidation 
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resistance and at the same time damage tolerance 

ability particularly at lower temperatures. 

The primary objective of this study to investigate 

the effectiveness of the Mo-Cr-Si alloy system as an 

oxidation resistant alloy. 

Preparation of the alloys

The Mo-16Cr-4Si was prepared by two methods:

Hot pressing

Elemental powders of Mo, Cr and Si with a purity 

of 99.9% and an average particle size of 5, 8 and 6 

microns, respectively, were thoroughly mixed, in the 

desired composition ratios of Mo-16Cr-4Si (wt.%) 

alloy using a turbo-mixer unit. The mixed powder was 

uniaxially pressed under 200MPa into pellets with 

dimensions of Φ25mm×20 mm. Green densities of 

the samples were measured using the geometrical 

dimensions. The compacts were placed into a 

graphite die and then hot-pressed under vacuum at 

1600oC for 3 to 5 h by applying a pressure of 10MPa. 

The hot pressed alloy pellets were grinded from all 

sides to remove the graphite (C) layer using standard 

metallographic grinding techniques. Sintered 

densities were determined through the immersion 

method based on the Archimedean principle using 

alcohol as the liquid medium. The polished sintered 

samples were etched using a mixed solution of 5 ml 

HNO3, 10 ml HF, 15 ml H2SO4 and 50 ml H2O, and 

the microstructure of the specimens 

were observed under SEM. X-ray 

diffraction pattern was recorded for 

characterizing the phases evolved 

after hot pressing. 

Co-Reduction method

An alternative self sustaining 

synthesis route for synthesis of high 

temperature material is “Co-reduction 

synthesis route” In this process, metal oxides are co-

reduced simultaneously by a reductant which could 

be anyone or a combination of Al, Si, Ca, B, Mg etc. 

and the reactions which when triggered goes to 

completion because of their own exothermic heat. 

This process has many distinct advantages over other 

melting processes such as relatively high proportion 

of metallic products, low processing cost, fast process 

rate, high energy and time efficiency, may or may 

not require external heating from high-temperature 

furnace, flexibility of batch size etc. 

In the present study, attempts have been made to 

prepare Mo-16Cr-4Si (wt.%) alloy by co-reduction 

smelting technique using Si as reductant.

Characterizations and Property evaluation:

Microstructural characterization

Fig-1a and Fig-1b show the microstructures of the co-

reduced and hot pressed Mo-16Cr-4Si alloy, showing 

two different contrast regions, namely white and black. 

The quantitative microanalyses in these regions were 

carried out by EDS for evaluating the compositional 

variation. From the composition of the two phases, it 

is seen that the first phase (phase-A) appearing light 

(white) is made up of a solid solution phase, basically 

of Mo and Cr, containing small amount of Si. The 

second phase (phase-B, appearing dark) is made up 

of (Mo, Cr)3Si intermetallic phase, which has been 

confirmed by the XRD analysis.

Fig.1: BSE image of Mo-16Cr-4Si prepared by (a) hot pressing (b) silicothermic co-
reduction
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Oxidation Studies 

Specimens were cut from the prepared alloy button 

followed by polishing and ultrasonically cleaning in 

acetone. For isothermal oxidation studies, polished 

sintered samples of approximate size of 10 × 5 × 5 mm 

were introduced into the furnace in an alumina crucible 

when the furnace temperature reached the set value. 

For isothermal experiments, samples were oxidized 

for different time intervals up to 50 h. Each sample 

was carefully weighed before and after exposure to 

determine the weight changes during the oxidation. 

Phases present on the surface of the oxidized samples 

were characterized by XRD. The morphology and 

nature of oxide layer were investigated by observing 

the surface in SEM. 

Fig. 2a shows the data of weight change per unit area 

with time, obtained during isothermal oxidation at 

different temperatures. Initially the rate of mass loss 

is high, because of the volatilization of MoO3 at all 

the isothermal conditions. Later on, the oxidation 

rates decrease substantially due to the formation of 

the protective mixed SiO2 and Cr2O3 layer over the alloy 

surface. Formation of the cristobalite phase of SiO2 

(matched with JCPDS 820403) and Cr2O3 (matched 

with JCPDS 841616) have been confirmed by XRD 

analysis of surface oxide layer of the alloy after 50 h, 

shown in the inset of Fig. 2b.

Fig. 2b shows the SEM images of the oxidized surfaces 

of the alloy after oxidation at 1000oC for 5 and 50 h. 

The morphologies of the oxide scales are particulate 

Fig-2 (a) weight change per unit area with time at different temperatures (b) SEM images of the oxidized 
surfaces of the alloy after oxidation at 1000oC for 5 and 50 h. Inset shows the XRD of the oxidized surfaces of 
the alloy after oxidation at 1000oC for 50h.

Fig-3: (a) Vickers indentation profiles at 3 N load (b) Vickers indentation profiles at 3 N load at phase A showing pile up (c) the crack 
arresting capability of phase A
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in nature. The oxidized surfaces are free of cracks; 

however, the porosities are detected until the initial 5h. 

With increase in time, the coagulation/agglomeration 

of oxide particles tries to close the pores, and makes 

the oxide layer more protective. 

Mechanical Testing

The room temperature flexure strength and the 

fracture toughness of the alloy determined using 

standard equations were found to be 615 ± 15 MPa 

and 10.7 ± 0.5 MPa.m1/2, respectively. The average 

values of hardness are 6800 ± 15 MPa and 11300 ± 

10 MPa for phase A and B, respectively. The profiles of 

a 3 N Vickers indentation along the corners and the 

faces at both phases are shown in Fig-3a. No pile-up is 

observed around indentation at phase B while a clear 

≥500 nm high pile-up is present along the faces of 

indentation at phase A (Fig-3b). The pile up is due to 

the plastic flow of the material, showing the evidence 

of ductility of phase A. The fracture toughness 

increases due to the crack arresting capability of phase 

A, which is clearly seen in Fig-3c.  Crack intercepts by 

the primary Mo phase, hinder the catastrophic fracture 

through the formation of unbroken ductile-particle 

ligaments in the crack wake. The fracture toughness of 

the system could be enhanced by the presence of the 

ductile phase; it is either by crack blunting, branching, 

deflection or combinations of these. Crack deflection 

or branching alters the mode of loading (I to mode II) 

so crack propagation is hindered resulting in increase 

in fracture toughness. Due to the crack hindrance  

(Fig. 3) and plastic deformation (Fig. 3) of the Mo-

phase, together with crack deflection and interfacial 

de-bonding the toughness of the alloy is enhanced. 

 

Conclusion

On the basis of the present experimental results the 

following conclusions can be drawn:

1. The technical feasibility of preparation of Mo based 

oxidation resistant alloy of nominal composition 

Mo-16Cr-4Si (wt.%)  was demonstrated through 

systematic investigation by direct silicothermy and 

hot pressing. 

2. The alloy is included by a ductile refractory solid 

solution phase of  Mo and Cr containing 0.9-1.9 

wt% Si and an intermetallic matrix of (Mo,Cr)3Si.

3. The multiphase alloy is consisted of Mo3Si and 

discontinuous (Mo, Cr) (ss) phase with volume 

percentage of 28%.

4. Due to the crack hindrance and plastic deformation 

of the Mo-phase, together with crack deflection 

and interfacial de-bonding the toughness of the 

alloy is enhanced.

5. The alloy exhibited better oxidation resistant as 

compared to single phase Mo alloy. 
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EQUIPMENT FOR REMOTE DISMANTLING AND 
DECOMMISSIONING OF NUCLEAR FACILITIES
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Abstract

Decommissioning of heavily contaminated components, equipment and concrete structures made up of high 

strength materials in ageing nuclear facilities require heavy duty remotely operated tools. Remotely controlled 

hydraulic operated heavy duty end effectors compatible with existing Remotely Operated Hydraulic Trolley 

Alongwith 6 DOF Manipulator (ROHYTAM) were developed for demolition of thick RCC structure, cutting of 

contaminated pipe & electrical cable and reducing the Person Sievert. A hydraulic operated Diamond Wire Sawing 

(DWS) Technique and system was also developed to cut block of desired shape and size from thick RCC wall in a 

controlled manner. The remote demolition using these end effectors and DWS technology was demonstrated on 

the 750 mm thick RCC wall mock-up. This paper discusses about this technology and experiences gained.

Keywords: hydraulic, end effectors, concrete, decommissioning, diamond wire sawing
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DAE Young Engineer Award for the year 2012

Introduction

Department of Atomic Energy has several nuclear 

facilities for nuclear research, fuel fabrication, 

reprocessing and power generation. These nuclear 

facilities are getting aged and require decommissioning 

at the end of their useful life. During decommissioning 

large, heavy, complicated and heavily contaminated 

concrete/metallic structures have to be dismantled. 

It requires heavy duty remotely operated tools and 

equipment to carry out various operations like 

breaking, splitting, drilling in thick RCC structure, 

cutting of contaminated pipes, structural sections 

and thick electrical cables etc. Sometimes large RCC 

structures are to be decommissioned without affecting 

the integrity of nearby structures. 

A Remotely Operated Hydraulic Trolley Along with 6 

DOF Manipulator (ROHYTAM)[1] was earlier developed 

to handle various nuclear emergencies like remote 

handling of accidentally fallen irradiated fuel bundle of 

PHWRs, manual override operation of direction control 

valves of PHWRs fuelling machines in case of stuck-

up situations, nut splitting for decommissioning of 

unserviceable heat exchangers etc. It can be operated 

remotely using wireless video feedback from closed 

circuit camera mounted on it. It is a self-contained 

hydraulic driven unit having its own battery bank, 

power-pack and accessories. It has a payload capacity 

of 50 Kg at gripper and 500 kg at fore arm. Being 

a self-propelled vehicle, ROHYTAM was best suited as 

a carrier for remotely operated tools/end effectors for 

decommissioning activities inside nuclear facilities[2]. 
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This paper discusses about the development of 

such remotely operated hydraulic systems, tools & 

techniques for decommissioning purposes.

Remotely Operated Decommissioning End 
Effectors

Various oil hydraulic operated hand held tools like drill, 

breaker, splitter, cut-off saw, metal cutter, combination 

tool etc. were commercially available for concrete and 

metallic structure decommissioning. These tools had 

either manual lever or switch for operation. Such 

tools were procured and automated by replacing their 

manual switches by solenoid valves so that they can be 

operated remotely. Special attachments for mounting 

these tools at the end of the ROHYTAM fore arm were 

designed and fabricated. These tools/end effectors 

were integrated with its hydraulic and control system. 

All these tools operate at 12 – 15 MPa pressure & 30 

lpm flow. Since, ROHYTAM has limited flow capability; 

separate power pack was utilized to power up these 

tools.

A cutting end effector (Fig. 3) was in-house developed 

to cut contaminated pipes (50 OD x 3 mm thick), 400 

mm2 armoured electrical cables, angles of 25x25x3 

mm size, channels or beams of 25 mm width and 

depth, etc.

Fig. 1: Drilling end effector

The remotely operated drilling end effector (Fig. 1) can 

drill 50 mm dia. through hole in 1.2 m thick RCC wall 

and can break the reinforcement bars present there in.

The remotely operated breaking/chipping end effector 

(Fig. 2) can break/chip off concrete either from 

horizontal or vertical surfaces. 

Fig. 2: Breaking/chipping end effector

The concrete splitting end effector (Fig. 4) can split 

1 m thick concrete during decommissioning. A 

novel pressure cycling technique (Fig. 5) to generate 

tremendous pulsating force for applying fatigue 

loading on 1 m thick concrete structure for splitting it 

in desired plane was also been developed. 

Fig. 3: In-house developed cutting end effector

Fig. 4: Splitting end effector
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A miniature high pressure (60 MPa) hydraulic cylinder 

for tools (Fig. 6) and hydraulic operated core drilling 

system were developed to create larger size openings 

in the concrete walls for various purposes. 

continuous loop of tensioned diamond wire 

(commercially available, 10 – 11 mm in dia.), joined at 

ends, runs over concrete structure guided by series of 

drive & guide pulleys (Fig. 7). 

A hydraulic motor driven machine having a main 

drive pulley and a rack & pinion rotary actuator based 

tensioning mechanism has been developed. A 30 kW 

oil hydraulic power pack (Fig. 8) with load sensing 

hydraulic control was also developed for this purpose. 

Commercial electroplated diamond wire (Fig. 9) and 

guide pulleys were procured. 

Fig. 5: Scheme of pressure cycling technique 

Fig. 6: In-house developed 60MPa miniature cylinder for tools

Technique for Removing Heavy Concrete Blocks 
for Decommissioning

A hydraulic driven Diamond Wire Sawing (DWS) 

technique was developed for removing heavy concrete 

blocks during decommissioning. In this technique, 

Fig. 7: Scheme of concrete sawing using diamond wire sawing 
machine

Fig. 8: 30 kW oil hydraulic power pack.

Fig. 9: Electroplated diamond wire used during 
wire sawing demonstration

Demonstration of Remotely Operated Hydraulic 
Equipment for Remote Dismantling and 
Decommissioning

Initially all tools were manually operated to have a feel 

of the required time and effort. After integrating all 
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these remotely operated end effectors on ROHYTAM, 

a demonstration was carried out on a 750 mm thick 

RCC mock up wall. More than two dozen through 

holes with position accuracy of ±5 mm were drilled, 

cracks were developed along the plane of the holes 

and concrete breaking/chipping was carried out using 

respective end effectors mounted on ROHYTAM to 

make safe opening of 750 mm x 750 mm. During the 

demonstration, ROHYTAM was controlled from the 

distant located control room using wireless control 

(Fig. 10 & 11). Cutting end effector was utilized for 

size reduction of armoured 400 mm2 electrical cables 

for disposal purpose at 11 kV Hill substation and 

11 kV control panel at Hall-3. Nut splitting was also 

demonstrated.

Fig. 10: ROHYTAM  drilling breaking with mounted drilling  and breaking end effector

Fig. 11: ROHYTAM control room with video feedback during remote drilling

DWS technique was also demonstrated on same 750 

mm thick RCC wall to make an opening of 500 mm 

x 200 mm. Initially four through holes were drilled in 

the RCC wall using drilling end effector. A diamond 

wire loop was made after passing the diamond 

wire through two holes and wrapped on the drive 

pulley of machine. Experiment was done to first saw 

bottom side using tap water as a coolant (Fig. 12). 

Similarly other three sides were cut. Motor operating 

pressure was 5 MPa and flow 50 lpm. Wire speed 

was 25 m/sec approx. Total wire cutting process took 

approx. 3 hours to make the opening (Fig. 13). All 

reinforcement bars in the RCC wall were easily cut by 

the wire saw.
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Fig. 12: Diamond wire sawing machine in action

Fig. 13: Concrete block removed from the wall & opening after 
removal of the block

Results and Discussion

Manual and remote operations were carryout using 

these tools. The execution time comparison is given 

in table – 1. 

During DWS demonstration very little noise and no 

weakening of surrounding structures occur. The 

operator needs to approach the radioactive structure 

only for installation of the setup and wire looping. Rest 

of the operation can be done remotely and hence, 

minimizing the radiation exposure. It is very useful for 

sawing heavily contaminated large, extremely thick 

Activity Approx. time for 
manual operation 

Time end effectors 
on ROHYTAM

Drilling of 50 dia 
hole in 750 mm thick 
wall

2 hours per hole
(using 2 persons)

18 minutes per hole

Chipping of concrete 
on horizontal flat 
surface

8 hours per m3 4 hours per m3

Chipping of concrete 
on vertical wall

Not feasible Feasible 
@ 6 hr/ m3 concrete

Armored Cable (400 
mm2) cutting in 1000 
pieces

15 minutes per cut
approx. 

15 seconds per cut

Table-1: Comparison of time taken for various activities by 
manual and end effectors

& heavily reinforced concrete and metallic structures 

of awkward shapes especially in constricted areas of 

nuclear plants and facilities. Cooling by water generates 

secondary waste. Use of liquid nitrogen for cooling 

will eliminate the problem. Vibration generated during 

conventional drilling can be avoided by using diamond 

core drilling technique.

Conclusion

A wireless controlled remotely operated hydraulic 

decommissioning unit (ROHYTAM) with various 

decommissioning end effectors was developed, 

demonstrated and proven. The unit is able to do the 

job with minimum effort, time and negligible radiation 

exposure. 

Diamond wire sawing technology has been developed, 

demonstrated and proven to make an opening in 

available 750 mm thick mock-up wall. It is found efficient 

to size reduce large and thick concrete structures as 

well as embedded sections in concrete structures with a 

minimal noise, vibration and heat generation. Because 

of short duration needed only for setting up this system, 

there can be significant reduction in operator fatigue 

and Person Sievert in decommissioning of structures like 

reactor walls, cell walls of reprocessing plants etc. in 

radiation environments. 

This is an initiative with further scope of improvements 

to adapt to the specific requirements of the plants. 
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SIMULATED CORIUM MELTS WITH DIFFERENT  
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Abstract

Severe accident research helps us in understanding the realistic accidental phenomena for the assessment of 

associated risk. The societal impact of radiological leakage to the environment has demanded further robustness in 

the defense of nuclear safety. Thus, to ensure the cooling and stabilization of corium within reactor containment in 

case of severe accident scenarios, future reactors have been envisaged with core catcher. In  this  regard,  corium  

coolability  still  remains  an unresolved  issue  in  spite  of  several  efforts  being  taken  towards  its  understanding.  

Several strategies have been contemplated for quenching and stabilization of core melt. However, the effectiveness 

of these schemes is yet to be determined properly, for which, lot of experiments are needed. In the present paper 

we have described results of different experiments carried out wherein a single simulant material with about same 

mass was cooled with different techniques starting from the same initial temperature.  The result showed that, 

while top flooding and indirect cooling took several hours to cool, bottom flooding took a few minutes to cool the 

melt which makes it the most effective technique.

Shri P.P. Kulkarni is the recipient of the 
DAE Young Engineer Award for the year 2012

Introduction

Following a severe accident in a nuclear reactor, 

stabilization and termination of molten pool/debris 

is necessary to ensure safety of the public. In this 

regard, ex-vessel corium coolability still remains 

an unresolved issue in spite of several efforts being 

taken towards its understanding1. Extensive research 

has been carried out in the field of corium coolability 

phenomenon, but the outcome is far from establishing 

a certainty of complete coolability of melt under all 

possible scenarios. The typical core melt stabilization 

techniques used by various reactors are: flooding from 

top, indirect cooling and flooding from bottom. 

Top flooding is the simplest of these techniques 

where the core melt is simply flooded with ample 

amount of water from top of the melt. In indirect 

cooling techniques, the core melt is often collected 

in an external vessel containing sacrificial material or 

contained inside the RPV and the vessel is then cooled 

externally by water. In bottom flooding technique, 

the melt is first spread on large surface containing 

sacrificial material and then flooded by water from 

below using injection nozzles. Literature survey reveals 

that, the previous experimental investigations are very 

scattered. Some of these tests have been conducted 

on laboratory scale and some on engineering scale. 

Besides, they involve different simulant materials and 

have been conducted at different initial temperatures 

which make it very difficult to judge effectiveness 

of a particular technique and advantage over the 

other.  In the present work, experiments were carried 

out on engineering scale to test the performance 
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of different techniques starting from same initial 

temperature.

Experiments conducted

In all, three tests were conducted with conditions 

listed as above. In all the three tests, about 40 kg 

of molten sodium borosilicate glass at 1200 OC was 

used as a simulant material corresponding to height 

of about 300 mm. In actual reactors, when corium 

falls on the concrete and ablates substantial part of 

it, the resulting mixture comprises metal oxides and 

silicates which form glass type mixture. Hence, glass 

was chosen as simulant material. The test setups used 

for the above tests are given in Fig. 1a to c. For top 

and bottom flooding condition, similar test sections 

was used which consists of 300 NB Sch 160 CS pipes 

of 500 mm height. For indirect cooling experiment, 

300 NB Sch 120 SS 304 pipe of 460 mm height was 

used. These test sections were well instrumented 

using several thermocouples to record temperatures 

at different locations inside the melt.

For melt coolability with indirect cooling, a slightly 

different test section was used which consists of 

a horizontal cylindrical test section submerged in 

the water pool similar to calandria of the PHWR. 

Molten glass was poured in the test section which 

was surrounded by pool of water and heat was 

transferred to water through the vessel wall only.

In bottom flooding experiment, a sand bed was placed 

at the bottom. On the top of the bed, a plate having 

six nozzles of different heights was placed. Molten 

glass was poured in the test section on the plate and 

after pouring, water was fed from bottom at 1.2 bar 

head, through the nozzles which injected water inside 

the melt at different heights of 20, 50 and 100 mm 

from bottom.

Experimental results:

In top flooding experiment, as soon as water was 

poured, there was a momentary steam eruption 

which stopped immediately. Subsequently, water 

started accumulating on the top of 

the melt shown by steady rise in level. 

It took several hours to cool the melt  

(Fig 2a) and a solid glass with a small 

amount of fractured debris on top was 

observed at the end of experiment. A 

tough crust formed below the debris 

limited the heat transfer to the melt 

resulting in poor heat removal.

 In indirect cooling experiment, it 

was observed that there is a strong 

temperature gradient inside the melt 

along the radial height. The melt at 

the top was at 600 OC even after several hours of 

pouring whereas the temperature near vessel surface 

was at saturation (Fig 2b). The heat transfer to the 

surrounding water was very poor and in fact, the 

water in the pool did not boil at all. It also took several 

hours to cool the melt.

(a) Melt coolability under 
top flooding

Fig 1. Test setups used for melt coolability experiments

(c) Melt coolability 
under bottom flooding

b) Melt coolability by 
indirect cooling

In top flooding experiment, molten glass was poured 

in the test section and subsequently, water was 

poured onto it from top with a fixed rate. It was 

expected that, a molten glass like material, when 

flooded with water up to half a meter water column, 

would fracture as a result of thermal gradient because 

of fast quenching. 
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In bottom flooding experiment, it was observed that, 

as soon as water supply was started, there was large 

eruption of steam from the outlet and thermocouples 

showed complete quenching within few minutes (Fig 

2c). As a result of steam generation and the back 

pressure of water inflow, the melt is converted into 

porous debris. The water flowed easily through the 

debris cooling it instantly. 

Conclusions 

•	 Under	top	flooding	condition,	it	took	several	hours	

to cool the melt under adiabatic conditions  and 

water ingression occurred only upto 10 mm depth, 

below which a stable solid crust was formed which 

limited the heat transfer, which highlights that, 

top flooding is insufficient to quench the molten 

pool in case of severe accidents.

•	 In	indirect	cooling	also,	it	took	long	time	to	cool	

the melt as a crust of glass formed between melt 

pool and vessel which acted as an insulation and 

resulted into poor heat removal.

(a) Measured temperatures in top 
flooding experiment

Fig. 2: Experimental results

(c) Measured temperatures in bottom 
flooding experiment

(b) Measured temperatures in indirect 
cooling experiment

•	 With	bottom	flooding,	the	steam	formation	below	

the melt and water backpressure induce porosity 

inside the otherwise impervious melt, which leads 

to quenching of melt in very short period of time. 

It took a few minutes to cool the melt to room 

temperature which otherwise took several hours 

in previous experiments

•	 The	 above	 series	 of	 experiments	 highlighted	

that, bottom flooding is a better way to achieve 

complete coolability of molten corium.  With 

these experiments, we have validated the bottom 

flooding concept with properly engineered 

injection nozzles which is presently envisaged in 

the AHWR core catcher. 
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PROCESS MODELING AND SIMULATION TO DEVELOP 

UO2-TRISO COATED PARTICLE FOR INDIAN HIGH 
TEMPERATURE REACTORS

P.K. Mollick, D. Sathiyamoorthy, P.T. Rao, R. Venugopalan and J.K. Chakravartty
Materials Group

Abstract

This work reports process modeling and its simulation to fabricate TRISO (TRistructural-ISOtropic) coated Uranium 

Oxide particle. The development of TRISO coating on spherical fuel microspheres of 500 µm size was carried out in 

a hot spouted bed reactor by chemical vapor deposition. A particle growth model is proposed and simulated to fix 

process parameters for TRISO coating in a single campaign. The coating thickness of each layer is controlled using 

indigenously developed pressure fluctuation technique. Results shows the potential of present process to arrive at 

uniform TRISO coated particles with specified coating thickness and corresponding coating densities.    

Shri P.K. Mollick is the recipient of the 
DAE Young Engineer Award for the year 2012

Introduction

TRISO (TRistructural-ISOtropic) coated particle is 

proposed to be used in the upcoming Indian High 

Temperature Reactors (IHTRs) as the fuel component. 

Compact High Temperature Reactor (CHTR) is one of 

them which is mainly aimed to produce hydrogen 

from water and electricity for remote areas using 

process heat at reactor operating temperature close 

to 1000 0C.1 

TRISO coated particle is a four layered coated particle. 

A schematic of the TRISO coated particle fuel is shown 

in Fig.1. The fuel kernel size is 500 mm over which 

successive layers of low density Buffer Pyrolytic Carbon 

(B.PyC), high density Inner Pyrolytic Carbon (I.PyC), 

Silicon Carbide (SiC) and a repeat of high density Outer 

Pyrolytic Carbon (O.PyC) are uniformly deposited by 

Chemical Vapor Deposition (CVD) process in a spouted 

bed reactor2-4. A schematic of the spouted bed is 

shown in Fig. 2. 

        

Fig. 1: Schematic of TRISO coated particle Fig. 2 Schematic of Spouted bed
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Process Development, Modeling and Simulation

A kinetic model was proposed for the CVD to occur in 

spouted bed reactor and subsequently simulated to find 

optimum operating conditions.3 The hydrodynamics 

of the reactor was studied in cold condition in order 

to find minimum spouting velocities required for 

various process conditions and was correlated with 

the pressure fluctuation which occurs in various 

operating conditions.4 Hydrodynamic correlations 

were further used at high temperature after suitable 

calibrations. The pressure fluctuation technique which 

was indigenously developed was used to indentify 

various spouting regimes and thereby the status of the 

coating process at operating condition during single 

batch TRISO coating process.   

A particle growth model was developed 

considering the change in particle size 

and overall particle density with coating 

time. A typical model prediction is 

presented in Fig. 3 which also shows 

change in bed height and corresponding 

bed volume during the four layers of 

coating. According to the dynamic 

change in particles and bed properties 

the operating parameters were set 

based on the results obtained from 

kinetic model simulation as well as hydrodynamics 

correlations (calibrated at operating temperature) for 

single batch TRISO coating process. 

Experimental 

Experiment was carried out in a spouted bed CVD 

furnace on natural urania microspheres (average 

size falls between 500 to 600 µm). According to the 

simulated process parameters, operating parameters 

were set through LABVIEW programming to control 

all precursor and carrier gases flow through the 

reactor inlet nozzle. Status of the coating process was 

monitored in terms of pressure fluctuation data which 

was recorded simultaneously during the coating 

process.  

Fig. 3: Profile showing changes in particle and bed properties during  
TRISO coating 

Fig. 4: Cross section of UO2- TRISO coated fuel particle

 

Results and discussion

SEM micrograph of cross section of the 

TRISO coated fuel particles is shown 

in Fig. 4.  It is seen that all coated layers 

are uniform which results in completely 

spherical particles. The coating thickness 

of the individual layers is seen to agree well 

with the model predictions as shown in 

Table 1. It is also confirmed that the overall 

particle density falls in accordance with the 

model predictions. 
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Conclusions

Demonstration of the above process modeling and 

its simulation shows success of UO2-TRISO coating 

process and the capability of the spouted bed reactor 

to produce uniform coated layers. Hence the proposed 

model and the simulated operating parameters will be 

useful for mass production of the TRISO coated particle 

with any specified coating thickness and density.   
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Table 1: Comparison of experimental and model predicted coating thickness

Coated Layer Thickness  in mm 
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Coating thickness 
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model simulation)

Coating thickness 
we achieved, mm

Deviation, %

BPyC 90 90 81.2 9.8
IPyC 30 20 21.1 5.5
SiC 30 15 15.3 2.0

OPyC 50 30 28.2 5.8
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Abstract

Application of formal verification and analysis tools is recommended in the development of hardware and software 

systems used in safety-critical applications. Formal verification tools for such systems generate constraints (formulae) 

that are solved by solving algorithms. Variable elimination (existential quantifier elimination) from these constraints 

facilitates the simplification of the constraints. This is crucial in improving the scalability of the verification tools 

to target systems of increased complexity. This paper presents efficient techniques for variable elimination from a 

class of such constraints called linear modular constraints, and an application of these techniques in the formal 

verification of FPGA based hardware designs.

Shri Ajith K.J. is the recipient of the 
DAE Young Engineer Award for the year 2012

Introduction 

Ensuring the correctness of hardware and software 

systems used in safety-critical applications is 

extremely important, as bugs in such systems can 

have disastrous consequences. Hence, application of 

formal verification and analysis tools that use rigorous 

mathematical reasoning for functional verification is 

recommended in the development of systems used 

in safety-critical applications. However, in spite of the 

technological advancements made over years, there is 

an increasing gap between the sizes of the systems 

being designed and sizes of systems amenable to 

automatic formal verification. Moreover, many of the 

commercial formal verification tools have prohibitive 

prices and have restrictions on transfer of technology. 

This motivates development of efficient and indigenous 

formal verification techniques that can target systems 

of increased complexity.

Formal verification tools for hardware and software 

systems generate constraints (formulae) that are 

solved by solving algorithms. Variable elimination 

(existential quantifier elimination) involves elimination 

of variables from these constraints in order to compute 

another set of simplified constraints that depend only 

on variables relevant for the formal specification being 

verified. This facilitates significant simplification of the 

constraints, and thereby improves the scalability of the 

verification tools. 

Linear modular constraints are a class of constraints 

extremely important in the context of formal verification 

and analysis tasks. Let p be a positive integer constant, 

x1, …, xn be p-bit non-negative integer variables, and 

a0, …, an be integer constants in {0, …, 2p-1}.  A 

linear term over x1, …, xn is a term of the form a1x1 

+ … + anx1 + a0. A linear modular equality (LME) is 

a formula of the form t1= t2 mod(2p), where t1 and 

t1  are linear terms over x1, …, xn.  Similarly, a linear 

modular disequality (LMD) is a formula of the form 

t1≠ t1 mod(2p), and a linear modular inequality (LMI) is 

a formula of the form, t1 ≤ t1 mod(2p). We use linear 

modular constraint (LMC) to denote an LME, LMD or 
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LMI. Conventionally 2p is called the modulus of the 

LMC.  

The most dominant technique used in practice for 

eliminating variables from LMCs is conversion to 

bit-level constraints1, followed by bit-level variable 

elimination. Since LMCs can be expressed as formulae 

in integer arithmetic, variable elimination techniques 

for integer arithmetic such as OmegaTest1 can also be 

used to eliminate variables from LMCs. However these 

techniques scale poorly as the modulus of the LMCs 

increases. In this paper, we present efficient techniques 

for variable elimination from LMCs that significantly 

outperform variable elimination techniques based on 

bit-level reasoning and integer arithmetic.

Algorithms for Variable Elimination from Linear 
Modular Constraints

In this section, we present an efficient algorithm for 

variable elimination from conjunctions of LMCs called 

Project3. Later on, we present an algorithm QE_LMDD 
– an extension of Project for variable elimination from 

Boolean combinations of LMCs. 

Project uses a layered approach to eliminate variables 

from a conjunction of LMCs. Sound but incomplete, 

cheaper layers are invoked first, and expensive but 

complete layers are called only when required. The first 

layer of Project (Layer1) involves simplification of the 

given conjunction of LMCs using the LMEs present in 

the conjunction. For example, consider the problem of 

eliminating the variable x from the conjunction of LMCs 

(6x+y = 4) and (2x+z ≠ 0) with modulus 8. Note that 

(6x+y = 4) can be equivalently expressed (2x = 5y+4) 

in modulo 8 using modular arithmetic operations1. The 

variable x can be eliminated from the conjunction by 

replacing the occurrences of 2x in the conjunction by 

5y+4. Simplifications as above using LMEs present in 

the conjunction forms the crux of Layer1.

The second layer of Project (Layer2) makes use 

of an efficient combinatorial heuristic to identify 

unconstraining LMIs and LMDs that can be dropped 

from the conjunction of LMCs without changing the 

set of satisfying solutions of the conjunction. For 

example, consider the problem of eliminating the 

variable x from the conjunction of LMCs (2x = 5y+4) 

and (x+y ≤ 3) with modulus 8. Note that x, y are 3-bit 

variables here. It can be observed that (2x = 5y+4) is 

independent of the most significant bit of x, denoted 

as x[2]. It can be observed that every solution of (2x 

= 5y+4) can be engineered to become a solution 

of the conjunction of (2x = 5y+4) and (x+y ≤ 3) by 

choosing x[2] appropriately. This means that (x+y ≤ 3) 

is irrelevant (unconstraining) as far as the elimination 

of the variable x from the conjunction of (2x = 5y+4) 

and (x+y ≤ 3) is concerned. Layer2 drops such 

unconstraining LMDs and LMIs from the conjunction 

of LMCs, and thereby simplifies the problem instance. 

The cases that are not computed by the application of 

the above computationally cheap layers are handled 

by expensive but more complete techniques. The 

third layer of Project (Layer3) involves a variant of 

the classical Fourier-Motzkin2 variable elimination 

algorithm for reals adapted to work for LMCs. The 

final layer (Layer4) involves model enumeration that 

eliminates the variable by enumeration of all possible 

values in the domain of the variable. 

The algorithm QE_LMDD extends Project for variable 

elimination from Boolean combinations of LMCs 

using a data-structure called Linear Modular Decision 

Diagram (LMDD)2. LMDDs are decision diagrams with 

nodes labelled with LMEs or LMIs. Given a Boolean 

combination of LMCs represented as an LMDD, QE_
LMDD traverses the LMDD in a top-down manner 

converting the problem of variable elimination from 

Boolean combination of LMCs into a set of simpler sub-

problems each of which involves variable elimination 

from a conjunction of LMCs. 
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Applications

The primary motivation for the development of our 

techniques comes from a formal verification tool for 

FPGA based hardware designs, Vhdl Bounded Model 

Checker (VBMC)3, developed in Reactor Control 

Division, BARC. VBMC accepts a hardware design in 

VHDL, functional property in PSL, and verification 

bound (number of cycles of operation) as inputs. It 

either proves that the design satisfies the functional 

property for the given verification bound or generates 

a counterexample providing the reason of violation. 

Suppose we wish to use VBMC for proving that a 

given VHDL design satisfies a formal specification for 

N cycles of operation. VBMC performs this by deriving 

the transition relation of the VHDL design (relation 

between the present and next states of the design), 

unrolling the transition relation N times, conjoining 

the unrolled relation with the negation of the property, 

and then checking for the satisfiability of the resulting 

constraint using a constraint solver. However, unrolling 

the transition relation a large number of times can give 

a constraint with a large number of variables, which 

can crucially affect the performance of the constraint 

solver. 

VBMC alleviates this problem by computing a simplified 

(abstract) transition relation that relates only a chosen 

subset of variables in the VHDL design relevant to the 

property being checked. As the transition relations 

of real-life VHDL designs largely belongs to the 

theory of LMCs, VBMC makes use of QE_LMDDfor 

abstract transition relation computation. We have 

experimentally found that using QE_LMDD for 

abstract transition relation generation significantly 

outperforms the use of bit-level or integer arithmetic 

based techniques.

Conclusions 

The application of formal verification and analysis tools 

in the development of hardware and software systems 

is extremely important, particularly when they are 

used in safety-critical applications. Our experiments 

demonstrate that efficient variable elimination 

techniques are crucial in enhancing the scalability of 

such formal verification and analysis tools to target 

systems of real-life complexity. 
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SEPARATION AND COMPLEXATION STUDIES OF 

TRIVALENT ACTINIDES AND LANTHANIDES  
USING SOFT DONOR LIGANDS

Arunasis Bhattacharyya
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Abstract

Mutual separation of trivalent actinides (An3+) and lanthanides (Ln3+) is an important and challenging task in the 

back end of the nuclear fuel cycle due to their very similar ionic potential values. Soft (S, N) donor ligands show 

selectivity towards An3+ over Ln3+ due to the higher spatial distribution of the ‘5f’ orbitals of An3+ ions. Our studies 

address the separation of these two classes of ‘f’ block metal ions using a combination of ‘S’ and ‘N’ based ligands 

leading to spectacular enhancement in the selectivity for the An3+ ions. The An3+/Ln3+ complexation studies and DFT 

calculations on their complexes were carried out to explain their separation behaviour with these soft donor ligands.

Shri Arunasis Bhattacharyya is the recipient of the 
DAE Young Scientist Award for the year 2012

Introduction

Ln3+ and An3+ ions possess similar chemical behaviour 

thereby making their mutual separation a challenging 

task. Their separation is, however, essential prior to the 

transmutation of the minor actinides (Am, Cm and Np) 

due to very high neutron absorption cross section of 

some of the lanthanide isotopes present in the nuclear 

waste [1]. It is, therefore, required to design a suitable 

method for the separation of trivalent actinides from 

the lanthanides. Higher spatial distribution of the 

‘5ƒ’ orbitals of the An3+ ions as compared to the ‘4ƒ’ 

orbitals of the Ln3+ ions results in stronger covalent 

interactions with the soft donor ligands in case of 

former leading to selectivity for An3+ over Ln3+. 

Solvent extraction / liquid membrane studies

A number of literature reports are available on the 

Ln/An separation studies with various ‘S’ and ‘N’ 

donor ligands. Very high separation factor (DAm/DEu) 

was reported using a ‘S’ donor ligands, bis(2,4,4-

Fig. 1: Structural formulae of Cyanex-301 and tetra-alkylBTP 
ligands studied for Ln/An separations

Fig. 2: Separation factor (DAm/DEu) values using Cyanex-301 
along with various neutral donor ligands
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trimethylpentyl) dithio-phosphinic acid (Cyanex-301 

(Fig.1)) [2]. Neutral ‘O’ donor auxiliary ligand 

(synergist), viz. tri-n-butyl phosphate (TBP), triphenyl 

phosphate (TPP), carbamoyl methylene phosphine 

oxide (CMPO) etc. have been used along with 

Cyanex-301 [3]. In these cases, however, selectivity 

decreases as the extractability of the synergistic 

mixture increases. Cyanex-301 is, however, inefficient 

at low pH (pH<3). We have used an ‘N’ donor ligand 

(2,2’-bipyridine / 1,10-phenanthroline) along with 

Cyanex-301, which showed very high selectivities even 

at lower pH (pH<3) [4]. 

 

Liquid membrane separation studies yielded highly 

encouraging results and hollow fiber supported liquid 

membrane (HFSLM) studies carried out at litre scale 

of synthetic feeds spiked with radiotracers indicated 

(Fig. 3) that Am3+ could be separated from a bulk of 

lanthanides even at pH 2.5 within 10 minutes with a 

decontamination factor >100 [5]. 

 

shorter bond length in case of former in spite of larger 

ionic radius of Am3+ as compared to that of Eu3+. 

Optimized geometries of nitrate and Me2PS2- (lower 

homologue of Cyanex-301) complexes of Am3+ and 

Eu3+ are shown in Fig. 4.

Fig. 3: Quantitative and selective transport of Am3+ from a bulk 
of Ln3+ in 10 min using HFSLM of Cyanex-301

Computational studies

Density functional theoretical studies were carried out 

in order to explain such a high selectivity of Cyanex-301 

for An3+ over the Ln3+ ions [6]. The results indicate 

significantly higher covalence in the ‘Am-S’ bonds 

as compared to that in the ‘Eu-S’ bonds resulting in 

Fig. 4: DFT optimized structures of Am3+ and Eu3+ complexes 
with NO3

- and Me2PS2
-(lower homologue of Cyanex-301)

 

In spite of using neutral donor synergists, Cyanex-301 

is inefficient to extract at pH<2. Various ter and tetra 

dentate ‘N’ donor ligands, viz.  bis-(1,2,4-triazinyl) 

pyridine (RBTP) and bis-(1,2,4-triazinyl) bipyridine 

(RBTBP) derivatives, which have been reported to be 

promising  for the Ln/An separation [7] were, therefore, 

synthesized and evaluated at a higher acidity (~1M 

HNO3). 

Complexation Studies

Complexation studies of An3+ and Ln3+ ions are essential 

in order to understand the separation behaviour. RBTP 

(tetraalkylBTP) derivatives are promising ligands for 

Ln/An separations. Solution phase complexation of 

An3+ and Ln3+ were studied using UV-Vis absorption 

spectrophotometry, time resolved laser induced 

fluorescence spectroscopy (TRLFS), electro spray 

ionization mass spectrometry (ESI-MS) studies [8]. The 

results showed the formation of higher stoichiometric 

complexes with higher stability constants in case 

of Am3+ with all the RBTP (R= H, methyl and ethyl) 

derivatives studied as compared to that of the Ln3+ 

ions indicating stronger complexation in case of Am3+. 

The change in the Am3+ absorption spectra due to the 

formation of its RBTP complexes is shown in Fig. 5.
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DFT studies were carried out to find out the optimized 

geometries of the Am3+ and Eu3+ complexes considering 

the stoichiometries obtained from the solution 

phase experimental studies. Optimized geometries 

of different Am3+ complexes of RBTP are shown in  

Fig. 5. ‘Am-N’ bond distances were found to be invariably 

shorter as compared to the ‘Eu-N’ bond distances in 

spite of the larger ionic radius of Am3+. This, clearly, 

indicated stronger covalence in the ‘Am-N’ 

bond in the Am3+ complexes as compared 

to the ‘Eu-N’ bond in the Eu3+ complexes 

rationalizing the experimental observations. 

In order to have clear understanding of 

the structures of RBTP complexes, single 

crystals of Eu3+ complexes of the three RBTP 

derivatives were synthesized from acetonitrile 

medium. The structures, as shown in Fig. 6, 

indicates the formation of a dimeric complex 

in case of HBTP and mono-meric complex 

in case of EtBTP. MeBTP, on the other hand, 

forms both mono and di-meric complexes. 

Dimeric complex is, therefore, less favoured 

as the alkyl chain length increases. For  

the similar complexes (either mono or 

dimeric), the bond distances between Eu3+ 

and the ‘N’ atom of the central pyridine 

ring (Nc) of the RBTP increases with increasing the 

alkyl chain length of RBTP due to the increasing steric 

hindrance.

 

Conclusions

Cyanex-301, along with ‘N’ donor neutral synergists, 

shows enormously high selectivity for Am3+ over Eu3+. 

Ln/An separation was demonstrated in liter scale with 

Cyanex-301 and neutral ‘N’ and ‘O’ donor 

ligands using HFSLM based technique 

with a D.F. value >100. The selectivity of 

Cyanex-301 towards Am3+ over Eu3+ was 

attributed to higher covalence in ‘Am-S’ 

bond as indicated by the shorter ‘Am-S’ 

bonds as compared to the ‘Eu-S’ bonds from 

the DFT based calculations. Solution phase 

complexation studies of Am3+ and Ln3+ 

ions with RBTP derivatives show stronger 

complexation in case of Am3+, which results 

in selectivity of this class of ligands for Am3+ 

over the Ln3+ ions.

Fig. 5: Formation of Am3+ complexes with RBTP derivatives: UV-Vis 
spectrophotometry and DFT studies

Fig. 6: Solid state crystal structures of Eu3+ complexes of RBTP derivatives
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NOVEL APPROACHES FOR MITIGATION OF RADIATION 

TOXICITY BY MODULATION OF IMMUNE SYSTEM
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Radiation Biology & Health Sciences Division

Abstract

Radiation induced toxicity to normal tissues is a major concern during planned or accidental exposure. Immune 

system and hematopoietic stem cells are overtly sensitive to radiation. However, growth factors and cytokines 

produced by immune cells during inflammation can prevent radiation toxicity to normal cells and tissues. We 

hypothesized that modulation of immune response could be an effective modality for prevention and treatment 

of radiation toxicity in normal tissues. We have used cellular redox modifiers for controlling the expression of 

transcription factors and genes involved in detoxification of radiation derived free radicals and also regeneration 

of immune system in vivo.

Dr. Deepak Sharma is the recipient of the 
DAE Young Scientist Award for the year 2012

Introduction

The white blood cells (leukocytes) of an individual 

with functionally competent normal immune system 

can safeguard against most of the infectious agents 

and internal parasites.The immune system uses 

homeostatic mechanisms to adapt to the continuously 

changing requirements imposed by pathogens. 

These homeostatic mechanisms include production 

of different subsets of leukocytes like neutrophils, 

macrophages, T cells, B cells and natural killer cells, 

their maintenance and survival in the periphery and 

finally periodic removal of the excess leukocytes. 

The leukocytes are produced from hematopoietic 

stem progenitor cells (HSC) in the bone marrow. The 

lymphocytes (T cells and B cells) are maintained in 

a large diversity of naïve cells which give rise to the 

effector cells following antigen exposure. Once the 

infection is cleared, the excess of activated lymphocytes 

rapidly die and a limited number of memory cells 

survive for many years. 

Dysregulated immune response can lead to chronic 

inflammatory conditions leading to diseases like 

autoimmunity, allergy, obesity and cancer. On the 

contrary, a diminished immune response can result in 

increased susceptibility of the individuals to infectious 

agents like bacteria, virus and fungal pathogens. In 

order to kill the pathogens, the immune cells produce 

a variety of reactive oxygen species in response to 

pathogens. At the same time, they are also highly 

sensitive to both endogenous and exogenous oxidative 

stress.

Low levels of ionizing radiation are present in the 

environment and are not known to cause any 

significant health hazards. However, exposure to higher 

doses (in excess of safety limits) of ionizing radiation 

can occur during radiotherapy of cancer, medical 

imaging or accidental exposures in nuclear industry or 

nuclear warfare. Ionizing radiation causes significant 

apoptosis and mitotic arrest in the hematopoietic 

stem progenitor cells in the bone marrow. Higher 
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doses of radiation (>2Gy) induce excessive oxidative 

stress leading to massive death of mature leukocytes in 

the generative as well as secondary lymphoid organs 

and peripheral blood which results in lymphopenia. 

Under these conditions, the immune system is severely 

compromised and death may occur due to increased 

infections. We are involved in development of new 

and effective countermeasures to reduce, prevent 

or lower the risk of normal tissue radiation-toxicity. 

Therefore, we have studied the cellular and molecular 

mechanisms involved in homeostasis of lymphocytes 

following exposure to ionizing radiation. We have also 

examined the role of cellular redox status in maintaining 

a normal immune system using various anti-oxidants 

and pro-oxidants. Based on our understanding of 

the role of cellular redox in immune system, we have 

developed novel approaches which can be used for 

prevention of radiation induced immune-suppression 

and also for mitigation of toxic effects of ionizing 

radiation. The present article highlights summary of 

our findings with potential for translational medicine.

Molecular and cellular mechanism of lymphocytes 
homeostasis following exposure to radiation

T cells are the lymphocytes that play a central role 

in cell mediated immunity against pathogens. A 

large variety of T cells are continuously produced 

and trained in the thymus. These newly produced 

naïve T cells enter the blood and compete with the 

existing pool of the T cells for their survival. Following 

exposure to radiation a massive cell death ensues in 

the T cells resulting in lymphopenia. The remaining T 

cells sense the lymphopenia and undergo homeostatic 

proliferation to fill this empty lymphoid space1.

We showed that homeostatic proliferation of CD4+ 

helper T cells takes place in specific anatomical 

locations in the body including spleen and lymph nodes 

and not in the peritoneum of irradiated lymphopenic 

mice1. Pharmacological inhibitors of the cellular 

signaling molecules PI3kinase, extracellular regulated 

kinase (ERK), protein kinase c (PKC) and mammalian 

target of rapamycin (mTOR) inhibited mitogen 

induced proliferation and cytokine production by T 

cells. However, homeostatic proliferation of helper 

T cells was not affected by these inhibitors2. The 

transcription factor NF-kB was activated during both 

mitogen induced proliferation as well as homeostatic 

proliferation1. Higher activation of NF-kB was related to 

lower cells death in lymphocytes exposed to radiation 

in vitro3. Gamma tocotrienol, which is found in palm 

oil, enhanced the homeostatic proliferation of T cells 

indicating its potential application for enhancing the 

recovery from radiation induced lymphopenia4.

Immunostimulatory and radioprotective effects 
of an antioxidant chlorophyllin and a pro-
oxidant 1,4-naphthoquinone

Chlorophyllin is a water soluble mixture of sodium-

copper salts of green plant pigment chlorophyll and 

is the constituent of over the counter drug derifil. 

It has been shown to possess a variety of health 

benefits including antimutagenic, chemopreventive, 

anticarcinogenic and suppression of body odor. We 

found that chlorophyllin acts as an antioxidant in cells 

as well as animals. Administration of chlorophyllin 

to mice modulated the lymphocyte homeostasis and 

immune system in vivo. It enhanced the number of 

lymphocytes in the spleen and peritoneum and also 

increased the innate immune responses mediated by 

phagocytes and adaptive immune responses mediated 

by T cells and B cells in immunized mice. Chlorophyllin 

upregulated anti-apoptotic genes in the lymphocytes 

and also prevented radiation induced apoptosis. 

Thus the immune-stimulatory effects of chlorophyllin 

were mediated by increasing the survival and homing 

of lymphocytes5. Our recent data has shown that 

administration of chlorophyllin significantly protected 

the mice against whole body irradiation induced death 

(Fig. 1A). Chlorophyllin administration enhanced the 

abundance of hematopoietic stem progenitor cells 

in the bone marrow and also increased the recovery 

of immune system in mice exposed to sub-lethal 

doses of radiation (Fig. 1B). We have also introduced 
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a modified method for multi-color flow cytometry 

which could save upto 80% cost of antibody without 

compromising on the sensitivity or specificity of the 

assay for quantification of lymphocytes, epithelial 

cells, tumor cells and stem cells6,7.

Cellular redox is determined by the delicate balance 

between anti-oxidants and pro-oxidants. We for the 

first time showed that 1,4-naphthoquinone, a pro-

oxidant, disrupted the cellular redox by decreasing 

cellular glutathione levels. It ameliorated radiation-

induced apoptosis through activation of the 

calcium–ERK1/2–Nrf2 pathway. Most importantly, 

administration of NQ to mice significantly protected 

them against radiation induced mortality8. 

Conclusion and future prospects 

Our data suggests that homeostatic mechanisms in 

immune system that regulate lymphocyte production, 

Fig.1.  Chlorophyllin administration prevents whole body irradiation (7.5Gy) induced death of mice (A) and enhances the 
abundance of hematopoietic stem cells in the bone marrow (B). Verapamil was used as negative control for Hoechst side 
population assay.

Fig. 2: The antioxidant chlorophyllin and the pro-oxidant 1,4,-naphthoquinone prevent radiation induced cell death in lymphocytes. 
Chlorophyllin enhances recovery from radiation induced lymphopenia.
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survival, proliferation and death are sensitive to subtle 

redox changes. The changes in cellular redox by anti-

oxidants or pro-oxidants can be harnessed for either 

augmentation of immune responses in weak immune-

compromised patients or for suppression of chronic 

inflammatory disorders. Most importantly, with 

careful studies, either anti-oxidants or pro-oxidants 

can be used for prevention and mitigation of radiation 

toxicity (Fig. 2). Pre-clinical studies are in progress to 

evaluate the radioprotective efficacy of chlorophyllin 

for translation to humans.
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PHOTOCATALYTIC OXIDATION (VOC’s) : A SHORT REVIEW 

ON GAS-SOLID INTERACTIONS

Kaustava Bhattacharyya
Chemistry Division

Abstract

The photo-oxidation of the different VOC’s(Volatile  Organic Carbon) materials were studied using  different 

V-doped TiO2 and V-doped –TiO2 dispersed over the mesoporous material MCM-41. The catalytic efficiency was 

monitored using UV and visible irradiation. The photocatalytic efficiency was incremented double on dispersing 

the photocatalysts on the mesoporous materials. The photocatalysts so synthesised were thoroughly characterized 

and their photocatalytic efficiencies were compared in the light of different structural parameters affecting their 

photooxidation properties. The detailed mechanism for the gas phase oxidation reactions were proposed using  

in situ FT-IR. 

Dr. Kaustava Bhattacharyya is the recipient of the 
DAE Young Engineer Award for the year 2012

Introduction

Photo-process (oxidation/reduction) of hydrocarbons 

and CO2 by heterogeneously catalyzed systems 

represents an extensive family of key processes. 

Occurrence of such process follows a number of 

different sequential phenomena such as intrapore 

diffusion of the reactants in gas-phase, adsorption, 

surface reactions, products desorption and diffusion. 

Nanosized materials are known to exhibit different 

properties relative to their bulk complements 

predominantly in surface-promoted processes like 

catalysis for diverse reasons. Change in the electron 

density as a function of particle size causes a disparity 

in chemical properties, results in different binding 

modes of the adsorbate molecules than that which 

is observed in corresponding bulk materials. Different 

structural parameters like oxidation state, particle 

size, band gap etc. play different and significant roles 

to alter the photocatalytic activity of the catalyst. 

Equivalently different surface intermediates are being 

produced depending on alteration of the surface, 

source of irradiation and reaction conditions leading 

to modification in the efficiency and the final product 

of the photocatalyst. Some typical results for the V 

doped TiO2 nano-TiO2 and doped nano- TiO2 dispersed 

in mesoporus materials, will be discussed in details. 

The in situ FT-IR was used extensively to understand 

the intermediates. The present short review is that 

of the photocatalytic oxidation work along with the 

mechanism and structure activity co-relation.

Experimental

A simple method of sol-gel process was employed for 

the preparation of the nano titania and V-doped titania, 

which required stoichiometric amount of ammonium 

metavnadate [2] as precursor of vanadium (Aldrich, 

97%) initially dissolved in nano pure water at ambient 

conditions. To the above solution, Ti(IV) isopropoxide 

solution in isopropanol (IPA) was added drop wise in a 

controlled manner over a period of 1 h, with vigorous 

stirring until the formation of a uniform gel. The gel 

was kept for nucleation for 12 h in the dark, and then 

Home

NEXTPREVIOUS ê ê

CONTENTS



Special Issue  |  October 2014         129

BARC NEWSLETTERFounder’s Day
dried in an oven at 100 °C for 4 h. The resulting solid 

mass was crushed and calcined at 500 °C for 4 h. 

The best V-doped TiO2 photocatalyst was dispersed 

in MCM-41 (a mesoporous material synthesized 

in house) for differential loading percentages by 

incipient wet impregnation technique to find a better 

photocatalyst [3].  The materials were thoroughly 

characterised using techniques like XRD, HRTEM, 

TEM, XPS, DR-UV-Vis, Raman, FT- IR etc. techniques. 

The catalysts so obtained were evaluated as VOC (like 

ethylene, methane, propylene) oxidation reactions 

in the presence of UV light and visible light. Further 

the reaction mechanism for the gas phase reaction 

was studied using in situ FT-IR technique [4, 5].

Result and Discussion

Single phasic anatase titania with up to 10 mol % 

vanadium doping, having a particle size of about 

12 nm,was synthesized by a sol-gel route and its 

photocatalytic behavior evaluated for the photo-

oxidation of ethane using sunlight-type excitation. 

Vanadium doping led to a red shift in the UV-visible 

absorbance spectra compared to pristine titania, 

thus enhancing the absorption in the visible region. 

Synthesized nanotitania and vanadia-doped titania 

exhibit enhanced photocatalytic activity compared 

to the commercial bulk anatase TiO2, with maximum 

activity obtained for the 5 mol % vanadium-doped 

titania sample, which was attributed to an optimum 

concentration of V4+ and V5+ species. The higher 

concentration of V in TiO2 tends to stabilize V in 

the 5+ state predominantly, which is detrimental to 

the photocatalytic activity. The present study thus 

suggests that a mere change in the band gap by V 

doping in the TiO2 lattice sites is not enough to 

further enhance the photocatalytic activity of the TiO2 

photocatalysts, but a favorable ratio of V4+/V5+ is also 

essential for this purpose. This is reflected in Fig. 1 [1].  

In situ FTIR studies were undertaken to elucidate the 

mechanistic pathway for ethylene oxidation on these 

two catalyst surfaces. The ethylene decomposition 

occurs via formation of ethoxy groups, transformed 

to acetaldehyde or enolates, subsequently to acetates/

formates, and then to CO2. The enolates were more 

stabilized on the TiO2 surface, leading to formation 

of formates along with the acetates. On vanadium-

doped TiO2, acetaldehyde was more stabilized than 

its enol tautomer, leading to the formation of labile 

acetic acid and acetates. The formation of the labile 

acetic acid, adsorbed acetates, and the adsorbed 

acetate -M salts led to easier oxidation of them to 

provide higher yield of CO2[2]. The higher positive 

charge density over Ti in Ti0.95V0.05O2 with respect to 

nano TiO2 makes the acetate (stronger nucleophile) a 

more stable intermediate on it Fig. 2A represents the 

above mechanism.

 

Fig. 1: Comparison of ratio of V4+/V5+ states ratio and that of 
the t1/2.

Nanoparticles of Ti0.95V0.05O2 were found to be 

impregnated in the hexagonal channels of the MCM-

41 host, with a distribution of some particles on the 

surface, thus leading to an effective variation in the 

particle size as a function of loading host MCM-41 

matrix. 

This better catalytic activity is explained in light of 

the structure–activity correlation, and this can be 

attributed to an electronic interaction between the 

host and guest molecules, as established from X-ray 

photoelectron spectroscopy [4].

To understand the mechanistic aspect of the 

photooxidation of ethylene on the vanadium-
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doped titania dispersed in the MCM-41 matrix. The 

intermediate species produced on bare Ti0.95V0.05O2are 

different from that produced on the Ti0.95V0.05O2/

MCM-41 surface. Moreover, different intermediates 

were produced during ethylene oxidation under UV 

and visible irradiation, thus leading to different rates. 

In the case of Ti0.95V0.05O2/MCM-41 catalyst with UV 

irradiation, the adsorbed acetaldehyde thus formed 

undergoes aldol condensation over the Lewis acid sites 

to lead to the formation of crotonaldehyde, which is 

subsequently oxidized to acetate and consequently to 

CO2. It was observed that during visible irradiation 

labile ethyl acetate is produced either by 

the Tischenko reaction or by the reaction 

between the labile acetic acid and the 

unreacted ethoxy groups. The ethyl 

acetate produces acetic acid monomer, 

which is oxidized to CO2. Furthermore, 

in this work the effects of particle size 

on the intermediate species were also 

studied [4].

 

Conclusion

The photocatalytic oxidation of ethylene 

by V-doped TiO2 reveals that not only 

the band gap but also the oxidation 

state of the dopant plays a very 

important part in the photocatalytic 

rate. The other factors like surface area, 

particle size along with the different 

intermediates formed on the surface 

dictates the reaction rate.
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Introduction

It is well known that in order to get a specific spectral 

response of a wave after reflection or transmission, 

thin film multilayer device is unavoidable. Two 

materials having maximum contrast of refractive index 

and minimum absorption coefficient are deposited 

alternatively in pre decided fashion on optically smooth 

substrate for getting desired spectral response. In 

visible optics it can be used as high-reflecting mirrors, 

low/high/band-pass filters, anti reflecting surface, 

notch filters etc. In x-ray and neutron optics it can be 

used as mirrors, monochromators, polarizer/analyzer, 

filters, focusing devices etc. In this communication 

some of the devices which are in-house designed, 

developed and characterized are discussed.     

Development of Soft X-ray Multilayer

Refractive index of any material in the X-ray region 

is < 1 and so for grazing angle of incidence beyond 

a certain critical angle the reflectivity falls off 

exponentially according to Fresnel’s Law.  Hence, in 

order to reflect X-rays at higher angle, the multilayer 

mirrors which are basically artificial Bragg crystals 

made up of alternate thin layers of low index (high 

Z, viz. W, Mo, Pt etc.) and high index (low Z, viz. Si, C 

etc.) materials are used. On the other hand due to the 

unavailability of suitable natural crystal or grating, in 

the soft X-ray band of 10–150Å, thin film multilayers 

become essential components in the optical devices 

as mirrors and monochromators. During design of 

the X-ray multilayer structure, both materials (high 

Z and low Z) are required to be selected carefully to 

avoid absorption of X-ray inside the multilayer which 

depends on wavelength of X-ray. For example, W/

Si and W/C can be used as potential material for 

multilayer mirror in less than 100Å region.

In order to develop the soft x-ray multilayer mirror 

an Ion Beam Sputtering (IBS) system has been 

developed in-house1. Subsequent to installation and 

commissioning of the system single layer (W, Si, C), 

bi-layer (W/Si, W/C) and trilayer (W/Si/W and W/C/W) 

films are deposited at different deposition conditions 

and have been characterized by spectroscopic 

ellipsometry and specular and non-specular X-ray 

reflectivity measurements. From the results of all these 

measurements the optimized deposition condition 

for depositing W/Si and W/C multilayer have been 

selected1-2. The variation of density and roughness 

of the films have also explained by simulation using 

Monte Cralo code “TRIM”3. 

At optimized process parameter obtained as above 5, 

7, 9, 13, 17 and 25 layers W/Si multilayers  have been 

deposited having 20Å of W and 28Å of Si in each bi-

layer. These mirrors are designed such that it will have 

maximum reflectivity at 30o grazing angle of incidence 

for 45Å wavelength of light. The GIXR spectra of all 

multilayer samples have been shown in Fig. 1, which 

shows the presence of first Bragg peak at 0.92º for all 

the samples, which is close to the theoretical value, 

showing good thickness uniformity achieved in the 
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IBS system2. Similarly 11, 15, 21 layer W/C multilayer 

samples have been deposited by Ion Beam Sputtering 

technique, on c-Si substrates. In the GIXR spectra the 

first Bragg peak for all the samples has been observed 

to appear at 0.75o grazing angle of incidence. It is also 

observed that the value of reflectivity increases from 

24% to 45% as the number of layers increase from 11 

to 21. Another 25-layer W/C sample, designed to give 

peak reflectivity at 26o for 44Å soft x-ray, has also been 

deposited, the first Bragg peak for this sample is found 

to appear at 0.93o grazing angle of incidence in GIXR 

measurement as shown in the Fig. 2(a) along with 

best fitted result. Some of the W/Si and W/C multilayer 

have been characterized at the reflectivity beamline of 

INDUS-I synchrotron source. The 25-layer W/Si mirror, 

which is designed for 45Ǻ wavelength at 30o grazing 

angle of incidence, shows peak reflectivity at 33o 

grazing angle at 45Ǻ.  Similarly 21-layer W/C multilayer 

sample has also been characterized by measuring soft 

X-ray reflectivity in the range 0 to 35o grazing angle 

of incidence and with several probe wavelengths 

between 40-50Å. The measured reflectivity spectra, as 

shown in Fig. 2(b), depicts reasonably good reflectivity 

of the samples at the Bragg reflection peak in this 

wavelength regime4. 

Development of Neutron Multilayer

Since refractive index of neutrons is also less than 

1 for most of the materials, neutrons, also suffer 

total external reflection below critical angle and the 

reflectivity of the materials in this region is ~1. A 

multilayer device prepared by depositing two alternate 

materials having strong contrast of neutron scattering 

length density creates high reflectivity Bragg peaks even 

beyond the critical angle or critical   value. Due to their 

strong contrast in scattering length densities, Ni and 

Ti pairs are generally preferred in fabrication of such 

multilayer devices to be used as optical components in 

neutron delivery system. A supermirror, on the other 

hand, is a non-periodic multilayer device of hundreds 

of alternate layers of two materials having contrast of 

neutron scattering length density like Ni and Ti, where 

the thickness of a bi-layer or the  value of the multilayer 

gradually increases from the substrate to the top of 

the device. A supermirror can thus be conceived as 

a stack of several multilayers having their individual 

Bragg peaks whose positions vary continuously 

and the closely spaced superimposed Bragg peaks 

pushes the critical angle of total external reflection by 

a large extent compared to a single layer film5. The 

performance of the supermirror is generally described 

Fig. 1: GIXR spectra of 5, 7, 9, 13, 17, 25 layer W/Si multilayer 
film deposited by IBS technique

Fig. 2: (a) GIXR spectra of 25 layer W/C film along with best 
fitted spectra and result. (b) Soft x-ray reflectivity measured 
spectra of the same sample.
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by its ‘m-value’ which is actually the ratio of critical 

angle of total external reflection of the supermirror 

to the critical angle of natural Ni, viz, (  )5. A 

computer code has been developed in house for the 

design of the structure of the neutron supermirrors 

based on Hayter and Mook formalism6. 

In order to develop Ni/Ti based thin film multilayers as 

neutron reflectors an indigenously-built r.f. magnetron 

sputtering system has been used. Initially the deposition 

conditions for Ni and Ti films have been optimized 

for highest density and lowest surface roughness 

by depositing several single layer Ni and Ti films on 

c-Si substrates at different deposition conditions. At 

the optimized condition 11-layer, 21-layer, 31-layer 

and 51-layer Ni/Ti periodic multilayer thin film of 

different bilayer thickness have been deposited. GIXR 

measurements on the samples (Fig.3), shows that that 

unlike the single layer samples, the top layer roughness 

of the multilayers does not depend on the total 

thickness of the multilayers and  the interface width 

of layers strongly depends on the bilayer thickness of 

the multilayers. It is proposed that similar power law 

for growth of roughness in single layers can be applied 

for multilayer interface width as a function of bilayer 

thickness7. 

been characterized by measuring neutron reflectivity 

at DHRUVA reactor at BARC. Trombay using 2.5Ǻ 
neutron wavelength. As shown in Fig. 4 the m=1.75 

supermirror has shown more than 92% reflectivity 

while the m=2.0 supermirror has shown more than 

71% of reflectivity which agree quite well with the 

theoretically generated reflectivity spectra of the 

samples.  

Fig 3: GIXR spectra of Ni/Ti multilayer films prepared by RF 
sputtering technique along with best fitted spectra

Subsequently, using the in-house developed code 

and indigenous sputtering system, two supermirrors 

of m=1.75 and m=2.0 having 62-layer and 98-layer 

Ni/Ti stack have been designed, deposited and have 

Characterization by Spectroscopic Ellipsometer

In visible region normally multilayer devices are 

designed is such a way that every layer is a λ/4 plate 

for the designed wavelength and a combination of 

high index and low index material viz., TiO2/SiO2, 

HfO2/SiO2, Gd2O3/SiO2 are chosen to achieve the target 

spectral characteristics. Electron beam evaporation or 

RF/Pulsed DC sputtering techniques are generally used 

to deposit these multilayer devices. Ex-situ analysis of 

these multilayer structures is a difficult task due to 

the presence of a large number of interdependent 

parameters and Spectroscopic Ellipsometry is a very 

important tool in this respect, where important 

information regarding the thickness and optical 

constants of the layers can be derived quite accurately 

by fitting the experimental results with theoretical 

spectra generated using a suitable model sample 

structure.  Apart from the proper choice of sample 

Fig 4: Neutron reflectivity of m=1.75 and m=2.0 Ni/Ti supermir-
ror prepared by RF sputtering technique 
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structure, selection of proper dispersion relation of 

the material is also important in the ellipsometric 

analysis8. Fig. 5(a) shows an example of spectroscopic 

ellipsometric analysis of a 11-layer TiO2/SiO2 Fabry-Perot 

mirror deposited by electron beam (EB) evaporation 

technique and pulse-DC (PDC) sputtering technique 

which shows that the refractive index of TiO2 and 

SiO2 are more for PDC deposited sample compared 

to the EB deposited sample. The same samples have 

also been characterized by grazing incidence x-ray 

reflectivity (GIXR) technique (Fig.5(b)) which shows 

that densities of TiO2 and SiO2 films deposited by 

PDC technique are more than the densities obtained 

by  EB technique. This ellipsometric analysis feed-

back helps in the development of a 21-layer non-

quarterwave high-pass edge filter required for the 

application pertaining to radio photoluminescence 

dosimeter9. Multilayer coatings are also done to 

increase the efficiency of photo-thermal conversion in 

solar collector. A new approach is to deposit graded 

index layer on a reflecting metal surface in which the 

refractive index and extinction coefficient continuously 

decrease from the substrate to the surface. Such a 

tandem absorber provides high absorbance and low 

emittance in the solar spectrum and can be used as 

solar selective absorber in solar collectors. By analyzing 

the spectroscopic ellipsometric data the depth 

profiling of refractive index and absorption 

coefficient of the tandem can be carried out 

which provides very important information 

for improving the performance of this type of 

multilayer devices10-14. In Fig.6, the refractive 

index (n) and absorption coefficient (k) of a 

TiAlN/TiAlON/Si3N4 multilayer, as obtained from 

ellipsometric measurement is shown10,11. It is 

observed that from surface layer (Si3N4) to the 

bottom layer (TiAlN), n and k decrease resulting 

in high absorbance (0.95) and a low emittance 

(0.07) of the device10.

Summary

Over the last several years, Atomic & Molecular 

Physics Division, BARC has developed state-of-

art expertise to design, grow and characterize thin 

film multilayer devices for optical applications. The 

multilayer devices can be designed and developed 

for a wide range of electromagnetic spectra and for 

particle beam like neutron. Optical multilayers are 

generally  grown by E-beam evaporation technique and 

characterized by Spectroscopic Elliposmetry technique, 

while soft  X-ray multilayers which are thin layers of 

very low roughness metallic and non-metallic films are 

generally grown by indigenously developed Ion beam 

sputtering technique and characterized by specular Fig 6: The n and k of different layers of TiAlN/TiAlON/Si3N4 so-
lar selective coating measured by Spectroscopic Ellipsometry

Fig. 5: (a) Spectroscopic Ellipsometric (b) GIXR spectra of 11-layer TiO2/
Sio2 PDC sputtered Fabry Parot mirror along with best fitted spectra. 
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and non-specular grazing incidence X-ray reflectivity 

(GIXR) measurements. Multilayer neutron mirrors and 

supermirrors are, on the other hand, prepared by 

indigenously developed magnetron sputtering systems 

and characterized by GIXR technique. Both soft X-ray 

and neutron mirrors are also characterized by INDUS-1 

synchrotron soft X-ray source and DHRUVA nuclear 

reactor respectively. 
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RETROFITTING OF SERVO-MANIPULATOR SYSTEM IN 

HLW VITRIFICATION CELLS OF WIP, TROMBAY

Shendge S.R., Sandhanshive D.S., Singh K.M., Shivani Patankar,  Suresh Babu
Nuclear Recycle Group

Abstract

Manipulators play a vital role for remote operations in radiochemical plants and help in achieving the most essential 

requirement of ALARA principle during operation and maintenance of such plants.  The earlier Servo-Manipulator 

(SM) system, installed at Waste Immobilization Plant (WIP), Trombay had metallic tapes, ropes and pulleys for 

motion transfer and was prone to frequent maintenance problems due to failure of wires and tapes. Hence, a 

higher payload capacity SM having gears and links for motion transfer was developed and rigorously tested to 

prove its cell worthiness. This system was then installed in vitrification bay of high level WIP, Trombay in the year 

2012. Since then the SM is working satisfactorily till date. This paper describes the details of this SM system.

Shri S.R. Shendge is the recipient of the DAE Young 
Applied Scientist & Technologist Award for the year 2012

Details of Servo-Manipulator System 

The master and slave arms of SM system are electrically 

linked, the slave arm is installed on the existing boom 

of SM carriage inside the hot cell. This facilitates 

movement of the slave arm throughout four shielded 

hot cells to carry out any remote operations. The 

master arm is installed in the SM workstation having 

CCTV monitoring system for these hot cells (Fig. 1). 

Both these arms are anthropomorphic and have 

elbow up construction with six degrees of freedom 

(DOF) & an end effecter (i.e. gripper). The DOFs are 

shoulder rotation, upper & lower arm pitch motions, 

azimuth rotations and pitch & roll motions of wrist 

joint. The pay load capacity of the slave arm is 25 Kg 

at the gripper (in all positions and all orientations). A 

Force Feed Back (FFB) system provides the additional 

safety during the remote operations which prevents Fig. 1: Operating with the Master arm in SM workstation

Fig. 2: The Slave arm in hot cell

Slave Arm
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mechanical failure of the components. 

The control architecture is based on a high end 

centralized Digital Signal Processing (DSP) system & 

individual drives & controller for all the 13 axes of 

the system (Fig. 3). The system can provide variable 

FFB from 0 to 8 kg to reduce operator’s fatigue.  The 

slave arm can be operated through PC, Pendant switch 

or by using the master arm while viewing the task 

environment through CCTVs. 

2.  Variable Force Feed Back reflection.

3.  Status monitoring and self diagnostic reporting.

4.  Electronic counterbalancing calculation.

5.  Indexing of individual axis.

6.  Braking of individual axis.

7.  Warning against various errors/unsafe conditions 

and suggests corrective actions.

8.  Variable gripping force. 

  

Testing of SM system

A seven stage detailed testing procedure was 

formulated in consultation with the experts from  

DRHR for the testing of the SM to prove its cell 

worthiness and also to scrutinize the parameters like 

friction, inertia, back lash, load, rigidity, accuracy etc 

(Fig. 5 & 6). 

Fig. 3: System Architecture

The SM controller performs the following 
functions:

1.  Positional tracking of the slave arm joints with 

respect to the master arm joints and control of 

slave arm dynamics i.e. Master-Slave operation 

mode (Fig. 4).

Fig. 4: Master-Slave operation mode

Fig. 5: Testing of SM system

Fig. 6:  The Slave arm during testing
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Advanced Features of the SM System

•	 Advanced	 DC	 servo	 motors	 and	 gear	 boxes	 to	

reduce inertia, back lash and improved accuracy. 

•	 Variable	FFB	to	the	operator.

•	 Fine	speed	control	of	individual	motors	and	precise	

positioning of slave by commands through PC.

•	 Linear	 movement	 of	 end	 effecter	 in	 X,	 Y	 or	 Z	

direction through PC.

•	 Enhanced	 flexibility	of	operation:	Master	 canting	

mode, Slave canting mode, Master-slave mode 

and maintenance mode. 

•	 Radiation	resistant	electrical	cables.

•	 Enhanced	safety:	Soft	switches,	overload	tripping	

etc.

•	 Easy	maintenance:	Modular	 assemblies	 for	quick	

replacement, easily accessible joints.

•	 The	control	system	has	the	capability	of	performing	

repetitive operations of the slave arm, as a robot, 

through programming. 

Summary 

The new SM system has various modes of operation 

and advanced features which improves flexibility 

during operation, safety of mechanical and electrical 

components and reduces maintenance related issues 

of the system. Further, as though the SM design has 

improved with respect to mechanical maintenance 

issues and add on advanced features, but in doing so 

the SM system has become bulky in size and there is 

a scope to improve the same in next version of the 

manipulator. 
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SHOCK STUDIES USING ELECTRIC GUN AND  

FABRY-PEROT VELOCIMETER

A.K. Saxena, T.C. Kaushik and Satish C. Gupta
Applied Physics Division

Abstract

To study material behavior under shock loading an 8 kJ electric gun system has been developed with capabilities to 

drive small diameter (6 mm) aluminum flyers up to 4.5 km/s and polyimide flyers up to 6.2 km/s. Main diagnostic 

of this setup is a Fabry-Perot velocimeter, that has been developed to measure projectile as well as target-window 

interface velocities with an accuracy of 0.2 km/s. Impact experiments have been carried out on various metals like 

tantalum, tin, aluminum and iron up to shock pressures of 70 GPa. In thin iron samples a shock induced phase 

transition at 13.6 GPa, and reverse transition in release path at 10.8 GPa has been recorded.

Shri A.K. Saxena is the recipient of the DAE Young 
Applied Scientist & Technologist Award for the year 2012

Introduction

Understanding the behavior of solids at high pressures 

has been a topic of interest for research community 

related to fields like astrophysics, inertial confinement 

fusion, impulse technology and strategic applications. 

High impulse pressures are commonly generated 

by impact of a high velocity planar projectile to a 

target material. Various experimental techniques like 

explosives, gas gun, rail gun, magnetically accelerated 

flyer plates, and electric gun are used to accelerate 

projectiles to high velocities. Most of these techniques, 

except electric gun require special experimental 

facilities, complex technology and intensive operational 

procedures. Furthermore electric gun setup can be 

designed for small scale laboratory operations1,2 

with capabilities to accelerate small projectiles to 

high velocities. These devices have been reported to 

generate pressures up to 0.78 TPa3 and can be used 

in research on precious or hazardous materials as only 

small quantity are needed. The principle of electric gun 

is to use the energy initially stored in a fast capacitor 

bank to explode a thin metallic bridge foil sandwiched 

in between two dielectric sheets supported at one side 

by a heavy tamper and an appropriate size barrel on 

the other (Fig.1). Due to fast explosion, foil material 

expands and punches out a section of the dielectric 

sheet (flyer) positioned adjacent to it and drives it up in 

the barrel to suitably high velocities. The target under 

study is placed at the other end of barrel, which is 

subjected to shock loading on flyer impact.  

Fig.1: Schematic of electric gun setup 
for shock studies.
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Study of equation of state (EOS) of materials at such 

high pressures requires the knowledge of projectile 

as well as the particle velocity in target material. 

Optical interferometric techniques are commonly 

implemented for these measurements and are based 

on determining the Doppler shift in the light reflected 

from the moving surface. Fabry-Perot velocimeter 

(FPV) is one such potential technique in which time 

evolution of fringe diameters are recorded on a streak 

camera and used to calculate the velocity profile of 

moving surface.

To experimentally investigate the response of materials 

from 10 to 100 GPa pressure, low energy portable 

electric gun setups have been developed in our 

laboratory along with a Fabry Perot velocimeter. The 

details these techniques and shock studies carried out 

on different metals are given in following sections.

Experimental setup

Three portable electric gun systems have been 

developed in our laboratory for various applications. 

The ELG-2 (1.6 kJ) setup is dedicated for studies related 

to energetic materials, ELG-8 (8kJ) is utilized for shock 

studies on different metal targets and ELG-16 (16 kJ) is 

under characterization for studies related to materials 

relevant for nuclear systems. Shock studies reported 

here are carried out on ELG-8 setup and details of this 

system may be found in Ref-1.  The photograph of 

this system is shown in Fig. 2; it consists of an energy 

storage capacitor of rating 10 μF/ 40 kV, triggered 

rail-gap switch, parallel plate transmission lines and 

a cylindrical experimental chamber for connecting 

exploding foil sandwiches. This electric gun setup has 

been optimized to achieve a pre-defined velocity from 

1.5 km/s to 4.5 km/s on 6 mm diameter aluminum-

polyimide composite flyers and up to 6.3 km/s on 

polyimide flyers. 

The major diagnostic of this set up is a Fabry-Perot 

velocimeter4 which is designed to record velocities 

in the range of 0.5 to 10 km/s with an estimated 

resolution of 0.2 km/s.  This velocimeter has also been 

optimized to measure velocities of two surfaces on a 

single record5 for precise EOS measurements.  

Experimental Results: 

Experiments were carried out on different metal targets 

like aluminum, tin, tantalum and iron. Some results 

have already been reported in earlier published work1, 

5 where implementation of single FPV for simultaneous 

measurement of two surface velocities have also been 

discussed and here we present our recent results on 

iron and tantalum. The iron is one of the important 

material found in earth core, and is reported to has a 

reversible shock transformation from a body-centered-

cubic (a) to hexagonal-closed-packed (e) structure 

above 13 GPa. We carried out a series of experiments 

on thin iron foils (100 μm) under shock loading from 

20 GPa to 55 GPa and measured the target/ window 

interface velocity profiles. Pressure profiles deduced 

Fig.2: Photograph of experimental setup. Fig.3: Shock studies on iron.
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from Fabry-Perot records using equation of state of 

target, window and flyer materials are shown in Fig.3. 

Due to change in density involved in phase transition, 

single shock is split in two waves. A kink near 15 GPa 

has been observed when the sample was subjected to 

a peak pressure of 44 GPa, indicating a polymorphic 

transition. At lower pressures near to 20 GPa, a clear 

two wave structure with a detailed release profile was 

recorded. The streak record showing the movement of 

Fabry-Perot fringe diameters is also shown in inset of 

Fig.3. Deuced pressure profiles shows a transition in 

iron from bcc to hcp phase at 13.6 GPa under shock 

and a reverse phase transition in the release path at 

10.8 GPa, which is well in agreement with the reported 

values. Shock experiments were also carried out on 

Tantalum up to 70 GPa and is shown in Fig. 4, here 

due to limited time resolution of streak camera flat 

pressure region could not be determined accurately 

and rarefaction appears to be just following the shock.  

Conclusions

Electric gun setups along with Fabry-Perot velocimeter 

have been developed in our laboratory for shock studies 

up to 70 GPa on different metals. A detailed pressure 

profile showing the polymorphic phase transition in 

iron from bcc to hcp at 13.6 GPa under shock and 

reverse transition in release path at 10.8 GPa has been 

recorded. Tantalum has been subjected up to a peak 

pressure of 70 GPa. Work is in progress to achieve still 

higher pressures, and to carry out systematic shock 

studies.    
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Division of Remote Handling and Robotics

Vivek Mahadev
Seismology Division

A.K. Pradhan
Isotope Application Division

S. Sethi, S.P. Dey, K. Karmakar, S.B. Gaikwad 
Laser and Plasma Technology Division

V.R. Bhave, Kuldeep Sharma
Sealed Sources and Logistics, BRIT

Anwer Tariq
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Abstract

Hotcell facilities are used for handling radioactive materials for various applications, like waste management, 

radioisotope production and post-irradiation examination. We have been involved in the development of hot cells, 

water pools and associated equipments. Hot cell embedded parts like personal assess doors, external transfer 

drawers, inter-cell transfer drawer, wall sleeves, plugs and hot cell liners play a major role in the operation of the 

plant and safety of the operators. The article describes our recent experience in development of these components.

Shri K. Jayarajan is the recipient of the DAE Group Achievement 
Award for the year 2012

Introduction

In nuclear industry, shielded nuclear radiation 

containment chambers are referred as hot cells. They 

protect operators and the environment from the 

harmful effects of radiation. Hot cell walls are made 

from lead-bricks or from concrete. Thickness of the 

concrete wall vary from 1 m to 2 m depending upon 

the shielding requirements. 

The walls and the floor of hot cells are embedded 

with a variety of equipments or components. 

Embedded parts (EPs), such as wall liners, wall sleeves 

and rails are static. However, EPs like access door, 

inter-cell transfer drawer and external transfer drawer  

contain heavy moving parts. These EPs maintains 

shielding integrity during normal and accidental 

conditions. Safety inter locks are provided on 

dynamic EPs to avoid accidental exposure of radiation 

to operator. 

CCTV cameras or radiation shielding windows are 

used for viewing the hot cell. Objects in the hot cells 

are usually handled using general-purpose remote 

handling tools like Master Slave Manipulators, Power 

Manipulators and In-cell Cranes. Viewing systems and 

remote handling tools are not in the scope of the 

article.
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Recently, we have been involved in development of hot 

cells and associated embedded parts for the following 

facilities.

•	 Augmentation	 of	 Cobalt	 Handing	 Facility,	 Kota	

(ACHF)

•	 Augmentation	of	Hotcell	and	Associated	Facilities	

for	 Radiation	 Technology	 Applications,	 Trombay	

(AHCAFRTA)

•	 Integrated	Facility	for	Radiation	Technology,	Vashi	

(IFRT)	and	

•	 Uranium	Clean-Up	Facility,	Trombay	(UCUF).	

In	ACHF	hot	cells,	the	adjuster	rods	are	processed	to	

recover cobalt-60 pencils and pellets for making sealed 

sources.	 Fig.1	 shows	 irradiated	 adjuster	 rod	 sub-

assemblies	of	power	reactors	placed	 in	the	RAPPCOF	

Water Pool.

 

Fig. 1: Irradiated Adjuster Rod Sub-assemblies at RAPPCOF 
Water Pool

Fig.	2	shows	the	plan	view	of	a	typical	hot	cell	facility	

indicating commonly used EPs. The hot cells (red 

zone) are connected to the high bay area (green zone) 

through isolation rooms (amber zone) as per radiation 

zoning principle.

 

Fig.	3	shows	the	sectional	end	view	of	one	of	the	hot	

cells. 

Fig. 2: Major EPs of a Typical Hot Cell (Top View)

Fig. 3 EPS and Remote Handling Tools of a Hot Cell (Side view)

Common Embedded Parts

Personal Access Door

Personal access doors are used for personnel entry into 

the hot cell and for transferring radioactive materials 

between the cold area and the hot cell in shielded 

flasks.	Access	doors	are	of	two	types:	hinged	or	sliding.	

Fig. 4: Personal Access Door of ACHF, Kota at Fabricator’s 
Shop
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They may be motorised or manual. Mild steel doors 

are designed to provide radiation-shielding equivalent 

that	 of	 the	 concrete	 cell	wall.	 Fig.4	 shows	 the	 door	

designed	 by	 us	 for	 ACHF,	 Kota.	 The	mild	 steel	 door	

weighing	about	45	tons	has	a	door	flap	thickness	of	

600 mm. 

 

External Transfer Drawer

The external transfer drawer embedded in the 

concrete wall is used for transferring materials into 

the hot cell from outside and vice versa. It has two 

shielded doors, a transfer drawer and mechanisms for 

operating the doors and the transfer drawer. The doors 

are mechanically interlocked to avoid simultaneous 

opening of both doors. 

Inter-cell Transfer Drawer

The inter-cell transfer drawer, embedded in the 

common wall of adjacent hot cells, is used for 

transferring materials from one hot cell to the other. 

It consists of an outer casing, two shielded doors, a 

transfer drawer and remote mechanisms for operating 

the doors and the drawer. The doors are mechanically 

interlocked to avoid simultaneous opening of both 

doors. 

Service Sleeves and Plugs

For	 transmission	 of	 electric	 power,	 electric	 signal,	

pneumatic supply, etc. across the hot cell walls, service 

sleeves and plugs are provided on the walls. The plugs 

are housed in the sleeves, which are embedded in 

the wall. Their shapes are designed to avoid direct 

radiation streaming. 

Rails and Turntables

Active	components	are	transferred	between	the	water	

pool and the hot cells in heavy shielded flask placed 

on a trolley. Rails are laid on the floors of hotcell and 

outside for transferring the trolley. Turntables are 

provided at the junctions of the rails. The rails in the 

hot cell are lined with stainless steel plates.

Hot Cell Liner

Walls and floor of the hot cells are lined with stainless 

steel plates for easy decontamination. The stainless 

steel plates are welded to the grid embedded in to the 

wall or floor. 

Water Pool Liner

Leak tightness is one of the major requirements of any 

storage	pool	in	a	nuclear	installation.	As	the	first	barrier	

of leakage, the walls and the floors of the pools are 

lined with stainless steel plates. The liner is designed 

to withstand internal as well as external hydrostatic 

pressure. Stringent quality control is implemented to 

ensure leak tightness. 

Lead Bricks

In place of concrete, mild steel encased lead bricks can 

be	used	to	construct	the	walls	of	a	hot	cell.	Although	

expensive, it will significantly reduce the thickness of 

hot cell walls. To avoid radiation streaming, the bricks 

are made with interlocking edges. Such lead bricks are 

used in two wall of the alpha- beta- gamma shielded 

hot	cell	of	UCUF.	

Conclusion

Embedded parts of hot cells play a major role in the 

operation of the plant and safety of the operators. EPs 

of	 our	 design	 are	 installed	 in	 the	 hot	 cells	 of	 AHCF,	

ACHFRTA,	 IFRT	 and	 UCUF.	 ACHF	 is	 operational	 at	

RAPPCOF,	Kota.	It	has	been	producing	and	supplying	

Industrial Irradiator Sources and Tele-therapy Sources 

of cobalt-60. 
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BENCH SCALE DEMONSTRATION OF URANIUM 

RECOVERY FROM ACIDIC NITRATE BASED  
NUCLEAR WASTE USING DISPERSION  

LIQUID MEMBRANE IN MICRO  
POROUS POLYMERIC  
FIBER CONTACTOR

S. Mukhopadhyay
Chemical Engineering Division

Abstract

Chemical Engineering Division has developed a process for recovery of uranium from acidic nitrate waste stream 

of uranium purification plant and demonstrated the process in bench scale. The developed process is based 

on application of dispersion liquid membrane composed of TBP in Dodecane as organic extractant and Sodium 

Bicarbonate as strippant in a cluster of micro porous polymeric fiber contactors of effective contact area 8.1 m2 at 

60 LPH throughput. In the demonstration run, 200 liters of filtered waste acidic raffinate solution from uranium 

refining plant was treated in the bench scale set up bringing down the source stream concentration of uranium 

below 30 ppm in continuous countercurrent mode. With  recycle of the stripping solution after adjusting for pH 

in a semi batch mode in the same set up, the uranium concentration upto 5.6 gpl was obtained in  the product 

stream, which can be directly taken up for recovery of uranium by precipitation. These studies have successfully 

demonstrated and established quantitative recovery of Uranium from acidic raffinate steam of uranium metal 

purification plant, leading to easy disposal of raffinate. The demonstration runs were jointly conducted with UED.

Dr. Sulekha Mukhopadhyay is the recipient of the DAE Group Achievement 
 Award for the year 2012

Introduction

The uranium refining plants generate acidic raffinate 

waste stream in nitrate form, which is either 

neutralized and sold as low value byproduct or diluted 

and dispersed depending on the level of concentration 

of nitrates and uranium. Uranium recovery from such 

lean streams is of immense importance in view of 

generation of clean waste streams, which are easily 

disposable. Conventional techniques like solvent 

extraction, ion exchange etc are not economical for 

such streams due to issues of large organic solvent 

requirement, poor selectivity and process inefficiency 

due to equilibrium limitations. In order to address such 

issues, a process has developed by ChED based on 

application of Dispersion type Liquid Membrane (DLM) 

in micro porous polymeric fiber contactors, which 

provide high specific interfacial area of mass transfer 

through micro bore polymeric lumens with micro-

porous wall. The DLM technique has the advantage 

of simultaneous extraction and stripping across thin 

organic membrane. This  provides  high driving force 

throughout the separation enabling complete polishing 

of lean streams with relatively low requirement of 
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organic solvent compared to conventional solvent 

extraction process in conventional contactors. 

Experiments and Demonstration runs

Uranium Metal Plant of BARC generates acidic 

raffinate waste stream containing 700 to 1000 ppm 

of uranium in 1 to 2 M nitric acid medium with traces 

of impurities like iron, aluminum, magnesium, nickel, 

manganese, boron, etc. This steam was taken up for 

recovery of uranium value with 30% TBP in Dodecane 

as organic solvent and 1M Sodium Bicarbonate 

solution as stripping agent. Initially lab scale studies 

were conducted using smaller micro porous polymeric 

fiber modules (effective contact area 1.4 m2) at 12 

LPH flow rate. These studies showed the dispersion 

liquid membrane in micro porous polymeric fiber to 

be quite efficient, stable and promising for complete 

recovery of uranium from plant raffinate in continuous 

countercurrent mode. 

Based on the lab scale experimental studies and 

predictions of developed mathematical model for the 

dispersion liquid membrane in micro porous polymeric 

fiber system, bench scale experimental facility by 

employing larger membrane contactors (effective 

contact area 8.1 m2) was set up and trials were carried 

out at a throughput of 60 LPH. A flux of 2.5 x 10-10 

moles/cm2/s was obtained for uranium which is about 

3-4 times of  supported liquid membrane in micro 

porous polymeric fiber module and about 10-50 

times of solvent extraction in conventional contactor. 

Based on the above encouraging findings, bench scale 

Fig. 1: Single hollow fiber contactor set up operating in 
recirculation mode; Flow rate: 12LPH; Feed: U raffinate; 
dispersion: aq/org 1:1, aq (1 M NaHCO3), org (30 % v/v TBP 
in Dodecane)

Fig. 2: Experimental set up of 3 small HF contactors in series 
operating in once through mode; Flow rate: 12LPH; Feed: U 
raffinate; dispersion: aq/org 1:1, aq (1 M NaHCO3), org (30 % 
v/v TBP in Dodecane)

Fig. 3: Conc of U in raffinate at module exits
Feed: U raffinate; dispersion: aq/org 1:1, aq (1 M NaHCO3), 
org (30 % v/v TBP in Dodecane); flow rate: 60LPH; 4 big 
modules

Fig. 4: Conc of  U in product after  alkali make up and recycles 
Feed: U raffinate; dispersion: aq/org 1:1, aq (1 M NaHCO3), 
org (30 % v/v TBP in Dodecane); flow rate: 60LPH; 4 big 
modules strip re-circulation.
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demonstration using four big micro porous polymeric 

fiber modules in series has been successfully conducted 

jointly with Uranium Extraction Division. About 200 

liters of filtered waste acidic raffinate solution from 

Uranium Metal Plant was treated at 60 LPH flow rate 

in the bench scale set up, bringing down the source 

stream concentration of uranium below 30 ppm 

from about 900 ppm. The phase flow ratio of Feed: 

Organic: Strip was 1:0.5:0.5. With  adjustment of pH 

and recycle of the stripping solution in a semi batch 

mode in the same set up, the uranium concentration 

upto 5.6 gpl was obtained in the product stream 

(0.7M alkaline), which can be directly taken up for 

recovery of uranium by precipitation. A flow sheet for 

recovery of uranium from lean acidic nitrate wastes 

has been developed and successfully demonstrated in 

bench scale.

Conclusion

These studies have successfully demonstrated and 

established quantitative recovery of uranium from 

acidic raffinate of uranium metal purification plant, 

leading to easy disposal of raffinate.  

Fig. 5: Bench scale set up:  Four large HF modules in series Feed: U raffinate; 
dispersion: aq/org 1:1, aq (1 M NaHCO3), org (30 % v/v TBP in Dodecane); flow 
rate: 60LPH

Flow sheet for recovery of U from Uranium plant raffinate using HFDLM technique:



148         Special Issue  |  October 2014

BARC NEWSLETTERFounder’s Day
DESIGN AND DEVELOPMENT OF TELE DISTRESS  

ALARM DEVICE ‘NIRBHAYA’

Pithawa C.K., Lalwani S.K., Sinha V., Srivastava S., Bharade S., Khole S., 
Kamble A.D., Jyothi P., Muralikrishna L.V and Patil S.K.

Bhabha Atomic Research Centre

Abstract

‘Nirbhaya’ is a small, low cost electronic distress alarm device which can be used in case of any distress like fear 

of attack or medical emergency to get immediate help. When activated, this single-button, single-press operation 

device can send SMS alerts, through user’s cell phone, to near and dear ones including police. The SMS alert 

containing a pre-formatted user defined message, GPS coordinates of the device & Google maps link is sent to user 

defined telephone numbers. After activation, the device continues to send the message and latest GPS location 

every minute to the same phone numbers. The device operates on rechargeable battery and pairs with user’s cell 

phone via Bluetooth. The technology of this device has been transferred to ECIL for its mass production.

Shri C.K. Pithawa is the recipient of the DAE Group Achievement 
Award for the year 2012

Introduction

In recent times, there have been increasing attacks on 

women and on elderly persons living alone. Children 

need to travel long distances for their schooling and 

many are kidnapped. Persons working during odd 

hours and traveling alone are also prone to attacks. 

To provide timely help to such persons in case of 

attack, medical emergency, accident or kidnapping, 

an electronic device has been developed which alerts 

relatives, friends, police and doctor just 

by pressing a single button on the device. 

Nowadays, almost every one carries a 

mobile phone. But in case of attack or 

medical emergency, the person may 

not be able to use the phone. It may be 

snatched by attacker or kidnapper. In 

case of medical emergency, it may not be 

possible to use the phone due to physical 

disability. Hence, for this purpose, a Tele 

Distress Alarm Device named ‘Nirbhaya’ 

was designed and developed. It is a small 

device which can be carried in purse or pocket. It is 

a single button single press operation device which 

sends SMS alerts via user’s cell phone to five user 

defined mobile numbers along with its GPS location.

Description

Fig. 1 shows the block diagram of the device. Main 

components used are a microcontroller, Bluetooth 

interface, GPS receiver, battery charging circuits, single 

Fig. 1: Block diagram of Tele Distress Alarm Device ‘Nirbhaya’
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cell Li-Ion battery and a push-button (distress) 

switch. Bluetooth is used to pair the device with 

the user’s mobile for sending the information to 

the mobile application running in the background 

when the distress switch is pressed. The distress 

switch needs to be pressed once only in case of 

distress. When the switch is pressed, the device 

gets activated and starts sending SMS alerts to the 

five phone numbers via the application running in 

the user’s cell phone. The SMS contains personal 

information, GPS coordinates (latitude, longitude) 

of the device, date, time and Google maps link to 

the GPS location. 

A typical SMS alert can be “I am Shubham, F/25, 

Blood Gr. B+Ve. Please HELP. My PRESENT location 

is: Latitude:19.011552N, Longitude:072.920624E, 

Date:19/05/2014, Time (IST):15:18:00 For location 

on Google Maps click on https://maps.google.

com/?q=19.011552+072.920624”. Once activated, 

the device continues to send the message and its 

latest GPS location every minute to the same phone 

numbers. Thus if the person is being kidnapped, the 

latest location will be available. In case Bluetooth link 

is broken after device activation, due to snatching of 

the device or the cell phone by the attacker, the mobile 

application continues to send the SMS with last GPS 

coordinates. 

The device is rugged and cannot be switched off. The 

battery cannot be removed easily. The switch is located 

in such a way that it cannot be pressed accidentally. 

With 700mAh rechargeable Li-Ion battery, it has 

standby time of more than 5 days and active time of 

more than 12 hours. It can be charged using standard 

cell phone charger. Battery low and charging status 

indicators have been provided on the device. Fig. 2 

shows the photograph of the device along with the 

SMS alert received by the receiving mobile.

Device Configuration Software

Before the device can be put to use, it needs to be 

enabled and configured once. This involves storing 

personal information in the device (name, age, sex, 

blood group) and five phone numbers, to which the 

alarm SMS will be send in case of distress. In order to 

avoid unauthorized change of this information, the 

process of storing or changing the stored information 

is password protected. Device configuration can be 

Fig. 2: Photograph of  ‘Nirbhaya’device and the SMS alert received 
by receiving mobile

Fig. 3: Device configuration using mobile

carried out using either a mobile or a PC. 

An Android OS based mobile application 

has been developed for configuring the 

device using a mobile phone. Similarly a 

Windows based application program has 

been developed for configuring the device 

using a Personal Computer. Fig. 3 and Fig. 4 

show the screen print of the GUI for device 

configuration using mobile phone and PC 

respectively.



150         Special Issue  |  October 2014

BARC NEWSLETTERFounder’s Day

Mobile Application Software

Application software has been developed for mobiles 

using Android or Symbian OS. This application needs 

to be loaded and kept running in the background 

in the user’s mobile phone for operation of the 

device. Whenever the distress switch is pressed, 

this program receives SMS alert contents from the 

device and sends the SMS to five numbers provided 

by the device. In case the Bluetooth link is broken 

with the device, this application keeps sending the 

SMS alerts every minute with the last GPS location 

of the device.

Applications

The ‘Nirbhaya’ device has been developed for societal 

applications and is a means for sending SMS alerts for 

help to friends and relatives when needed. It will be 

of immense use in case of personal attacks, accidents, 

medical emergency and kidnapping. The device is 

useful for women, children, elderly persons, security 

personnel working in isolated areas and persons 

working during odd hours.

Future Scope

This device requires a mobile phone for sending the 

SMS alerts. An enhanced version of the device is under 

development which has on board GSM modem for 

sending the SMS thereby dispensing with the need of 

user’s mobile phone. Other improvements could be 

changing the shape of the device to a wearable form 

e.g. wrist band, necklace or pendant.

Conclusion

A Tele Distress Alarm Device named ‘Nirbhaya’ has been 

designed and developed for societal applications. It is 

a small, low cost device which can be used for sending 

SMS alerts to five user defined mobile numbers in case 

of any distress like fear of attack, medical emergency 

etc. The technology of the device has been transferred 

to ECIL, Hyderabad where it is under mass production.

Fig. 4: Device configuration using PC
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DEVELOPMENT OF MACHINERY PROTECTION SYSTEM

D.A. Roy,  Prema Kumar Kavalan, Mohit Kalra, Sanjay K. Jain and Gaurav
Reactor Control Division

Abstract

A DSP based Machinery Protection System (MPS) has been designed and developed jointly by BARC and ECIL.  

The system is designed to protect the rotating machines from catastrophic failures due to excessive vibration. The 

system provides continuous, online monitoring of vibration and related signals.  The system is manufactured by 

ECIL and two units of MPS have been installed and commissioned in NTPC power plants for protection of Turbo 

Generator Machinery.

Shri D.A. Roy is the recipient of the DAE Group Achievement
Award for the year 2012

Introduction

Health of large rotating machinery gets reflected in the 

vibration and other dynamic signals collected from the 

rotating equipment and supporting structures. Using 

this data, it is possible to detect impending trouble in 

the machine so that preventive action can be taken 

in time and catastrophic failures can be avoided. An 

on-line vibration monitoring and protection system 

thus plays an important role in ensuring safety and 

economics of the plant.

With the aim to address the need for such an on-

line system having state-of-art features, indigenous 

development of a Digital Signal Processor (DSP) based 

Machinery Protection System (MPS) was initiated 

by RCnD, BARC as a joint effort along with ECIL, 

Hyderabad under an MOU between BARC and ECIL. 

The main components of the system (Fig-1) are the 

front-end instrumentation consisting of transducers 

(for vibration, speed and related parameters) and 

signal conditioning, DSP based data acquisition and 

protection module and back-end PC-based monitoring 

and configuration station. The main objective of the 

system is to monitor vibration and other dynamic 

signals to detect any deviation from normal levels and 

to provide alarm and trip signals in case the deviations 

are beyond certain set limits.

The Machinery Protection System (MPS) 

acquires a number of dynamic input 

signals (like vibration, displacement, 

eccentricity etc.) and  speed input signals 

from field and on detecting signal levels 

beyond certain limits it provides alert 

signal to operator and generates contact 

outputs to shutdown (trip) the machine. 

The system can be configured to measure 

the following parameters:Fig.-1: Machinery Protection System (MPS)
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1. Absolute Vibration 

2. Relative Shaft Vibration 

3. Absolute Shaft Vibration 

4. Shaft Position 

5. Shaft Eccentricity

6. Absolute Expansion 

7. Relative expansion 

Protection is achieved by generating contact output 

to trip (shutdown) the machine when any of the 

above measured parameter exceeds the set limit. It 

sends relevant information on Ethernet for display 

to operator on a PC based Engineering Console. The 

Engineering Console also provides facility to configure 

various input parameters and their trip settings. 

System Architecture

The Machinery Protection System (MPS) consists of 

an Embedded system and a PC-based Engineering 

Console (EC), which are connected through Ethernet. 

The embedded system is of modular construction 

and is user configurable through the Engineering 

Console. The system acquires various dynamic signals 

like vibration signal, displacement signals etc. and if 

any of these signals crosses the ALARM (alert) limit, it 

generates a alarm contact output and if the measured 

value crosses the TRIP (danger) limit then it generates a 

trip contact output which is used to protect/shutdown 

the machinery. 

Apart from the protection function the embedded 

system also sends the acquired data to the 

Engineering Console for monitoring, analysis and 

display. The engineering console is used to configure 

the embedded system, to analyze the data received 

from embedded system and also to display the data in 

different formats.  

Embedded System 

The Embedded System consists of various hardware 

modules performing signal conditioning, data 

acquisition, signal processing and protection 

functions. These modules are designed and fabricated 

as standard 6U cards and installed in a 19” bin. The 

Embedded System consists of following hardware 

modules which are assembled as shown in Fig-2. 

•	 Machinery	Protection	Module	(MPM)

•	 Input	Output	Module	(IOM)	

•	 Relay	Output	Module	(ROM)	

 

Fig. 2: Embedded system with Engineering Console

Machinery Protection Module (MPM) The MPM 

acquires analog signals, processes the acquired inputs 

using a DSP and if any parameter exceeds the set 

alarm or trip limits, it generates signal for alarm or trip. 

This module consists of DSP, Microcontroller, Memory, 

communication controller and other peripherals. It can 

process 4 Dynamic (Vibration) channels and 2 Speed 

Channels. It performs digital filtering using DSP as well 

as signal processing functions like integration and 

rectification and provides signal parameters like peak, 

RMS. It performs online diagnostics on hardware and 

software and generates messages in case of fault. It 

interfaces with the Input Output Module through 

backplane mechanism.

The MPM sends the processed data and messages to 

the Engineering Console through Ethernet and receives 

configuration data from the Engineering Console 

during system configuration. The module can be used 

as standalone protection unit for small systems. 

Input Output Module (IOM) forms the input output 

interface of MPS. The inputs and outputs of the MPS 
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are terminated on the screw terminals provided 

on the facia of IOM. This module provides signal 

conditioning for various sensors. This module also 

provides the power supplies to various transducers. 

It can cater to 4 dynamic channels and two speed 

channels. There is provision for online testing of the 

channels. It interfaces to the MPM and generates 

alert and trip signals for ROM. The MPM and IOM 

modules are shown in Fig. 3.

       

driven by the open collector signals generated in IOM 

and available in the back plane. These relay outputs 

can be dynamically configured from the Engineering 

Console.

The design and development of the above hardware 

modules as per required standard and development 

of complex embedded software residing in MPM was 

entirely carried out in-house.

Engineering Console

A PC based Engineering Console (EC) is used for 

configuring the MPS and it also acts as a display 

station for MPS. It displays the data received from MPS 

in different formats like tabular, bar graph, trend etc. 

It also displays the alert/trip, diagnostic and various 

system states in message and LED display format. It 

also shows long term trend display of RMS parameters 

of signals, real-time frequency spectrum, waterfall and 

orbit plots (see Fig. 4)

System Acceptance Testing and Manufacture

After completion of the design and development of 

the system, it was subjected to extensive testing at TSI 

lab of ECIL. After successful completion of acceptance 

testing, the system was taken up for manufacture 

by ECIL as a product. ECIL has received an order for 

supply of the system to 4 units of NTPC power station 

at Kahalgaon. 

Installation and Commissioning of MPS at 
NTPC

MPS was installed and commissioned at two units 

(210 MWe each) of Kahalgaon Super Thermal 

Power Station by a joint team of BARC and 

ECIL engineers. Two MPS systems configured as 

Turbo Supervisory Instrument (TSI) and Vibration 

Monitoring System (VMS) were installed for each 

unit. The systems provide online monitoring and 

machine protection for the turbo-generator set 

Fig. 3: MPM and IOM boards of MPS

Fig. 4: Various GUI screens of MPS on EC.

Relay Output Module (ROM) provides relay 

outputs for alert and trip (danger) conditions. This 

board consists of 16 relays and one pair of contacts of 

each relay is available on the screw terminal mounted 

on the facia of the board. The relays in ROM are 
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of the power plant. The TSI system monitors 

following parameters

•	 Axial	Shift

•	 Turbine	Speed			

•	 Differential	Expansion

•	 Case	Expansion

•	 Eccentricity

•	 CVSM	valve	Position

The VMS provides monitoring and analysis of vibration 

at various bearing locations. Fig. 5 shows the MPS 

systems installed at NTPC, Kahalgaon. 

term maintenance support. This indigenous 

development is aimed at reducing the dependence on  

imported systems.
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Fig. 5: MPS systems installed at NTPC, Kahalgaon.

Conclusion

With the above development, an indigenous, state-

of-art and user-configurable system is available to 

meet the requirements of machinery protection in 

various plants. The system is being manufactured 

and marketed by ECIL who also provide long 
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Introduction

A living organism has thousands of different proteins, 

and each one folds into a specific 3D structure to 

perform its specific cellular function. Determining 3D 

structure of proteins is crucial for understanding its 

cellular function at an atomic detail that eventually may 

help us to understand and control the diseases. Most 

prominent way to determine 3D structure is the X-ray 

diffraction of protein in crystalline forms. However, the 

protein crystals are weakly diffracting in nature. It is 

primarily due to presence of low Z atoms like carbon, 

nitrogen and oxygen and high content of disordered 

solvent. In addition, it is due to less number of 

repeating units in a diffracting crystal, often impaired 

by imperfection in crystal lattice. Determination of 

structures of novel proteins require the phases to be 

determined experimentally along with the diffracted 

intensities. The phases are obtained from anomalous 

and/or dispersive signals derived from the diffracted 

intensity data, collected at the specific X-ray energies. 

These methods of exploiting tunability of the X-ray 

beam for maximizing anomalous and dispersive 

signals are popularly known as Single-wavelength 

Dr. S.M. Sharma is the recipient of the DAE Group 
Achievement Award for the year 2012

Anomalous Diffraction (SAD) and Multi-wavelength 

Anomalous Diffraction (MAD) experiments. The Protein 

Crystallography (PX) beam-line aims to exploit two 

main features of synchrotron source: high brilliance of 

beam which is good for weakly diffracting crystals and 

energy tunability that is essential for solving phases. 

The beam-line efficiently transports X-rays from the 

synchrotron ring to the sample position through a 

series of optical elements, designed and installed at 

calculated positions, for providing the best possible 

match to the sample requirements. PX beam-line on 

Indus-2 synchrotron is likely to cater to the needs 

of about 50 independent research groups in India 

working in the area of structural biology.

Source

The PX beam-line installed at 1.5 T bending magnet 

source and is located at port no. 21 (10o port) of 

Indus-2 synchrotron. The beam-line “Front-End” 

(FE) which ends at 14 m from the source consists of 

a 2.2 mrad (H) beam defining copper-mask, various 

pneumatic gate valves,  water cooled shutters which 

include safety-shutter and fast-closing-shutter. The FE 
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employs fast-closing-shutter and delay line for UHV 

protection of the storage ring. The 250 m  thick 

beryllium window at the end of FE separates the 

storage ring vacuum from the beam-line. It also acts as 

high pass filter removing all the photons having energy 

below ~5 keV, reducing heat load on the downstream 

optical components. 

Optics

The beam-line is 36 m long starting from the source 

to the sample position. It comprises of several 

components namely, water cooled slits, Collimating 

Mirror (CM), Beam Position Monitors (BPM), 

Double Crystal Monochromator (DCM), focusing 

Torroidal Mirror (TM) and an experimental station as 

depicted schematically in Fig. 1. Some of the actual 

components of PX beam-line are shown in Fig. 2 (a) & 

(b). Most of the components of the beam-line, such 

as water-cooled primary slit, water-cooled compact 

slits, mirror chambers along with hexapods, beam 

pipes, support tables and Beam Position Monitors 

(BPM) were designed and developed indigenously. A 

water cooled primary slit is placed just after the FE 

to select the central cone of the X-ray beam for the 

collimating mirror, with optimal dimension. The BPM 

placed after the primary slit measures the X-ray beam 

profile and position. X-ray beam shines at 3 mrad 

incidence angle on a Rhodium coated collimating 

mirror surface reflecting it downward. The collimation 

of the beam improves flux and energy resolution.  

Due to heat load both the mirrors and first crystal 

of DCM are cooled with water. The BPM installed 

immediately after the CM used for the alignment 

of the mirror in X-rays.  DCM monochromatizes 

the X-ray beam by using a pair of Si crystals in  

(+,-) configuration which ensures constant exit 

beam height. In PX beam-line, the DCM is installed 

at 18.5 m from the source and consists of two pairs 

of crystals viz. Si(111) and Si(220) which can be 

exchanged in vacuum as per user requirement for 

resolution.  The maximum energy resolution (ΔE/E) 

with Si (111) crystal is ~ 1.33 x 10-4, while Si (220) 

provides ~5.12 x 10-5. The monochromatic beam 

can be resized by using the water cooled compact 

slit. BPM-3 helps in monochromator alignment. The 

monochromatic beam is focused on the sample at 

experimental station by using the TM, which is placed 

at 24 m from the source and focuses the X-ray beam 

in both vertical as well as in sagittal planes. BPM-4 is 

used for alignment of TM.  The manipulation of both 

the mirrors in X-ray beam is done using hexapods 

that provide all possible translations and rotations 

in 3D space with ~10 micron translation and ~0.1 

Fig. 1:  Schematic of PX beam-line.

Energy range 5 - 20 keV
Energy resolution (ΔE/E) 1.4×10-4 with a flat Si (111) DCM
Spot size 0.5 mm (H) x 0.5 mm (V)
Photon flux (measured at 80mA at 2.5 GeV) 6.4 x 109 photons/sec at sample
Beam divergence (horizontal) at sample < 4 mrad

Table-1: PX beam-line characteristics
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mrad angular accuracy. Lead shielded hutches and 

interlocked doors are provided for user safety.  

Experimental station

The PX beam-line is equipped with a state of the art 

experimental station to handle delicate and temperature 

sensitive protein crystals. The experimental station 

shown in Fig. 2 (b), comprises of a cooled CCD detector 

with detection area of  225 x 225 mm2 and pixel size 

of 72 micron, for fast (~1 sec) data acquisition. To 

avoid radiation damage in the protein samples, an 

LN2 cryo-streamer (100K) has been coupled with 

the experimental station. Automatic sample loading/

unloading is also possible by the attached robotic 

sample changer. A fluorescence detector has been 

integrated with the station for recording fluorescence 

from heavy atoms in crystals for enabling anomalous 

diffraction experiments. 

Beam line alignment and optimization

Beam-line alignment and spot optimization are crucial 

for maximizing flux at sample position.  A total of 

four wire-cum-fluorescence BPM are used for the 

alignment of optical components. The indigenously 

developed BPMs have two components: 1) a tungsten 

wire to measure photo current (~nA) and 2) a 

phosphor coated water cooled copper plate for beam 

viewing which can also act as a beam stopper. The 

intensity profile of the X-ray beam is calculated from 

the measured photo current with the stepper motor 

position (in the vertical direction) as shown in Fig.3. 

The X-ray beam is visualized (Fig. 3 inset) through 

the fluorescence from the phosphor coated plate 

using a CCTV camera. Thus the combination, wire 

current and fluorescence, provide both qualitative 

and quantitative information of the X-ray beam.  

Alignment of the mirrors, both CM and TM, are done 

using their downstream BPM. Both the mirrors are 

dynamically bent for matching source and focal point. 

The bending curvature and incident angle of TM are 

used to achieve optimal focus size at sample. Also 

TM is placed in 2:1 configuration, which minimizes 

the chromatic aberrations (sagittal and tangential).  

Typical beam-line characteristics are shown in Table-1. 

Fig. 2: (a) Actual photograph of PX beam-line at Indus-2 synchrotron showing its various; 
(b) The experimental station at the PX beam-line

Fig 3:  The measured beam profile for 4 mm vertical opening of 
the primary slit. Inset shows the white beam as visible from the 
BPM phosphor plate using CCTV camera
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The combination of Be window which act as low pass 

filter and the Rh coated mirrors that act as high pass 

filter ensure the beam-line working range from 5 

keV to 20 keV. This range covers  most of the heavy 

element absorption edge. The measured spot size at 

sample position is 0.5 mm (V) X 0.5 mm (H) which is 

close to the calculated spot size of 0.4 mm (V) X 0.4 

mm (H) and the brilliance is ~ 4.4 x 1010 photons s-1 

mm-2 mrad-2 at 80 mA (2.5 GeV).

Beam-line validation and data collection on 
lysozyme

X-ray diffraction data were collected on lysozyme 

protein (Fig. 4) and few organic crystals at 12.0 keV 

energy. A total of 90 oscillation frames were collected, 

each with 1 degree oscillation and an exposure 

time of 60 sec when ring current was at 60 mA at 

2.5 GeV. The lysozyme crystal diffracted to ~1.8 

angstrom resolution with I/σ = 24.8 and Rmerge = 

0.052. The diffraction data collection statistics are 

shown in Table-2. Subsequently fine tuning and spot 

optimization reduced the data collection time to 10 

sec per frame with improved statistics.

Structure determination of a novel protein using 
single-wavelength anomalous diffraction 

We solved a novel protein structure using single-

wavelength anomalous diffraction (SAD) experiment 

at the Selenium K-edge (Fig. 5). The protein 

(monomeric mass ~37 kDa) is a Xaa-Pro dipeptidase 

from Deinococcus radiodurans (GenBank accession, 

NP_294970) and consists of 349 residues. The six 

native sulphur-methionine residues of the protein were 

replaced by selenium-methionine using biochemical 

techniques and subsequently the protein was used to 

grow single crystals. The crystals (size ~200 microns) 

were diffracted at the PX beam-line at 12.666 keV 

energy. The data were processed using XDS and scaled 

using AIMLESS (CCP4) programs. The protein structure 

was solved by SAD phasing method using ShelX 

suite. The <d”/sigmaF> value of >1.3 suggested 

a significant anomalous signals in the dataset. The 

selenium atoms (six number) and their occupancies 

were determined using ShelXD with CCall > 45%. 

The initial map was significantly improved by density 

modification using ShelXE suite. The map clearly 

distinguished between the correct and the wrong 

enantiomer. The residues were auto-built into density 

modified map using ARP/aWRP Classic software. The 

structure was refined using PHENIX-refinement with 

intermittent manual building using COOT suites. The 

structure was refined to Rwork/Rfree value of 20/22 % 

with good stereochemistry.  

Fig. 4:  First diffraction image form lysozyme crystal at 
PX beam-line

Fig.5: A ribbon representation of the 3D 
structure of Xaa-Pro dipeptidase protein from 
Deinococcus radiodurans
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Overall Inner Shell Outer Shell 
Low resolution limit 22.10 22.10 1.93
High resolution limit 1.83 5.80 1.83
Rmerge 0.051 0.036 0.124 
Total observations 81043 2531 11743 
Unique observations 11286 422 1596 
Mean((I)/sd(I)) 25.7 34.0 13.9 
Completeness 99.3 98.3 98.6 
Multiplicity 7.2 6.0 7.4 
Average mosaicity 0.01 
Unit cell a=b=79.69, c=38.52; α=β=γ=90.0
Unit cell (PDB reported) 1BVX a=b=79.20,  c=38.04; α=β=γ=90.0
Space group P43212
Maximum resolution: Beyond 1.83 Å

Table-2: Data processing statistics for lysozyme protein crystal
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Abstract

Molten salt is increasingly getting more attention as fuel, blanket and coolant for High Temperature Reactors 

(HTR) as well as a coolant and storage medium for solar power tower systems. This article deals with the activities 

performed on molten salt coolant technologies for high temperature reactor and solar power tower applications. 

With the objectives to study the thermal-hydraulic behavior of different molten salts and compatibility of different 

structural material with molten salts, two different experimental facilities namely Molten Salt Natural Circulation 

Loop (MSNCL) and Molten Salt Corrosion Test Facility (MOSCOT), have been designed, fabricated, installed and 

successfully operated.

Dr. N.K. Maheshwari is the recipient of the DAE Group Achievement
Award for the year 2012

Introduction

BARC is developing a High Temperature Reactor 

(HTR), capable of supplying process heat at 1000oC to 

facilitate hydrogen production by splitting water. BARC 

is also developing a potential technology to make solar 

power dispatchable, such that solar heat can be used 

to generate electricity at will. In both the cases it has 

been proposed to use molten salts as a coolant since it 

has low melting point and high boiling point, enabling 

us to operate the system at low pressure. Molten 

fluoride salts and molten nitrate salts are proposed 

as candidate coolants for HTR and solar power tower 

systems respectively. Some of the challenges related 

to the use of above salts include understanding its 

thermal-hydraulic behavior, development and testing 

of related high temperature instruments and study 

of its compatibility with different structural materials 

[1,2,3]. In this regard the heat transfer and pressure 

drop characteristics of molten fluoride salt as well 

as molten nitrate salt has been theoretically studied 

already [4,5]. A comparative study of the steady state 

and transient behavior of natural circulation loop with 

various heat transfer media has also been performed 

[6]. Nevertheless theoretical studies are not sufficient 

enough to qualify these salts for HTR and solar power 

applications. Development of suitable test facilities and 

detailed experimentation in these setups will create a 

complete database on the characteristics of molten 

salts under various operating conditions. This will also 

help in validating in-house and commercially available 

codes with molten salts. In view of this, two different 

experimental facilities- Molten Salt Natural Circulation 

Loop (MSNCL) for thermal hydraulic studies of molten 

salts and Molten Salt Corrosion Test Facility (MOSCOT) 

for material compatibility study in such environment 
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have been setup in BARC. Pre-test analyses of MSNCL 

have also been carried out using one dimensional 

in-house developed code LeBENC, acronym of Lead 

Bismuth Eutectic Natural Circulation [7]. 

Description of the Test Facilities

Molten Salt Natural Circulation Loop (MSNCL)

Considering the importance of natural circulation in 

high temperature systems and taking into account the 

scarcity of experimental data, a Molten Salt Natural 

Circulation Loop (MSNCL) has been setup. Fig. 1 and 

Fig. 2 show the isometric view and photograph of 

the MSNCL respectively. Initially, molten nitrate salt; 

i.e. a mixture of NaNO3 and KNO3 in 60:40 ratio; 

has been taken for the experimental studies. MSNCL 

comprises of five parts viz. heater section, cooler, 

melt tank, expansion tank and main loop piping. 

All components and piping of the loop are made of 

Inconel 625 material. It has been designed in such a 

way that the effect of different orientations of heater 

and cooler on the mass flow rate can be studied. 

An expansion tank has been provided at the top of 

the loop to accommodate the volumetric expansion 

of the salt. Instruments for measuring temperature, 

pressure and level have been installed in the loop. A 

central control system has been provided to control 

the process parameters. 

Molten Salt Corrosion Test Facility (MOSCOT)

Molten Salt Corrosion Test Facility (MOSCOT) consists 

of two cylindrical vessels called melt tank and main 

vessel. Figure 3 and Fig. 4 show the schematic and 

photograph of the MOSCOT facility respectively. Both 

the vessels have been fabricated with Inconel-625 

material. The inner surface of the vessels was coated 

with nickel to reduce corrosion. The test facility has 

been designed for in-situ measurement of static 

and dynamic corrosion in molten salt environment. 

Eutectic mixture of lithium fluoride, sodium fluoride 

and potassium fluoride (FLiNaK) has been used as a 

working fluid for the study. To carry out in-situ corrosion 

measurements, electrochemical technique has been 

used for which a Potentiostat-Galvanostat (PG-Stat) 

has been installed in the facility. The resulting data and 

its interpretation provide estimation of corrosion rate 

of the material in the given molten salt environment. 

In order to maintain the chemistry of the molten salt, Fig. 1: Isometric view of MSNCL

Fig. 2: Photograph of MSNCL
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high purity argon gas has been provided as a cover 

gas in both the vessels, which has been purged to 

atmosphere through a water scrubber.

   

validated with the experimental results of molten nitrate 

salt. The results for the same are as follows:

Steady state analysis

In the steady state natural circulation experiment, the 

loop was allowed to reach steady state conditions at 

different powers. By observing the trend of molten 

salt temperature at different location, the steady state 

conditions can be judged. For steady state natural 

circulation, Vijayan [9] showed that the flow in a 

single phase uniform or non-uniform diameter natural 

circulation loops can be expressed as, 

        

                             (1)

Where, constants ‘c’ and ‘r’ depends upon the 

nature of flow i.e. laminar or turbulent. Parameter NG 

depends upon the geometry of the loop. The detailed 

derivation of Eq. 1 can be found in Vijayan [9]. The 

same correlation is compared with experimental data 

in Fig 5. It is found that the experimental results 

uniformly lag with correlation values due to the heat 

losses in the loop.

Fig. 3: Schematic of MOSCOT facility

Results

Thermal hydraulic studies in MSNCL

Various steady state and transient experiments such as 

loss of heat sink transient, step power increase have been 

performed in the loop for Vertical Heater and Horizontal 

Cooler (VHHC) orientation. An in-house developed one 

dimensional code LeBENC was already validated with 

water and lead-bismuth eutectic [6,8]. Further it is 

Fig. 4: Photograph of MOSCOT facility

Fig. 5: Comparison of experimental Data with steady state 
correlation given by Vijayan et. al.

Transient Studies

Various transients’ viz. loss of heat sink, heater trip, 

startup of natural circulation and step change in power 
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has been performed in MSNCL. A typical temperature 

profile of cooler inlet and cooler outlet in loss of heat 

sink transient is shown in Fig. 6. Results obtained from 

LeBENC are compared with experimental data and 

found in good agreement.

   

Corrosion studies in MOSCOT facility

In situ corrosion tests were performed on four different 

Ni-alloys viz. Inconel 625, Inconel 617, Inconel 600 and 

Incoloy 800 at five different temperatures 550 oC, 600 
oC, 650 oC, 700 oC and 750oC using electrochemical 

polarization (Taffel plot) technique. Corrosion current 

(ICorr) obtained from the intersection of cathodic 

and anodic Taffel lines was used for the estimation of 

corrosion rate. A typical impedance spectra and Taffel 

curve of Inconel 600 are shown in Fig. 7 and Fig. 8 

Fig. 6: Cooler Inlet and outlet temperature variation in LOHS 
transient and its comparison with LBENC

Fig. 7: Impedence spectra of Inconel 600 at different temperature

Fig. 8: Taffel curve of Inconel 600

respectively. Corrosion rates (mills per year) of all the 

selected materials at different temperatures obtained 

from the experiments have been listed in table.1. The 

results show that the corrosion rate is temperature 

dependent and at highest experimental temperature 

Inconel 600 has lowest corrosion rate.

Concluding Remarks

The present Molten salt test facilities have facilitated 

thermal hydraulic and material related studies at high 

temperatures and development/testing of instruments 

like level sensor, control valves etc. Steady state and 

transient behavior of molten nitrate salt in natural 

circulation flow condition have been studied in 

MSNCL. On the other hand, material compatibility 

studies using electrochemical technique under fluoride 

salt environment have been performed in MOSCOT 

facility. Both the facilities are being used to generate 

Material

Temp
(°C)

Inconel 
600

Inconel 
617

Inconel 
625

Incoloy
800

550 6.2 10.0 - 17.4 
600 12.2 18.2 6.1 30.1 
650 25.9 22.7 5.0 31.2 
700 25.4 33.9 71.3 45.4 
750 15.8 97.9 127.6 33.2 

Table 1: Corrosion rate (mpy) of different materials in molten 
fluoride salt environment at different temperatures
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extensive experimental data which are relevant to 

high temperature coolant system design and solar 

application. The experimental data obtained from 

MSNCL is being used for the validation of in-house 

developed computer codes and CFD codes essential 

for the design of high temperature reactor systems.
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Nomenclature

Ress Steady state Reynolds number 
 
Grm	 Modified	Grashof	number,		

D	 Diameter,	m  
 
r	 Density	of	working	fluid,	kg / m3

 
b  Volumetric	coefficient	of	expansion,		1	/	K

g	 Acceleration	due	to	gravity,		m / s2

D Tr	 Reference	temperature	difference,	(QH / AmCp), K 

Q Total	heat	input	rate,		W
 
H	 Loop	height,	m
 
A	 Flow	area, m2

 
Cp Specific	heat,	J / kg.K

m Dynamic	viscosity,	Pa.s
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CATALYSTS FOR HYDROGEN MITIGATION BY PASSIVE 

AUTOCATALYTIC RECOMBINER

Salil Varma
Chemistry Division

Abstract

Hydrogen released in nuclear reactor containment from clad/fuel – steam interaction under severe accident scenario 

poses a threat to containment and hence can lead to release of radioactivity. Regulating of hydrogen concentration 

by catalytic recombination is a viable solution to this problem. Various supported platinum, Platinum-ruthenium 

and platinum-palladium catalysts, with stainless steel or cordierite support have been developed for this purpose. 

The catalysts prepared have been characterised for the loading of noble metal, phase purity, surface morphology 

and surface composition. The catalysts have been evaluated for recombination of varying concentrations of 

hydrogen with oxygen in ambient and moist air. The performances of these catalysts in presence of various poisons 

like moisture, CO2, CO and hydrocarbons provide data about use of these catalysts under the actual scenario. 

While, SS wiregauze supported catalysts are found to perform better in presence of humidity and condensed 

moisture and within limited CO concentrations, the cordierite based catalysts exhibit poor performance in presence 

of condensed moisture and have enhanced resistance to carbon monoxide.

Shri Salil Varma is the recipient of the DAE Special 
Contribution Award for the year 2012

Introduction

Under loss of coolant accident condition (LOCA) 

large amount of hydrogen accumulated in nuclear 

reactor after failure of emergency core cooling 

system (ECCS). Once this hydrogen surpasses the 

flammability limit in air (4%) it could create adverse 

impact on environment as there can be chances of 

radioactivity to fallout [1]. Three mile Iceland (US), 

Fukushima (Japan) have been suffered from endanger 

of hydrogen explosion. To avoid this kind of situation 

lots of efforts have been put by concern nuclear 

organizations over worldwide. Several alternatives 

have been proposed for dealing with this issue viz. pre 

and post inerting, deliberate ignition system, dilute 

venting, and passive autocatalytic recombiner. Passive 

Autocatalytic Recombiner (PAR) is one of the most 

suitable candidates to deal with this situation. Because 

it has an inherent advantages over others that it can 

be auto initiated, cannot depend on external power 

supply, it can be placed at any location in containment 

and it can be operate by remote handling also [2]. 

Various types of catalysts such as Pt/Al2O3, Pt/SnO2, Pt/

Polyester, etc. have been reported have been reported 

so far for meeting the specification of PAR [3]. Herein, 

our group developed various wiregauze and cordierite 

ceramic supported Pt, Pt-Pd, Pt-Ru catalysts. Catalytic 

activity study compared for various H2 concentrations 

in air and for various probable poisons like CO2, CH4, 

CO, relative humidity and condensed water.

Experimental

Here, for this purpose SS wiregauze and cordierite 

plates with dimensions of 5 cm X 16 cm were exploited 

as support. Using suitable precursors of noble metal 
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and reducing agent wiregauze and cordierite based 

catalysts has been prepared. Electroless deposition 

route has been attempted for the synthesis of Pt, Pt-

Pd, Pt-Ru/wiregauze based catalysts whereas chemical 

reduction route has been employed for the synthesis 

of Pt, Pt-Pd/Cordierite based catalyst. All prepared 

samples has been characterized for their noble metal 

content by NAA, phase purity using XRD, Surface 

area by BET, Surface morphology by using FEG-SEM, 

elemental distribution by EDS and surface composition 

by XPS.

Result and Discussion

Fig.1 shows the SEM images for wiregauze and 

cordierite supports before after deposition of 

noble metals. SEM images reveal the difference in 

morphology and in particle size for all the samples. 

Fig. 1a) and 1b) shows the SEM images of wiregauze 

and cordierite support before coating. Fig.1c) shows 

the SEM image of Pt-Pd/Wg sample. Particles observed 

with dimension of ~ 0.1 to 0.5 micron. Fig. 1d) shows 

the SEM image of Pt-Pd/Cord sample. The observed 

particle size is in the range of 3.5 to 5 nm. Fig.2 (a) & (b) shows the variation in t1/2 and Tmax 

for Pt-Pd/cord catalysts with different hydrogen 

concentration. It has been observed that 

with increase in hydrogen concentration, 

time required for completion of half of the 

reaction (t1/2) has been decreased and 

maximum temperature rise on the catalyst 

surface (Tmax) has increased.  Maximum 

temperature (Tmax) rise observed for 

various hydrogen concentrations is in the 

range of 65 to 193 °C. 

Table 1 shows the comparable study of 

catalytic activities for wiregauze and 

cordierite based catalysts. Here it depicts 

that Pt and Pt-Pd/Wg based catalysts 

shows better catalytic activity in presence 

of condensed moisture whereas Pt, Pt-

Pd/Cordierite based catalysts performs 

better in presence of carbon monoxide. 
Fig.1: SEM images of (a) Blank wiregauze, (b) blank cordierite, (c) Pt-Pd 
wiregauze and (d) Pt-Pd cordierite

Fig. 2: Catalytic activity details for Pt-Pd/Cord catalyst in terms 
of change in (a) H2 concentration & (b) Temperature rise.
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In case of CO poisoning better performance of Pt-Ru/

Wg based catalysts found compared to Pt-Pd/Wg  but 

not as good as cordierite based catalysts.         

 

Conclusion

Wiregauze and cordierite supported Pt, Pt-Ru and 

Pt-Pd catalysts successfully prepared by electroless 

deposition and chemical reduction route method. 

It has been observed that Pt, Pt-Pd/Wg supported 

catalysts performs better in presence of condensed 

water whereas Pt, Pt-Pd/Cordierite catalysts shows 

better catalytic activity in presence of carbon 

monoxide.

S. 
No.

Catalysts NM 
Wt. 
gain 
(%)

t1/2

(min)
Tmax

(°C)
t1/2  (min) t1/2

after 
flushing 

(min)

CH4 
(0.5%)

CO2 
(0.5%)

CO Rel. 
Humidity 
(100 %)

Condensed 
Water

1. Pt/Wg 0.83 2.0 207 2.0 1.8 5.0a 3.8 - 2.1
2. PtPd/Wg 0.83 1.8 233 1.9 2.1 2.3b 2.6 - 2.1
3. PtRu/Wg 0.90 2.0 268 2.2 2.3 3.7c 2.5 5.6 2.1
4. Pt/Cord 0.20 3.3 148 3.4 3.5 4.7d 3.6 24.3 3.4
5. Pt+Pd/

Cord
0.20 3.3 140 3.5 3.8 3.9e 3.4 9.5 3.3

Table1. Catalytic activity details of all catalysts in presence and absence of poisons
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ON THE ISOTOPE EFFECTS OF ZrCoX3 (X = H, D AND T):

A FIRST-PRINCIPLES STUDY

D. Chattaraj, S.C. Parida and Smruti Dash
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and
C. Majumder

Chemistry Division

Abstract

The ZrCo-X (X= H, D and T) system gained considerable attention because of its use in fusion reactor program 

for the storage of hydrogen isotopes.  The isotopic effects on ZrCoX3  (X= H, D and T) were computed using 

the density functional theory (DFT). The variation of vibrational and thermodynamic properties of ZrCoX3  with 

temperature also revealed isotopic effects. The calculated formation energies of ZrCoX3, including the ZPE, were 

-146.66, -158.25 and -164.10 kJ/(mole of ZrCoX3 ) for X = H, D and T, respectively. The heat capacities of ZrCoX3 

were found to be higher than that of ZrCo alloy.

This Paper received the Mettler-Toledo Best Oral Presentation Award at the 19th DAE-BRNS  
Symposium on Thermal Analysis, held at Mumbai from Dec. 19-21, 2013

Introduction

Tritium will be used as fuel in fusion reactors. This 
radioactive isotope of hydrogen is required to be 
stored safely in a suitable material. Metal hydrides 
are the unique choice for this purpose. Development 
and delivery of such systems for tritium storage are 
of requirement in the International Thermonuclear 
Experimental Reactors (ITER) project. Conventionally, 
uranium is used for the storage of hydrogen isotopes 
because of its favourable properties. However, the 
uranium hydride is highly pyrophoric in nature and 
uranium is also a radioactive material. An alternate 
material, the intermetallic ZrCo has been found to be 
suitable for the safe storage, supply and recovery of 
hydrogen isotopes in the ITER [1]. 

Li et al. [2] reported the structural, vibrational and 
thermodynamic properties of ZrCo using first principles 
method. As the electronic properties are unable 
to distinguish the ZrCoH3 and its different isotopic 

analogues, a systematic study of the hydrides based on 
phonon calculations is required. This study is focused 
on the ab-initio calculations of the thermodynamic 
properties of the ZrCo and ZrCoX3 (X= H, D and T) 
using DFT and frozen phonon approach. 

Computational details

All calculations have been performed using the plane 
wave-pseudopotential method under the framework 
of DFT as implemented in the Vienna ab-initio 
simulation package (VASP). The ionic optimization is 
carried out using the conjugate gradient scheme and 
the forces on each ion are minimized upto 5meV/Å. A 
6x6x6 Monhorst-Pack k-point mesh has been used for 
the Brillouin zone sampling.

The phonon frequencies of ZrCo and ZrCoX3 (X=H, 
D and T) were calculated by the PHONON program 
using the forces based on the VASP package. A 
3x3x3 supercell of ZrCo containing total 54 atoms 
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and a 3x1x2 supercell of ZrCoX3 (X=H, D and T) 
containing 120 atoms have been used for the phonon 
calculations. A small displacement of 0.02 Ǻ has been 
given to the atoms present in the supercell of ZrCo and 
ZrCoX3 (X=H, D and T). The temperature dependent 
thermodynamic functions of ZrCoH3, ZrCoD3 and 
ZrCoT3 have been calculated from the phonon 
frequencies.

Results and discussion

Structural properties

The crystal structure of ZrCo is CsCl-type cubic (bcc) 
with a lattice parameter of 3.196 Ǻ. The hydride of 
ZrCo, i.e.; ZrCoH3 favors a simple orthorhombic ZrNiH3-
type crystal structure with the room temperature lattice 
parameters listed in Table 1. To obtain the ground 
state structural parameters, the atomic and electronic 
structure of the ZrCo and ZrCoH3 were optimized by 
varying the lattice parameters (summarized in Table 1). 
The lattice parameters are found to be within ± 1% 
accuracy from the experimental data. 

Thermodynamic properties

The temperature-dependent thermodynamic functions 
of a crystal, such as the internal energy (E), entropy 
(S), Helmholtz free energy (F) and constant volume 
heat capacity (Cv) are calculated from their phonon 
density of states as a function of frequencies using the 
standard equations cited in literature [5]. The variation 
of F, E, S and Cv are shown in Fig. 1(a-d) upto 600 
K, which is below the decomposition temperature of 
ZrCoX3 (X= H, D, and T). 

The calculated zero point energies (ZPE) are 5.01, 
43.65, 32.05 and 26.21 kJ/mol for the ZrCo, ZrCoH3, 
ZrCoD3 and ZrCoT3, respectively. The enthalpy of 
formation of ZrCo (at 0 K) changes from -55.94 kJ/mol 
to -50.93 kJ/mol after including the ZPE. The enthalpy 
of formation (ΔfH) at 0 K for ZrCoH3 is -190.31 kJ/
mol without considering ZPE. After including the ZPE 
correction, the heat of formation of ZrCoH3 changes 
from -190.31 to -146.66 kJ/mol. Similarly, ZPE 
corrected ΔfH at 0 K for ZrCoD3 and ZrCoT3 are -158.25 
and -164.10 kJ/mol, respectively. It is interesting to 
note that, although ZrCoH3 and its isotopic analogues 
ZrCoD3 and ZrCoT3have the same crystal and electronic 
structure, ZrCoT3 and ZrCoD3 are more stable than 
ZrCoH3. Fig. 1(a) shows that the free energy (F) for 
all three hydrides decreases gradually with increase 
in temperature. In contrast, the internal energy E and 
entropy S increases with increase in temperature as 
shown in Fig. 1(b) and 1(c). 

We have also calculated the heat capacities of ZrCoX3 

(X = H, D, and T). The temperature dependence of 
heat capacity (Cv) of ZrCoX3 (X= H, D, T) is shown 
in Fig. 1(d). It is seen that at low temperature, upto 
300 K, the heat capacities of ZrCoX3 (X = H, D, and 
T) increase rapidly with increase in temperature and 
thereafter increases slowly up to 600 K, and attain 
the saturation values which is known as Dulong-Petit 
classical limit. From the fig. 1(d) it is seen that upto 
100 K, the variation of Cv versus T  curve follows the 
same trend for all ZrCoX3 compounds, but above 100 
K it shows different trend: Cv (ZrCoT3) > Cv (ZrCoD3) > 
Cv (ZrCoH3). The heat capacities of hydrides are higher 
compare to its precursor alloy ZrCo. It is due to the 
contribution of high frequency optical modes of X2 

System Crystal 
system

Space group Calc. lattice 
parameters (at 0 K)

Expt. (at 298 K) [Ref.]

ZrCo bcc Pm-3m a (Ǻ) = 3.181 3.196 [3]
V0 (Ǻ3) = 32.19 32.65

ZrCoH3 orthorhombic Cmcm a (Ǻ) 3.531 3.527 [4]
b (Ǻ) 10.395 10.463
c (Ǻ) 4.311 4.343

V0 (Ǻ3) 79.11 80.13

Table 1: Crystal structure of ZrCo and ZrCoH3.
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(X= H, D and T) to the Cv of hydrides.  In addition, the 
heat capacity plot shows a broad hump around 100 K 
for all three compounds.  At low temperature, below 
100 K, the acoustic modes, in which the Zr, Co and 
H atoms are vibrating ‘in-phase’, dominate the heat 
capacity contribution. At higher temperature, above 
100 K, the optical modes of vibration, in which the 
light H atoms vibrate against the heavy and almost 
stationary Zr and Co atoms, dominates the heat 
capacity. Hence, around 100 K, this transition from 
predominant acoustic vibration to optical vibration 
cause a change in heat capacity function leading to a 
broad hump. 

Conclusion

The first principles calculations of crystal structures 
and thermodynamic properties of ZrCo and ZrCoX3 

(X= H, D, T) have been reported in this work. The 
thermodynamic functions were determined within the 

harmonic approximation from the phonon frequencies. 
The isotopic effect of ZrCoX3 was also reflected in 
the thermodynamic properties. The ZPE corrected 
enthalpies of formation (ΔfH at 0 K) were determined 
for ZrCoX3 (X= H, D, T). It has been suggested that 
ZrCoT3 and ZrCoD3 are more stable than ZrCoH3. 
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Fig. 1: The calculated thermodynamics functions for ZrCo and ZrCoX3 (X= H, D and T)
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A CASE STUDY

K. Anand Rao and T. Sreenivas
Mineral Processing Division, BARC Hyderabad

 and
A.K. Suri

Bhabha Atomic Research Centre

Abstract

High rock permeability and liberation of uranium minerals in coarser sizes render leaching kinetics of medium 

to high grade (>0.2% U3O8) uranium ores to be best described either by homogeneous or topochemical 

reaction models. But in case of low-grade uranium ores with very fine dissemination of uranium minerals, 

the rate controlling step is observed to be the process of diffusion of dissolved ions in liquid within pores of 

rock particles. In the present study, the experimental leaching data generated on a low grade uranium ore 

from Tummalapalle in Andhra Pradesh, India is described by a pore diffusion model integrating particle size 

distribution.

The Tummalapalle ore contains 0.01% pitchblende as uranium mineral in intimate association with pyrite.  

The gangue minerals are 83% carbonates, 11.3% quartz, 0.47% pyrite.  The diffusion of leachant phases like  

CO3
-2 and O-2 inside the ore particles and the counter current diffusion of the reaction product uranyl carbonate 

anions is assumed to be the rate controlling step. The Effective diffusivity (Deff) in turn is a function of porosity 

and tortousity of the ground ore particles. Experiments included variation of partial pressure of oxygen from 

4.5 kg/cm2 to 6.5 kg/cm2, stirring speed between 573 rpm to 900 rpm, reaction temperature in the range 

1250C to 1650C and average particle size from 25.8 µ to 34.76 µ. Gates-Gaudin-Schumann size distribution 

was incorporated into the kinetic model developed and the effective diffusivity was computed for different 

combinations of experimental conditions. The effective diffusivity was found to be in the range 0.61 cm2/s to 

5.67 cm2/s. It is observed to be increasing with increase in partial pressure of oxygen, increase in stirring speed, 

increase in temperature and decrease in average particle size. Arrhenius plot of log(Deff) Vs 1/T yielded activation 

energy of 3.27 kcal/mole, which qualifies the assumption of diffusion controlled mechanism. The calculated and 

experimental conversions of uranium with time were found to be in good agreement.

Keywords: Pore diffusion model; Particle size distribution; Tummalapalle uranium ore; Alkaline leaching; 

Diffusivity
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Introduction

The demand for uranium is on steady increase in 

India in recent past due to setting-up of new nuclear 

power plants in various parts of the country. These 

requirements are planned to be met with a mix of 

indigenous resources and imports (Anon 2012).  An 

outcome of this scenario is the expansion programmes 

of the existing mills at Jaduguda and Turamdih in 

Singhbhum and setting-up of the third uranium mill 

at Tummalapalle in Andhra Pradesh based on alkaline 

leaching technology. A kinetic model is developed to 

describe the leaching behaviour of uranium from the 

Tummalapalle ore. Results of this study are presented 

in the paper.

Alkaline leaching of uranium ores involve oxidation of 

uranium present in uraninite / pitchblende followed by 

its dissolution in carbonate solution. The macroscopic 

chemical reaction, combining both the above steps, is 

given by Eq.(1) (Merrit, 1970).

   
[1]

The hydroxyl ion precipitates uranium back as 

Na2U2O7 according to Eq.(2), if not neutralized by 

sodium bicarbonate. The neutralization reaction is 

given by Eq.(3) (Merrit, 1970)

    

[2]

             
[3]

The above chemical reactions during extraction of 

uranium into fluid phase from ground ore particles are 

controlled by various factors (1) degree of liberation 

of uranium in the ore, grain size of uranium, porosity 

of gangue as well as uranium minerals (2) type of 

leachant (3) type of oxidant and (4) system properties 

like temperature, pressure, stirring speed and type 

of stirrer, leachant vessel. If uranium minerals are 

fully liberated, the popular shrinking core model 

mechanisms (1) mass transport through the boundary 

layer fluid film surrounding each particle or (2) internal 

surface chemical reaction are applicable. If the product 

layer is porous, (3) core-shell (topochemical reaction 

model) diffusion, is applicable. Usually, the uranium 

minerals in the ground ore are fully / partially liberated 

by grinding. In high grade ores, even if uranium is 

partially liberated, the above mechanisms of shrinking 

core model generally fit the kinetic data. This is due 

to high rock permeability to the leachants (Barlett, 

1971; Du Preez et al, 1981). But for low grade and 

finely disseminated uranium ores like Tummalapalle 

ore in Andhra Pradesh, no single mechanism of 

shrinking core model was found to be applicable. 

Earlier attempts to fit a shrinking core kinetic model 

to the leaching data obtained on this ore resulted in a 

mixed controlled model, initially chemical reaction and 

later shell diffusion controlled (Anand Rao, 2010). This 

could be due to low rock permeability of the rock. Low 

permeability is evident from the low average specific 

surface area (0.42 m2/g given in Table 1) and low pore 

volume (0.002 cm3/g given in Table 1). Transport of 

dissolved metal in liquid within pores of rock particles 

is likely to be rate controlling step in overall extraction 

process, especially for low grade ores (Roach et al, 

1978). Counter current diffusion of uranyl anion 

out of the particle with CO3-2 and O-2 ions of the 

fluid phase diffusing into the particle is involved. 

The diffusivity in turn is a function of porosity and 

tortousity of the ground ore particles. Hence, a pore 

diffusion rate controlling extraction kinetic model is 

presented herein for the case of low grade uranium 

ore from Tummalapalle, Andhra Pradesh, India.

Experimental

Materials

The low grade uranium ore from Tummalapalle, India 

is phosphatic silicious dolomitic limestone containing 

about 80% carbonates, 12% quartz, 1.2% pyrite as the 

main gangue minerals and 0.01% pitchblende in intimate 

association with pyrite. Due to high acid consuming 

gangue, the alkaline reagent, mixture of Na2CO3 and 

NaHCO3 dissolved in water, was used as leachant. Oxygen 

gas under pressure was used as oxidant.
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A five litre capacity cylindrical shape autoclave made 

of stainless steel is used for carrying out kinetic tests of 

leaching. It is equipped with gas induction type hallow 

shaft fitted with 50 mm diameter single stage turbine 

type impeller, oxygen inlet pipe one end connected 

to oxygen cylinder through pressure reducing valve, 

cooling water coil, pressure sensor, rupture disk and 

a solenoid valve which releases pressure whenever 

exceeds the set point. Top lid of the vessel is coupled to 

motor drive with a magnetic seal and provided with a 

thermo well for thermocouple. Electrical heater along 

with insulation is wrapped outside the cylindrical 

vessel. Heater is connected to temperature indicator 

and controller to maintain constant temperature. 

Cooling water tank with pump is provided with auto 

mechanism of starting the pump whenever there 

is a rise in temperature due to exothermicity of the 

reactions inside the vessel.

Method

The Tummalapalle uranium ore was crushed to -1/4” 

size in a laboratory jaw crusher and then ground using 

ball mill for three different time periods to prepare 

different sized feed samples. The specific surface area 

determined by BET method using CO2 adsorption and 

the porosity determined by Mercury Porosimeter of the 

ore sample (-1/4”) are given in Table 1.

Table 1: Characteristics of Tummalapalle ore

 Surface area (m2/g)  0.42
 Pore volume (cm3/g)  0.002
                          6 PoreVolume(c.c. / g)
	 Pore	dia.(μ)=	 	 0.03
                           Surface area(m2 / g)

In each leaching experiment, dry ground ore (1 kg) 

and predetermined amount of tap water were placed 

in the autoclave. Autoclave lid was then closed; 

agitator started at low speed and heated up to  

800 C, at which instance the reactor was pressurized 

to arbitrarily chosen pressure of about 3 kg/cm2 using 

oxygen. The contents were then continued to be 

heated using electrical heater, which was set to the 

desired temperature (>1000C). Incidental increase in 

pressure of the reactor was observed, while heating 

so. Required amounts of alkali reagents dissolved in 

small amount of water were loaded into the autoclave 

using positive displacement pump. The pressure of 

the reactor was increased to the desired total pressure 

using oxygen, the agitator motor was set to the desired 

stirring speed and the clock time noted as starting 

time of leaching experiment. Leaching continued for 

6 hr. Slurry samples at time intervals of 1 hr, 2 hr, 4 

hr and 6 hr were drawn, solids filtered out and the 

leach liquors were analysed for their U3O8 content by 

spectrophotometry. Solid samples at the end of 6 hr 

were also analysed for their U3O8 content. The average 

of back calculated feed values of U3O8 computed in all 

the experiments was used in calculating experimental 

conversion (αexp) with time in each leaching test.

The constant parameters and levels of the variable 

parameters of present study, given in Table 2, were 

fixed around the optimum values observed in previous 

studies (Suri et al, 2010) on Tummalapalle ore.

Table 2 Constant and variable parameters of Tummalapalle ore 
leaching

Constant Parameter Value 
Pulp density 50% (by wt.)
Na2CO3 50 kg/ton of ore
NaHCO3 50 kg/ton of ore 
Variable Parameter Levels
Partial pressure of oxygen, 4.5, 5.5*, 6.5
Po2 in kg/cm2 (absolute)
Stirring speed, s in rpm 573, 764*, 900
Particle	Size,	d	in	μ	 25.8*,	32.36,	34.76
Temperature,	T	in	K	 398*,	413,	438

* The constant values used when the effect of other parameters 
was investigated

Pore diffusion rate controlled extraction model

The fraction of uranium extracted, α, from a single 

spherical particle of radius Ri in time t, is given by 

following Eq.(4) according to pore diffusion model 

(Jost, 1960; Perry, 1950).
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(4)

where K = 1,2,..... and Deff = Effective diffusivity which 

can be described by Eq.(5).

                                              

(5)

where, ε = porosity and the τD = tortousity factor of 

the ground ore particle and DAB = Diffusivity of solute 

A in solvent B.

Incorporating particle size distribution into the 
pore diffusion model

Murhammer et al (1986) showed that the error 

obtained by assuming uniform particle size distribution 

(= average of minimum and maximum size) was less 

than 5%, only if the ratio of maximum to minimum 

particle size is less than 5 (Murhammer et al, 1986). 

Gbor et al (2004) showed that if coefficient of 

variation of particle size distribution following gamma 

function is more than 0.3, shrinking core model 

without considering particle size distribution would 

lead to substantial errors. Hence, the size distribution 

of ground ore particles is considered. Gates-Gaudin-

Schumann (GGS) relation, the most common 

representation of particle size distribution, is given by 

Eqs.(6) and (7) (Kelly and Spottiswood, 1982).

                                          

(6)

where y(Ri) is cumulative weight fraction finer than 

size Ri and Rmax is size of largest particle. The fraction 

of material, Δy(Ri), in size range between Ri and Ri-ΔRi 

is obtained by differentiation of the above equation

 

                                      

(7)

Sum of weight fractions of discrete size intervals 

between the smallest and largest size should be 

constrained to 1.

                                           

(8)

The cumulative fraction extracted after an extraction 

time period t is obtained by summation of products 

of fraction extracted in each size Ri according to Eq.(4) 

and the fraction of material in small interval size Ri and 

Ri-ΔRi according to Eq.(7),

    

(9)

Fitting experimental data

The fractional conversion (αexp) was calculated 

using the average back calculated feed assay, 737 

ppm U3O8, obtained from residue assay and leach 

liquor assay in each experiment and the leach liquor 

concentration measured at different time intervals in 

all the experiments.

where, C= Concentration of U3O8 in the leach liquor 

at time t,g/L

V= Volume of leach liquor=0.9 L

W=weight of feed=1000 g

f=average %U3 O8 in the feed=0.0737 

Sieve analysis data of three feed samples are fitted by 

GGS distribution function according to Eq.(6) as shown 

in Fig.1. The plots of all the three products yielded a 

liner relation with high degree of correlation. From the 

slope and intercept values of straight lines obtained in 

Fig.1, the values of m and Rmax corresponding to three 

different sized feed samples are tabulated in Table 3.
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Eq.(9) can be solved for the only unknown Deff 

for each set of leaching conditions. In order to fit 

the experimental data to this model equation, a 

computer program is written to find the effective 

diffusion coefficient, Deff, in each experiment. Using 

m and Rmax values of the feed sample used in each 

experiment, the value of Δy(Ri) is computed according 

to Eq.(7) for each Ri, using 600 values of Ri = Rmax/600 

to Rmax with step size of Rmax/600, and stored. The 

step size used was found to be lower enough to meet 

the constraint stated as Eq.(8). For a value of t, for 

which αexp is available, sum of the terms of infinite 

series in Eq.(9) is approximated to a finite series sum 

such that values of K ranged from 1 to k where k is 

the least value of K whose term in the sum is less 

than 0.0005 of the cumulative sum of all previous 

terms. The omitted terms in the finite series make a 

negligible contribution to the sum. For each value of 

t, the cumulative conversion, α(t) was computed by 

summing the product of α(t,Ri) and Δy(Ri) over all the 

values of Ri (no. of Ri values being 600 as indicated 

above). Value of Deff  is calculated to minimize the 

error given by

             

(11) 

where αexp is the experimental value of fractional 

conversion, αcal is the calculated value of fraction 

reacted using Eq.(9), and Nm is the total number of 

data, which is 4 in the present case, as αexp in each 

kinetic experiment is available for four time periods of 

leaching.

Fig. 1:  Gates Gaudin Schuhmann plots of three feeds of Tummalapalle ore generated with different time 
periods of grinding

 Rav                                                                                          Gates Gaudin Schumann distribution parameters
 (µ) m Rmax (µ)
 12.4 0.46 54
 16.2 0.56 79
	 17.4	 0.62	 83

Table 3:  Particle size distribution parameters of Tummalapalle ore samples used in leaching experiments
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Table 4: Results of kinetic leaching experiments on Tummalapalle ore along with  

calculated Diffusivity (Deff, cm2/min)  and conversion of U3O8

Expt.
No. 

Partial
Pressure

of O2,
Po2

PH2O  at
temp.

T

Total
pressure,

Ptotal

Stirring
speed,

s

Average
particle
radius,

Rav

Temp.,
T

Deffx1011

(calc-
ulated)

Time,
t

Conversion
of U3O8,
αexp

Conversion
of U3O8,
αcal

(kg/cm2) (kg/cm2) (kg/cm2) rpm μ K (cm2/s ) (hr) fraction fraction

1 4.5 2.3 5.8 764 12.4 398 0.607

1 0.5 0.47
2 053 0.53
4 0.59 0.61
6 0.61 0.65

2* 5.5 2.3 6.8 764 12.4 398 2.43

1 0.63 0.61
2 0.71 0.68
4 0.74 0.76
6 0.74 0.8

3 6.5 2.3 7.8 764 12.4 398 2.43

1 0.65 0.6
2 0.67 0.68
4 0.75 0.76
6 0.79 0.8

4 5.5 2.3 6.8 573 12.4 398 2.025

1 0.61 0.59
2 0.69 0.66
4 0.71 0.74
6 0.73 0.78

5 5.5 2.3 6.8 900 12.4 398 2.835

1 0.67 0.62
2 0.73 0.7
4 0.74 0.77
6 0.75 0.81

6 5.5 3.6 8.1 764 12.4 413 2.835

1 0.69 0.62
2 0.74 0.7
4 0.73 0.77
6 0.75 0.81

7 5.5 7.0 11.5 764 12.4 438 5.67

1 0.78 0.7
2 0.76 0.77
4 0.81 0.84
6 0.82 0.88

8 5.5 2.3 6.8 764 17.4 398 0.957

1 0.43 0.36
2 0.47 0.43
4 0.48 0.51
6 0.54 0.56

9 5.5 2.3 6.8 764 16.2 398 1.435

1 0.47 0.4
2 0.55 0.48
4 0.51 0.56
6 0.55 0.61

*Base experiment, conducted at the constant values of each variable, when other parameters are changed



Special Issue  |  October 2014         177

BARC NEWSLETTERFounder’s Day
Results and Discussion

The values of Deff computed using Eq.(11) and 

corresponding values of αcal along with the set of 

experimental conditions of each experiment are given 

in Table 4. The predicted and experimental conversion 

values of U3O8 given in Table 4 are plotted as a parity 

plot in Fig.2.

 

Effect of temperature

Effective diffusivity is found to be increasing with 

increase in temperature. Arrhenius plot of log(Deff) Vs 

1/T, given in Fig.3, has yielded activation energy(Ea) 

of 3.27 kcal/mole. Less than 5 kcal/mole of Arrhenius 

activation energy cross validates the assumption of 

diffusion controlled mechanism (Laidler, 1965).

 

Fig.2:  Parity plot of calculated and experimental conversion 
of uranium in leaching of Tummalapalle uranium ore

Effect of partial pressure of oxygen

The effective diffusivity is found to be increasing from 

0.61x10-11 cm2/s to 2.43x10-11 cm2/s when partial 

pressure of oxygen increased from 4.5 kg/cm2 to 6.5 

kg/cm2. This could be due to increase in solubility 

of oxygen with the increase in partial pressure of 

oxygen leading to increased concentration gradient 

between the bulk of the solution and the mineral 

surface.

Effect of stirring speed

Effective diffusivity is found to be increasing from 

2.03x10-11 to 2.84x10-11 cm2/s with increase in 

stirring speed from 573 to 900 rpm which could be 

due to increased rate of diffusion at higher agitation 

speeds.

Fig.3:  Arrhenius plot of Diffusivity for leaching of 
Tummalapalle uranium ore

Effect of particle size

The effective diffusivity is found to be decreasing 

with increase in particle size. The algebraic function 

is however incorporated in the leaching model given 

in Eq.(9).

Conclusion

Pore diffusion model coupling particle size distribution 

has been applied to the data generated on carbonate 

leaching of Tummalapalle uranium ore. The effective 

diffusivities of the solutes during leaching under 

different process conditions of leaching were 

estimated. The variables studied included partial 

pressure of oxygen (4.5 to 6.5 kg/cm2), stirring speed 

(573 to 900 rpm), different particle size distributions 

with maximum particle radius from 54 to 83µ and 
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temperature 398 to 438 K. The effective diffusion 

coefficient in leaching of Tummalapalle uranium ore 

was found to be in the range 0.6x10-11 cm2/s to 

5.67x10-11 cm2/s.
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Nomenclature

C concentration of uranium in leach liquor at time 

t, g/L

Deff effective diffusion coefficient for diffusion in a 

porous solid, cm2/s

DAB ordinary diffusion coefficient for molecular 

diffusion in a fluid phase, cm2/s

Ea  Arrhenius activation energy, kcal/mole

ε porosity of the particle - volume fraction of pore 

space

f feed assay U3O8 , percent

K integer index, integer

m particle size parameter of the Gates Gaudin 

Schuhmann function

Ri radius of ith uranium ore particle, µ

Rmin radius of smallest uranium ore particle, µ

Rmax radius of largest uranium ore particle, µ

T  reaction temperature, oK

t  reaction time, h

s  stirring speed, rpm

τD tortousity factor for diffusion in pores (usually 

≈ 2)

y(Ri) cumulative weight fraction of ore particles finer 

than radius Ri, fraction

Δy(Ri ) fraction of particles in size range between Ri 

and Ri+ΔRi, fraction

V volume of leach liquor, L

W weight of feed, g

Greek Letters

α (t, Ri) fractional conversion of uranium ore particle of 

radius Ri at time t, fraction

αcal  calculated value of fraction of uranium reacted, 

fraction

αexp  experimental value of fraction of uranium 

reacted, fraction
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PHASE TRANSITION AND THERMAL STABILITY STUDIES 

OF MATERIALS USED AS ELECTROCERAMICS,  
CATALYST AND SUPERCONDUCTORS
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Abstract

Phase transition and thermal stability of material play a vital role in deciding its application in different fields. 

An extensive knowledge in thermophysical properties can be achieved using different thermoanalytical tools like 

Thermogravimetry (TG), Differential Thermal Analysis (DTA), Differential Scanning Calorimetry (DSC), Temperature 

Programmed Oxidation/Reduction/Desorption (TPDRO), Thermodilatometry, High Temperature X-ray Diffraction 

etc. All the above techniques were explored to study different materials related to electroceramics, fluorides, 

various mixed oxide catalysts and superconducting materials. Recently above techniques were further explored to 

study feasibility of various cell components of solid oxide fuel cells. 

This Paper received the  NETZSCH-ITAS Award at the 19th DAE-BRNS Symposium on  
Thermal Analysis, held at Mumbai, from Dec. 19-21, 2013

Introduction

Phase Transitions

Phase transitions in materials occur due to symmetry 

changes in the material as a result of changing 

external conditions, viz., temperature, pressure, etc. 

They are one of the most important factors that 

influence properties of materials. The ‘purpose’ of 

the transformations is to achieve thermodynamic 

equilibrium in the system under the new external 

conditions. All stages of phase transformations are 

subjected to thermal effects, which is the necessity 

to redistribute internal energy in the material that 

undergoes the transformation. We have studied phase 

transitions in various systems as listed in Fig.1.

One such interesting system was CsH2PO4 which was 

investigated for its reversible first order phase transition 

property using TG/DSC and high temperature optical 

microscopy way back in 1980. Superionic phase 

transition leading to an abrupt increases in proton 

conductivity from 10-6 to 10-2 S cm-1 was observed 

around this transition. The noted phase transition at 

234°C before loss of water molecule starts, makes it 

suitable candidate as proton conducting electrolyte 

only under humid condition at 230-300°C. This data 

can be of relevance for usage of this material as 

Fig. 1: Phase transition study in various systems
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electrolyte in Intermediate Temperature Solid Oxide 

Fuel Cells.

Electroceramic

In last two decades solid electroceramic materials have 

been explored as gas sensors, cell component materials 

in solid oxide fuel cells. List of materials studied in our 

group have been listed in Fig. 2. In this study various 

thermoanalytical techniques like thermodilatometry, 

High temperature XRD, and conductivity measurements 

were done using impedance spectroscopy and four 

probe techniques.

One of the interesting system evaluated, was vanadium 

and strontium substituted lanthanum molybdate.  

All the substituted compounds exhibit α (LT phase) 

→b(HT phase) transition. The ionic conductivity of 

β-La2Mo2O9, s1073 K= 0.06 S/cm-1 higher than that 

of YSZ, s1073 K= 0.04 S/cm-1. Substitution could not 

suppress the phase transition completely. The α→β 
phase transition causes an abrupt increase in ionic 

conductivity. In β - phase, the maximum conductivity 

was noticed in Sr substituted La2Mo2O9 due to increase 

in oxygen vacancy. 

The main limitations for practical applications of non-

substituted La2Mo2O9 as solid electrolyte is the phase 

transition. The phase transition produces a drastic 

drop in the conductivity below 560 °C and possibly 

mechanical failure due to the high thermal expansion 

of the unit cell volume between the high and low 

temperature polymorphs.

 

Superconducting oxides

To study the solid state nuclear magnetic resonance of 

superconducting oxides like Y-123, Y-124 and Sr2CuO3, 

fluorine was incorporated in to the oxides using solid 

gas reaction mechanism. To confirm the fluorine 

incorporation in to these materials, Differential thermal 

analysis was the sole technique. Superconducting oxide 

Sr2CuO2F2 was prepared by fluorinating Sr2CuO3 using 

NH4HF2 as fluorinating agent. As the concentration 

of NH4HF2 increases more and more fluorine was 

incorporated into Sr2CuO3 to form Sr2CuO2F2. This fact 

could be established only by using DTA (Table 1). All 

the endothermic peaks were reversible and it was due 

to melting points of product identified.

Catalysis

Mixed oxide based catalysts were explored for 

pollution abutments like CO oxidation reaction, 

dye degradation and few organic reactions. The 

higher catalytic activity for CO oxidation reaction 

for manganese substituted LaVO4 

and its reproducibility during redox 

cycles was due to the lowering of the 

reduction temperature and improved 

resistance to sintering as shown by 

temperature programmed reduction/

oxidation (TPDRO) techniques. Based 

on all factors i.e. thermal stability 

over successive redox cycles, light off 

temperature and conversion at reaction 

temperature range of 350 - 400°C, 

two compositions LaMn0.5V0.5O4-d, 

LaFe0.4V0.6O4-d and Fe0.5La0.5VO4 

of substituted LaVO4 systems stand out 

as excellent catalysts. Fig. 2: Various electroceramic systems explored for cell components of SOFC.
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Sr2CuO3:NH4HF2 DTA endotherm (°C) Residue identified
1:0 1168 Sr2CuO3

1:1 1078, 1141, 1168, 1414 Sr2CuO3, SrCuO2, SrF2

1:2 1085, 1436 SrCuO2, SrF2

1:3 1016, 1057, 1437 SrCuO2, SrCu2O3, SrF2

1:6 1091 ,1139, 1490 CuO, SrF2

Table 1: Summary of DTA results of fluorinated Sr2CuO3 samples

Conclusions

One can get vital information by exploring different 

thermal analysis techniques for practical applications 

of mixed oxides based catalyst, electroceramics and 

superconducting oxides.

Acknowledgement

I would like to acknowledge all present and previous 

co-authors and collaborators who have contributed to 

my research work.

Fig. 3: Successive redox cycles and light off temperatures obtained from TPDRO. 
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Abstract

Other than the problem of arsenic, fluoride, iron, salinity, heavy metals etc. the elements like uranium is also 

chemically toxic and there is few reported case where high uranium level in water was found like in some places 

of the State of Punjab. It was found in rural areas of Punjab that most of the uranium contaminated water also 

contains multiple contaminants mainly higher salinity and microorganisms. Hence to get the drinking quality 

water, it is necessary to remove all the contaminants beyond permissible limit. Desalination Division (BARC) has 

developed an innovative hybrid membrane based removal technique at the point-of-use to avoid the intake of 

uranium through drinking water pathway and also removes colloidal matters, microorganisms and salinity to a 

permissible limit. The water purification system comprises of microfiltration (MF) followed by ultrafiltration (UF) 

and hyperfiltration module. This hybrid membrane technology include tailor-made membrane making technology 

consists of 5-10micron MF to remove suspended solids, indigenously developed 0.01micron UF to remove bacteria 

& viruses and 0.001 micron hyperfiltration to remove uranium and excess salinity. Field testing was carried out to 

study the effectiveness of this hybrid membrane unit in removing uranium contamination from the ground water 

in six districts of the State of Punjab. From a peak of round 700ppb uranium concentration in the feed water 

samples, it is brought down to less than 10 ppb which is much below the permissible level of uranium in drinking 

water (60 ppb) prescribed by Atomic Energy Regulatory Board (AERB). 

This Paper received the  Nina Saxena Excellence in Technology Award [Competition for Nina Saxena  
Excellence in Technology Award held at IIT Kharagpur on 29th July, 2013]

Introduction  

Water resources all over the world are threatened not 

only by over exploitation and poor management of the 

natural resources but also by ecological degradation. 

This can also be attributed to the anthropogenic 

activities such as discharge of untreated waste, 

dumping of industrial effluents, leaching from the 

waste dump sites, run-offs from agricultural fields etc. 

Ultimately, contamination of drinking water source 

causes problem to human health and leads to water 

borne diseases. Toxicity of uranium in water mainly 

depends upon the solubility and chemical behavior 

of its compounds. For example, a study in Southern 

Finland concluded that the uranium concentration 

in well waters in the range of 5.6 – 3410 µg/L (ppb) 

does not have any adverse health effect on exposed 

populations due to the predominance of two calcium 

complex species Ca2UO2(CO3)3 and CaUO2(CO3)2- which 

are nontoxic in nature. Uranium is a natural element 

present in water since the inception of the earth. 

Elevated concentration of uranium in water samples 

has been reported in several countries throughout the 

world. In India, there is few reported high uranium 

level in water like in some places of the State of Punjab 

(Fig. 1). Being a low specific activity element, generally 
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the chemical toxicity of uranium is overriding the 

radiological one for soluble compounds. It is a well-

known nephrotoxic element and causes occurrence of 

higher protein β-microglobulin in urine and damage 

the kidney. Hence it is necessary to bring down the 

elevated concentration of uranium to the permissible 

level (60 ppb) prescribed by Atomic Energy Regulatory 

Board (AERB) for drinking purposes.

Water treatment processes such as coagulation / 

filtration at high pH, lime softening, ion exchange, 

activated charcoal adsorption, bone charcoal 

adsorption, zero valent iron etc. are used for uranium 

removal in several countries. Laboratory studies 

for removal of uranium were reported with ferric 

sulphate and aluminium sulphate coagulation in the 

pH range of 4 – 10. The uranium removal efficiency 

is 70 and 90% at pH 6 and 10 respectively with 

ferric sulphate and the removal efficiency is 90-95% 

at pH 10 with 50 – 85% at pH 6 with aluminium 

sulphate. However, coagulation method is highly 

dependent on coagulant dose or pH or both. Lime 

softening method removes 85-90% at pH 10.6 or 

more. But some other metal hydroxide precipitates 

out sometime. Ion exchange method removes very 

effectively (99%) but uranium must remain in ionic 

form and the removal efficiency varies greatly on 

the type of the resin, loading capacity, bed volumes, 

concentration of other interfering ions in water 

etc. All the aforementioned treatment methods are 

used in many countries with optimized parameters 

for maximum removal of uranium. However, each 

technique is dependent on pH, dissolved solid 

content, speciation of the contaminant, selectivity of 

the medium etc. These added extra chemicals to the 

treated water which needed further treatment to get 

drinking quality water. Hence, the present innovation 

is based on the filtration using hybrid membrane 

technology comprises of microfiltration (MF) followed 

by ultrafiltration (UF) and hyperfiltration membrane.

Fig. 1: Places in Punjab where high level of uranium are found in drinking water sources
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Uranium removal from surface water using 
indigenously developed hybrid membrane 
technology 

We have developed an innovative hybrid membrane 

based removal technique at the point-of-use to avoid 

the intake of uranium through drinking water pathway. 

From the detailed source water analysis (from rural 

area of Punjab) it was found that the ground water 

is contaminated with other impurities too apart from 

uranium beyond the permissible limit by WHO or 

IS10500 for drinking water. As the pressure driven 

membrane processes cover entire range of separation 

from suspended matters to soluble ions, the hybrid 

membrane technology is the better option for this 

application. Hybrid membrane technology includes MF 

(5-10µm) to remove suspended materials, indigenously 

developed UF (0.01µm) to remove colloidal matters 

with microorganisms and hyperfiltration (<0.001µm) 

to remove uranium and other dissolved contaminants. 

A water purifier manufactured by one of the licensee 

based on our innovative hybrid membrane technology 

is shown in Fig. 2. The technology has following 

features.   

  

•	 Removal	 technique	 at	 the	 point-of-use	 to	 avoid	

the intake of uranium through drinking water 

pathways

•	 As	the	variation	of	contaminants	are	many,	hybrid	

membrane systems give the total solution (our 

unit compromises of MF,UF and hyperfiltration 

membranes)

•	 The	concentrate	or	reject	stream	management	can	

be done through indigenously developed uranium 

selective resin if required.

•	 It	 is	 sustainable,	 economical,	 reliable	 and	 user	

friendly technology. 

Field testing of the in-house developed hybrid 
membrane system

Uranium decontamination from drinking water in 

Punjab has been field tested using in-house developed 

microfiltration-ultrafiltration-hyperfiltration hybrid 

membrane system. Water samples from six districts 

of the state of Punjab viz. Ferozpur, Faridkot, 

Muktsar, Bhatinda, Mansa and Moga were collected 

and tested. After measuring the total uranium 

concentration in water samples, the raw water was 

Fig. 2: Picture of a water purifier based on innovative hybrid membrane technology
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passed through the hybrid membrane based water 

purification system. The filtered and reject water 

were analysed for uranium concentration with other 

water quality parameters. From a peak of around 

700 ppb uranium concentrations in the feed water 

samples, it was brought down to less than 10 ppb 

which is well below the permissible limit of various 

water standards including world health organization 

(WHO) and Atomic Energy Regulatory Board (AERB). 

The summary of the feasibility study on use of BARC 

developed hybrid membrane technology based water 

Parameters Unit Range Mean
U concentration in 
water samples

ppb 3.7 – 685 184

TDS levels in water 
samples

ppm 174 - 4040 1346

U concentration in 
purifier filtered water

ppb 0.2 – 6.0 2.2

TDS in purifier filtered 
water

ppm 12 - 159 68

Table 1: Summary of the feasibility study

purification system is shown in Table 1. Based on this 

experience, treatment of 50m3/hr. uranium containing 

contaminated water has been proposed (mass flow 

diagram is shown in Fig. 3). 

Conclusions 

Uranium decontamination from drinking water 

in presence of multiple contaminants has been 

demonstrated using in-house developed hybrid 

membrane technology consisting of microfiltration, 

ultrafiltration and hyperfiltration membranes. The 

technology is affordable and robust for the wells 

used for domestic and drinking purpose generally in 

rural areas of India. As we have full-fledged advanced 

membrane development and application facility, the 

innovative technology development has been tailor-

made for the rural areas of Punjab or elsewhere having 

uranium contamination issues in ground water. It is 

sustainable with a win-win situation for the user and 

supplier serving a societal cause.   

Fig.3 Mass flow diagram for treatment of  50m3/hr. uranium containing contaminated water
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STIMULI-RESPONSIVE CUCURBITURIL-ADORNED 
SUPRMOLECULAR MICELLAR ASSEMBLIES OF 

CETYLPYRIDINIUM CHLORIDE

Jyotirmayee Mohanty
Radiation & Photochemistry Division

Abstract

The molecular recognition behavior of versatile macrocyclic receptors, cucurbiturils (CBs) have been investigated in 

relation to their host-guest interaction with amphiphilic molecules, especially cationic surfactants having widespread 

technological importance. Construction of novel cucurbituril (CB)-adorned supramolecular micellar assemblies 

of a cationic surfactant, cetylpyridinium chloride (CPC), through noncovalent host-guest interactions has been 

demonstrated. The distinct cation receptor features and cavity dimensions of the CB5 and CB7 homologues assert 

that the macrocyclic hosts remain complexed with the CPC monomers and take part in the micelle formation with 

a shift in cmc, a unique observation in contrast to that of classical host, b-cyclodextrin, and has been characterized 

by photochemical, surface tension, conductivity, DOSY NMR and SANS measurements. The reversible response of 

these soft supramolecular micellar structures to thermal-stimuli, which project their utility for on-demand smart 

drug-delivery vehicles, has also been established.

 

Key Words: Host-guest interaction, cucurbiturils, surfactant, supramolecular-micellar assemblies, stimuli-

responsive

This Paper received the  Samanta Chandra Sekhar Award 2011,  
at the Annual Meeting of the Odisha Bigyan Academy

Introduction

Supramolecular encapsulation of guest molecules 

through macrocyclic hosts presents a convenient 

pathway for modulation of molecular properties, as 

it can introduce pronounced effects on the physico-

chemical properties of the included guest.1 Host-

guest interaction finds immense importance in 

obtaining photostability, drug delivery, catalysis, and 

sensor applications. Cucurbiturils (CBs), relatively new 

addition to the repertoire of macrocyclic hosts, are 

a unique class of water soluble macrocyclic receptor 

molecules consisting of methylene bridged glycoluril 

units (Chart 1).1,2 Structurally, the pumpkin-shaped 

CBs constitute highly symmetrical hydrophobic cages 

of low polarity and polarizability with two identical 

dipolar portal ends comprised of carbonyl functional 

groups.1,2 As a macrocyclic host, CBs have attracted 

considerable attention in recent years owing to their 

excellent binding abilities for varieties of guests. 

Among different CBs, the homologue cucurbit[7]uril 

(CB7, with 7 glycoluril units) forms stable inclusion 

complexes with several guest molecules, like organic 

dyes, protonated alkyl and aryl amines and cationic 

dyes, via a combination of hydrophobic and ion-dipole 

interactions.1-4 The lower homologue cucurbit[5]uril 
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(CB5), having a smaller cavity size, interacts with metal 

ions or forms exclusion complex with cationic organic 

guests through its highly polarized carbonyl portals.2 In 

this article, the supramolecular interactions of CB5 and 

CB7 hosts with a cationic surfactant, cetylpyridinium 

chloride, have been described in relation to the 

modulation in the critical micelle concentration (cmc), 

temperature-responsive tunability and their potential 

applications.

concentrations, the cmc gradually increases from its 

normal value of 1 mM to 1.63 mM in the presence of 

2 mM CB7 (Fig.1 a-c). In contrast, the titration of NR 

with CPC in the presence of CB5 (1 mM), displayed a 

downward shift in the cmc (0.57mM) (Fig.1 d, e).5 The 

shift in cmc of CPC in the presence of CB5/CB7 was 

also confirmed by surface tension and conductivity 

measurements.

Chart 1: Chemical structures of the cucurbituril hosts and CPC 
surfactant.

Cucurbituril-adorned Suprmolecular Micellar 
Assemblies

Cetylpyridinium chloride (CPC, Chart 1) belongs to 

a class of frequently used cationic surfactants and 

exhibits intriguing microstructural changes with 

anionic additives such as hydrotropes, electrolytes, bile 

salts, etc. Owing to its vast applications, we attempted 

to explore its intriguing assembly features in the 

presence of supramolecular host, CBs, to have control 

for an on demand uptake and release. 

In the photochemical approach, we employ a 

fluorescent probe, Nile Red (NR), which shows 

characteristic changes in its spectral properties due 

to its preferential positioning in the interfacial region 

of the micelle. As shown in Fig. 1, the micellization 

behavior was examined in the presence of the 

macrocyclic host, CB7 and CB5. With increasing CB7 

Fig.1: Fluorescence titration curves of NR (~2 mM) with different 
concentrations of CPC in the absence and presence of CB hosts: 
absence of CBs (a); 1.5 mM CB7 (b); 2.0 mM CB7 (c); and 0.5 
mM CB5 (d); 1 mM CB5 (e). lex = 550 nm, lmon = 660 nm.

Considering the dimensions of the CB portals (portal 

diameter ~5.4 Å and ~2.4 Å for CB7 and CB5, 

respectively),2 and CPC (width of pyridinium group 

<5 Å and length of hydrocarbon chain ~17 Å), it is 

apparent that the pyridinium group of CPC can be 

accommodated within the CB7 cavity. CPC cannot 

be accommodated inside the CB5 cavity, however, an 

exclusion complex based on ion-dipole interactions 

is possible. Earlier studies using cyclodextrin (CD)/

CB7 hosts and other surfactant molecules have 

suggested that the reduction in the surfactant-

monomer concentration is the prevailing mechanism 

for the upward cmc shift where the host-bound 

surfactant monomers do not participate in the micelle 

formation.6,7 However, a similar mechanism in the 

present case cannot explain the contrasting cmc shifts 

observed with the CB7 and CB5 hosts, which points to 

possible participation of the CB-bound CPC monomers 

in the micelle formation.



Special Issue  |  October 2014         189

BARC NEWSLETTERFounder’s Day
The participation of the CB hosts in the micelle 

structure has also been confirmed by DOSY NMR 

measurements. If the cucurbiturils remain attached to 

the CPC as inclusion or exclusion (in the vicinity of the 

CPC head group) complexes, the diffusion coefficients 

of both the CPC protons as well as the CB7 protons 

would get affected on micellization. The average 

diffusion coefficient of the –CH protons of CPC in the 

presence of CB5 or CB7, decreases with increasing 

CPC concentrations. While the diffusion coefficient 

of CB5 protons remain unchanged, CB7 protons 

show a gradual decrease even beyond the cmc (Fig. 

2), indicating that the CB7-CPC unit is incorporated 

within the micellar assembly. However, similar studies 

with b-cyclodextrin (bCD) displayed such changes after 

an initial slight decrease, which was expected for its 

involvement with the monomers.5 

Fig.2: Plot of the diffusion coefficient values for the b-CD (a), 
CB7 (b) and the CB5 (c) protons with CPC concentration.

significant decrease in the surface charge on the 

micelle (0.17 to 0.10). This is very much in line with 

the existence of CB7 beaded CPC micelle. On the 

other hand, in the CB5-CPC system, though the SANS 

data indicated a significant reduction in the surface 

charge, the micellar dimensions remained unchanged, 

suggesting an externally embedded CB5 on the CPC 

micelle. Based on the above results, the positioning of 

the CB7/CB5 hosts in the CPC micelle can be visualized 

as in Fig. 3. In the case of CB5, the macrocycle remains 

in the periphery of the micellar structure, whereas in 

the case of CB7, the CB7-CPC complex is incorporated 

within the micellar structure leading to the formation 

of mixed micelles. The incorporation of CB7 at the 

neck of the pyridinium head group provides optimum 

interaction for the negatively polarized CB portals with 

the cationic charge of the pyridinium head group. In 

addition a part of the alkyl chain is included in the 

cavity of the macrocycle due to favorable hydrophobic 

interactions. The partial encapsulation of alkyl chain of 

CPC within the CB7 host can reduce the hydrophobicity 

of the alkyl chain and can lead to an increase in the 

cmc.5 

Stimuli-responsive Tuning

The advantages of the contrasting supra-molecular cmc 

shift established in CPC on using CB7 or CB5 has been 

explored further to demonstrate a supramolecularly 

tunable cmc, which has implications in drug transport, 

binding and release strategy, etc. The effect of 

increasing CB7 concentration or solution temperature 

on the cmc of CPC in a solution containing 1 mM 

Fig.3: Schematic representation of the distinct cucurbituril adorned micellar assemblies 
formed by CPC (a), in presence of CB7 (b), and CB5 (c).

Small-angle neutron scattering 

(SANS) measurements on the 

CB7-CPC system revealed that 

the micellar structure of CPC is 

prolate ellipsoidal with axes 34.3 

Å (a) and 18.5 Å (b). However, 

in the presence of CB7, there is 

slight elongation along the major 

axis from 34.3 to 35.9 Å with a 
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CB5 has been investigated. The fluorescence titration 

curves progressively shifted with the addition of CB7 

or increasing temperature and the corresponding cmc 

values demonstrated a tunable range from 0.57 to 

1.6 mM (Fig. 4).5 The addition of CB7 or increase in 

temperature at the above discussed conditions disrupts 

the CB5-CPC micellar structure, which establishes a 

facile host/temperature-induced release mechanism 

having direct relevance in drug delivery applications. 

demonstrates a continuous tunable range for the 

micellization of CPC. The supramolecular modulation 

of the surfactant aggregates, envisioned in the present 

work is very potent and promising for pharmacological 

applications and for designing tunable artificial 

molecular devices or nanoreactors. 
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Fig. 4: Micellization curve for the CB5 or CB7 adorned CPC 
surfactant and the proposed release mechanism for the CB5 
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Conclusion

The established cucurbituril-adorned, thermo-

responsive on/off supramolecular micellar assemblies 

of the cationic surfactant, CPC, is schematically shown 

in figure 4. While the supramolecular additive, CB5, 

exhibits an early micellization of CPC at ~0.57 mM, 

the CB7 host delays the same to about 1.6 mM of 

CPC. Response of these systems to external stimuli, 

such as, temperature or the combination of CB5/CB7, 
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Abstract

The interactions of fluorophores with plasmonic nanostructures lead to several favorable effects such as increased 

brightness, better photostabilities and reduced excited-state lifetimes that can be exploited to improve fluorescence 

technology. This article describes the development of novel silver-gold nanocomposite structures for metal-

enhanced fluorescence and silver nanostructures for efficient fluorescence correlation spectroscopy, with reduced 

detection volumes and increased signal intensities.

Keywords: Metal-Enhanced Fluorescence, Silver-Gold Nanocomposites, Surface-Plasmon, Fluorescence Correlation 

Spectroscopy, Single Molecule Fluorescence
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Introduction

Fluorescence detection is a versatile and widely used 

research tool due to its high sensitivity, ease of detection 

and rapid response. Today fluorescence spectroscopy 

and microscopy require minimal sample volumes and 

extremely low concentration of fluorophores for single 

molecule detection. The coupling of fluorescence with 

surface-plasmon oscillations in metal nanostructures 

provides us the opportunity to create new kinds of 

ultrabright fluorescent probes or develop alternative 

methodologies that can improve the capabilities of 

modern fluorescence technology.1 

A fluorophore that is placed at a certain optimal 

distance from metal nanoparticles, can exhibit 

increased fluorescence intensities, decreased 

fluorescence lifetimes and improved photostabilities. 

This interesting phenomenon, known as metal-

enhanced fluorescence (MEF), arises due to two 

effects. First, is the creation of an intense excitation 

field around the metal nanoparticle that provides 

increased excitation rates for a fluorophore that is 

placed in its vicinity. Secondly and more importantly, 

the near-field coupling of fluorescence with the 

localized surface-plasmon oscillations in the metal 

nanoparticle, increases the radiative decay rate of 

the fluorophore. The coupled plasmon-fluorophore 

system eventually radiates into the far-field with 

increased emission intensity.1 Since fluorophore-

plasmon interactions depend on the properties of 

metal nanostructures, it is essential to construct 

robust and reproducible metallic nano substrates with 

controlled geometry and tunable optical features, in 

an easy and cost effective manner, to realize the full 

potential of MEF. We have demonstrated the facile 

fabrication of silver-gold nanocomposite (Ag-Au-NC) 

substrates by galvanic replacement reaction of silver 

by gold. Our studies indicate that these substrates are 

not only easy to prepare but also provide excellent 

fluorescence enhancements for widely used fluorescent 

dyes.2,3 Another important area where plasmonic 
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nanostructures can play a major role is fluorescence 

correlation spectroscopy (FCS).5 With typical 

diffraction limited observation volumes obtained 

with conventional confocal microscopy systems, it is 

possible to perform FCS measurements only at low 

fluorophore concentrations (pico- to nanomolar). We 

have shown that simple silver nanostructures (AgNS), 

can be used to increase the upper concentration limit 

for FCS measurements and also provide increased 

fluorescence intensities for better detection efficiency.5    

Fluorescence enhancement using silver-gold 
nanocomposite substrates

The galvanic replacement reaction of silver with gold 

is an elegant approach for preparing novel metal 

nanostructures, that is driven by the difference in 

the reduction potentials of AuCl4
-/Au and Ag+/Ag.6 

Immersion of silver coated glass slides into the HAuCl4 

solution causes spontaneous oxidation of elemental 

silver and the deposition of nanoscale Au particles on 

the surface of the sacrificial silver substrate, leading 

to formation of the nanocomposite substrate, Ag-Au-

NC. The fabricated substrates with surface deposited 

gold nanoparticles provide a robust surface, while at 

the same time the residual silver provides favorable 

metal-fluorophore interactions for 

better fluorescence enhancement. 

Fig. 1 shows a schematic of the 

substrate fabrication and the large 

intensity enhancement observed 

for the fluorophore, ATTO655, 

immobilized on Ag-Au-NC substrate. 

Most interestingly, the intensity 

enhancement is accompanied 

by decrease in the fluorescence 

lifetime of ATTO655, which is a clear 

signature of fluorophore-plasmon 

coupling effect.2,3 Scanning confocal 

microscopy images (Fig. 1) show 

much brighter fluorescence spots 

on the nanocomposite surface 

compared to a control glass slide. 

These bright spots correspond to emission from single 

fluorescent molecules and indicate that the emission 

intensities are actually enhanced on a molecule by 

molecule basis. Statistical analysis reveals a large 

distribution in the intensities of individual ATTO655 

molecules on Ag-Au-NC in comparison to glass. 

This is attributed to differences in metal-fluorophore 

interactions at different sites on the fabricated 

substrate. Single molecule studies, therefore, help in 

gaining additional information on the heterogeneity of 

the Ag-Au-NC substrate, which is masked in ensemble 

fluorescence measurements. Very high intensities 

(~ 80 fold enhancement) can be achieved for single 

molecules that are suitably located in the “hot spots” 

of the plasmonic substrate.2 

These results are expected to have a large implication 

for biological studies. For example, MEF can improve 

the fluorescence intensities and hence the detection 

of fluorophore labeled biomolecules. By proper 

choice and design of the nano metallic substrate it 

is possible to obtain intensity enhancements for the 

intrinsically weak fluorescence from biomolecules 

that emit in the UV region, like proteins or DNA.1 

Thus, fluorophore-plasmon coupling provides the 

opportunity for label-free studies of biomolecules. 

Fig. 1: Metal-enhanced fluorescence with Ag-Au-NC substrates.



Special Issue  |  October 2014         193

BARC NEWSLETTERFounder’s Day
Further, since MEF is accompanied by reduction in the 

fluorescence lifetimes, the photostability of the probe 

molecule can be significantly increased. This leads to 

dramatic improvements especially for single molecule 

fluorescence studies of biological molecules, for high-

throughput bioassays and medical diagnostics. The 

metal proximity-induced fluorescence enhancement 

can also be used to design novel experiments for 

selective biomolecular binding and recognition.

Fluorescence correlation spectroscopy with silver 
nanostructures: reduced detection volumes and 
increased intensities 

Fluorescence correlation spectroscopy (FCS) is a 

widely used technique to investigate the interactions 

and dynamics of molecules, below micromolar 

concentrations. We have shown that silver 

nanostructure (AgNS) substrates that are conveniently 

prepared in the laboratory (by wet chemical synthesis 

or thermal vapour deposition) without any elaborate 

nanofabrication, can extend the applicability of FCS 

to higher concentrations by reducing the effective 

detection volume.5 In addition to reduced detection 

volumes, the plasmonic nanostructures also allow 

tuning of the fluorescence properties of molecules. 

Compared to open volume, fluorescence bursts with 

very high signal intensities are observed on the AgNS 

substrate. This interesting behaviour is attributed 

to fluorophore-plasmon coupling 

effects. Moreover, the introduction 

of plasmonic nanostructures 

has the distinct advantage of 

making FCS studies feasible at 

high concentrations without any 

modification of the conventional 

optical set-up. Figure 2 shows a 

schematic of the FCS set-up in open 

volume and on AgNS substrates. The 

autocorrelation functions, obtained 

for the fluorescence intensity 

fluctuations due to diffusion of 

the fluorescent probe molecule, 

ATTO655, show several notable features, particularly 

an increase in the amplitude and a decrease in the 

correlation time, on AgNS compared to the open 

volume. Most interestingly, at 9 µM fluorophore 

concentration, no time correlation can be observed 

in the open volume whereas a distinct correlation is 

observed on AgNS (Figure 2). These results suggest 

that there is a reduction in the effective fluorescence 

detection volume on the AgNS substrates. From 

a statistical analysis of several independent 

measurements at different positions on the AgNS, the 

effective detection volume is estimated to be reduced 

by about a factor of 18±10 on the AgNS substrate in 

comparison to open volume.5 We propose that two 

effects are responsible for the reduction in the detection 

volumes in the present substrates.  First, is the physical 

confinement of the molecules within the nanospaces 

between the silver nanoparticles and second is the 

modification of the near-fields in the vicinity of the 

plasmonic nanoparticles. Since the plasmon coupled 

near-field effect exists within a small region (upto 

~200 nm) around the metal nanoparticles, a very 

small and bright fluorescence volume is created in the 

immediate vicinity of these particles. This effect also 

increases the fluorescence count rates and improves 

the detectability of single diffusing molecules. 

This study highlights the simplicity with which 

plasmonic nanostructures can be incorporated on 

Fig. 2: Schematic of the FCS set-up on silver nanostructure (AgNS) substrates and the 
autocorrelation plots of 9 µM ATTO655 in open volume and AgNS.
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a standard confocal microscopy set-up to augment 

its measurement capabilities. We believe that the 

plasmonic AgNS substrates will be a widely used 

platform for performing FCS studies and addressing 

many biological problems that demand observation 

volumes below the classical diffraction limit.
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Abstract

Verification of the strength of high dose rate (HDR) 192Ir brachytherapy sources on receipt from the vendor is an 

important component of institutional quality assurance programme. Either reference air-kerma rate (RAKR) or air-

kerma strength is the recommended quantity to specify the strength of gamma emitting brachytherapy sources. 

The use of Farmer-type cylindrical ionization chamber of sensitive volume 0.6 cm3 is one of the recommended 

methods for measuring RAKR of high dose rate (HDR) 192Ir brachytherapy sources. While using the cylindrical 

chamber method, it is required to determine the positioning error of the ionization chamber with respect to the 

source which is called the distance error. An attempt has been made to apply the fuzzy set theory to estimate the 

subjective uncertainty associated with the distance error. A simplified approach of applying this fuzzy set theory 

has been proposed in the quantification of uncertainty associated with the distance error. In order to express the 

uncertainty in the framework of fuzzy sets, the uncertainty index was estimated and was found to be within 2.5% 

which further indicates that the possibility of error in measuring such distance may be of this order. This indicates 

that the relative distance li values estimated using analytical methods are within 2.5% uncertainty. This value 

of uncertainty in distance measurement should be incorporated in the uncertainty budget while estimating the 

expanded uncertainty in HDR 192Ir source strength measurement.

This Paper received the Best Oral Paper Award from the Association of Medical  
Physicists of India, at the 34th National Conference of Association of  

Medical Physicists of India, Kolkata, Nov. 13-16, 2013

Introduction 

Verifying the strength of high dose rate HDR 192Ir 

brachytherapy sources on receipt from the vendor 

is an important component of institutional quality 

assurance programme[1,2]. The recommended 

quantity to specify the strength of gamma emitting 

brachytherapy sources is either reference air-kerma 

rate (RAKR) or air-kerma strength (AKS). Calibration 

of the 192Ir sources used in HDR remote afterloading 

brachytherapy units is carried out either by using a 

thimble ionization chamber (in-air jig method) or 

by using a well-type ionization chamber. A Farmer-

type cylindrical ionization chamber of nominal 
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sensitive volume of 0.6 cm3 is frequently used for in-

air calibration of HDR 192Ir brachytherapy sources in 

addition to a suitable well-type ionization chamber as 

cylindrical ionization chambers are readily available in 

the hospitals[3-4]. 

A 370 GBq (10 Ci) 192Ir source provides an ionization 

current of only about 1x10-11 amp  in a 1.0 cm3 

ionization chamber at a distance of 20 cm[5]. It is 

true that very near to a brachytherapy source, the 

radiation intensity changes very rapidly due to inverse-

square law. A 0.1 cm error in a 10 cm distance 

causes a 2% error in calibration[6]. Small errors in 

positioning the chamber can translate into large 

errors in the estimation of source strength. Increasing 

the separation between centers of the chamber and 

the source will improve the measurement accuracy. 

However, this will result in proportionate reduction in 

the current leading to larger percentage contributions 

by leakage current and gamma-ray scattering from the 

room surroundings and poor reproducibility. Getting 

closer of course worsens the distance error and 

requires a large geometric correction for the size and 

shape of the ionization chamber[7].

The seven distance method is recommended as 

a standard method to maximize the accuracy in 

measuring the strength of HDR brachytherapy 

sources by using cylindrical ionization chamber[4-6]. 

While using the cylindrical chamber method, it is 

required to determine the positioning error of the 

ionization chamber with respect to the source which 

is commonly called as the distance error. Earlier, we 

have developed the analytical methods to estimate the 

distance error[8-9]. As further research in this work, an 

attempt has been made to apply the fuzzy set theory 

to estimate the subjective uncertainty associated with 

the distance error. 

In view of the application of fuzzy set theory in the 

domain of image analysis in medical dosimetry, we 

have proposed an approach of applying this theory in 

the quantification of uncertainty associated with the 

distance error. Since the measured distance possesses 

some error during the measurement and the input 

components are imprecise, fuzzy set theory is an 

appropriate tool to estimate the uncertainty present in 

such an ambiguity [10]. 

Materials and Methods

Multiple distance measurement technique

The microSelectron-HDR unit from Nucletron was 

used in this work. This unit uses an old design micro-

Selectron 192Ir HDR brachytherapy source with 370 GBq 

(10 Ci) nominal activity to treat brachytherapy patients 

with high dose rate comparable to teletherapy. 

 

To determine experimentally, the RAKR of an HDR 192Ir 

brachytherapy source using a PTW  0.6 cm3 Farmer-

type cylindrical ionization chamber, a multiple distance 

measurement technique was used. This measurement 

has historically been made at seven separate distances. 

Thus the technique has been termed the ‘7 distance’ 

measurement (7 DM). While using cylindrical 

ionization chamber for measurement of the strength 

of HDR 192Ir brachytherapy sources, it is necessary 

to estimate three items, viz. (i) the positioning error 

(±) of the ionization chamber with respect to the 

source, (ii) the contribution of scatter radiation (Ms) 

from the floor, walls, ceiling, and other material 

in the treatment room and (iii) a proportionality 

constant. The 7DM was suggested to determine these 

parameters and thereafter the strength of HDR 192Ir 

brachytherapy sources[4-5]. Kumar et al. [8-9] has 

described in detail the procedure for measuring the 

RAKR of HDR 192Ir brachytherapy sources. In this 7 DM 

method, the output of the source in air is measured 

at seven different distances each corresponding to a 

meter reading Md, which is the sum of primary and 

scattered radiation

M d = M p + M s      (1)

where Mp is the meter reading due to primary radiation 

only and Ms is the meter reading due to scattered 
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radiation only, which is assumed to be independent 

of distance. As the primary radiation follows inverse 

square law, Equation (1) can be written as

 where i = 0 …… 6    (2)

where di is the apparent distance between source 

and the chamber centers, ‘c’ is the offset error in 

the distance measurement and f is a proportionality 

constant which is independent of distance. On solving 

Equation (2), one may obtain the following functional 

form for relative distance li between the successive 

measurement points (i = 1,2, …., 6) 

  

 
(3)

where Mdi is the meter reading at distance di from 

the source. Equation (3) has two unknowns (f and Ms) 

which were determined by bi-variate linear regression 

analysis by adopting the least square method.  After 

obtaining f and Ms, the value of ‘c’ was determined 

using Equation (2). Having determined the value of 

f, the air-kerma rate (AKR) (Gys-1) can be calculated 

using the formula

          

(4)

where, NK, is the interpolated air-kerma calibration 

coefficient of the chamber for HDR 192Ir brachytherapy 

source and ∆t is the time interval of the measurement.

RAKR can then be determined using the following 

equation

2

ref

d c
RAKR AKR

d

 +
=   

                                   

(5)

where dref  is the reference distance of 1 m.

Fuzzy Set theory

Zadeh introduced the fuzzy set as a class of object 

with a continuum of grades of membership[10-11]. 

In contrast to classical crisp sets, the fuzzy approach 

relates to a grade of membership between 0 and 1. 

The membership function of a fuzzy set, A is defined 

in the form of a triangular or trapezoidal fuzzy 

number as shown in Fig. 1(a-b). The details about 

fuzzy set may be found elsewhere[11]. An algorithm 

for implementing alpha cut representation of fuzzy 

set theory to compute the associated uncertainty is 

presented below 

Algorithm to compute α-cut representation of 
distance

1. Given a fuzzy parameter, say, constant of 

proportionality, f (see Equation (2)) as a triangular 

fuzzy number: <f> = <fLB, f
most likely, fUB> = <1945, 

1972, 1999>, we have the α-cut representation as 

 . 

2. In a similar way, α-cut representations of all other 

fuzzy parameters are constructed.

3. α-cut representation being an interval number, we 

use the interval arithmetic operation of 

                                                  as:

                  

=    

4.  =

  

where, 

5. α-cut representation being an interval number, we 

use the interval arithmetic operation of 
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as:

    

6. Finally,  

The alpha cut value of 0.5 of a fuzzy set was used to 

quote the bounds of the uncertainty of the imprecise 

or vague information applied to any physical quantity 

because the uncertainty bounds of the input triangular 

fuzzy parameters are taken as one sigma level, i.e., 

fLB,UB = (fmost likely  ± s) according to the principle of 

measurement uncertainty. Hence, li values were 

chosen for 0.5 alpha cut value [10] and compared 

with the analytically estimated values. Here, in this 

case, the bounds are positive numbers and hence in 

case of multiplication operation of two intervals, we 

have applied restricted Dong, Shah and Wang (DSW) 

algorithm[10].

Support of a triangular fuzzy number is defined as 

the range of the extremes at α-cut = 0 as shown in 

Fig. 1(c). From Fig. 1(c), we can write the support of 

a fuzzy set as S = (R-P), where, R and P are the two 

extreme bounds. In order to express the uncertainty 

in the framework of fuzzy sets, we define uncertainty 

index[11] as the ratio of the support to the most likely 

value (crisp value at membership equal to 1). Again, 

from Fig. 1(c), uncertainty index of the given fuzzy set 

is written as U = (S/Q), where, Q is the most likely 

value. Here, in this paper, we have estimated the 

uncertainty index for each relative distance measured 

experimentally. 

Results and Discussion

We have estimated the uncertainty of the relative 

distance, li [= (di - d0)] for experimentally measured 

distances such as 5, 10, 15, 20, 25 and 30 cm. The 

membership function for one measured distance (say 

10 cm) is shown in Fig. 2. It can be interpreted from 

Fig. 2 that the membership function of the distance 

(li) for measurement distance is turned out to be a 

triangular in shape because the initial consideration 

of the subjective based uncertain parameters are 

taken into consideration as “around the measured 

value”. Since the measurement uncertainty is always 

quoted at one sigma level, fuzzy set theory based 

approach of uncertainty quantification is also quoted 

at an equivalent level, and here this is alpha cut value 

of 0.5 of the fuzzy set. Results of α-cut = 0.5 of 

the fuzzy distance (li) along with experimental and 

(a) (b) (c)
m(x):membership value of Crisp X

Fig.1: Pictorial representation of the membership function of a fuzzy set (a) triangular, (b) trapezoidal and  
(c) support of a triangular fuzzy number
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analytical values of (li) are presented in Table 1 and 

it can be seen that analytical value as well as the 

experimentally measured relative distance lie within 

the bounds of the subjective uncertainty of the li. 

Support of each membership values corresponding 

to each experimental distance and the associated 

uncertainty index are further shown in Table 2.  It 

can be seen from Table 2 that the uncertainty indices 

remain invariant for all the experimentally measured 

distances indicating that each and every triangular 

fuzzy membership function is normalized and convex. 

Maximum value of the uncertainty index is found 

to be within 2.5% which further indicates that the 

possibility of error in measuring such distance may 

be of this order. 

Conclusions

Uncertainty of the positioning error, the so called 

“distance error”, of the ionization chamber with 

respect to the source was evaluated. Fuzzy set theory 

was applied for this evaluation due to the subjectivity 

involved in the experimental facility. Uncertainty 

in the possible input parameters was addressed as 

triangular fuzzy number. Propagation of uncertainty 

of the input parameters is carried out on the basis of 

the model described in this work (see sub-section: 

algorithm to compute α-cut distance representation 

of distance) via the alpha cut of a fuzzy set. The 

crisp values of li estimated using analytical method 

lie within the bounds computed using fuzzy set 

theory. This indicates that li values estimated using 

analytical methods are within 2.5% uncertainty. This 

value of uncertainty in distance measurement should 

be incorporated in the uncertainty budget while 

estimating the expanded uncertainty in HDR 192Ir 

source strength measurement. 
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Abstract

The ZrCo1-xNix-D2 systems were investigated in this study by generating the deuterium desorption pressure-

composition isotherms (PCIs) in the temperature range of 524-603 K using Sievert’s type volumetric apparatus. 

A van’t Hoff plot was constructed using plateau pressure data of each PCI and the thermodynamic parameters 

like enthalpy and entropy change for desorption of deuterium in the ZrCo1-xNix-D2 systems were calculated. A 

comparison of data obtained in this study with the hydrogen PCIs data reported in an earlier study revealed that 

these alloys show normal hydrogen isotope effect where the equilibrium pressure of D2 is higher than that of H2 

at all experimental temperatures.
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Introduction

ZrCo is being consider as a suitable candidate material 

for storage, supply and recovery of hydrogen isotopes 

in International Thermonuclear Experimental Reactor 

(ITER) Storage and Delivery System (SDS) as it is non-

radioactive and non-pyrophoric at room temperature 

and has similar tritium storage properties as uranium 

[1]. Beside its higher storage capacity (H/f.u. up to 

3, f.u. = ZrCo), it has been reported [2] that upon 

repeated hydriding-dehydriding cycles, the hydrogen 

storage capacity of ZrCo decreases, which is attributed 

to the following disproportionation reaction:

2ZrCoHy  →  ZrH2 + ZrCo2 + (y-1)H2               (1)

This results in reduction of hydrogen storage capacity 

of ZrCo, which is not desirable for its use in ITER SDS. 

Several attempts have been made to improve the 

durability against disproportionation of ZrCo by ternary 

alloying without substantially altering the storage 

behaviour.  A very limited study is reported in literature 

on the effect of ternary alloying on hydrogen storage 

behavior of ZrCo based alloys [3, 4]. In an earlier study, 

Jat et al. [3] have thoroughly investigated the effect 

of Ni content on the hydrogen storage behaviour of 

ZrCo1-xNix alloys and found out that Ni substitution 

improves the durability against disproportionation. 

The present study is aimed to investigate the 

hydrogen isotope effect on the storage behaviour of  

ZrCo1-xNixalloys which will enable to predict the tritium 

partial pressure for these alloys.

Experimental

Alloys of compositions ZrCo1-xNix (x = 0.0, 0.1 and 

0.2) were prepared by arc-melting method and 

characterised by XRD, SEM and EDS. The details of alloys 
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preparation and their characterization are reported 

in our earlier study [3].For the preparation of the  

ZrCo1-xNix deuterides, the alloy sample was initially 

activated by hydriding-dehydriding method described 

in an earlier publication [3].  The activated alloy was 

loaded in the reaction vessel kept at room temperature 

and allowed to react with a known amount of 

deuterium gas to form the deuteride phase. The 

formation of the deuteride phase was confirmed by 

X-ray powder diffraction method. 

The pressure-composition-temperature (PCT) 

measurements were carried out using a conventional 

Sievert’s type volumetric apparatus (PCT Pro-2000, 

SETARAM Instrumentation, France).  A known amount 

of the activated sample was loaded in to the reaction 

vessel of known volume of the Sievert’s apparatus 

and the deuteride phase was prepared as described 

in earlier section. This deuteride phase was heated to 

the desired experimental temperature under a known 

overpressure of deuterium in the system to generate 

desorption pressure-composition isotherm (PCI). 

Desorption equilibrium was established by evacuating 

a known amount of deuterium from the reservoir 

and allowing the system to re-attain equilibrium. 

This allows to simultaneously calculate the value of 

deuterium concentration (= D/f.u., f.u. = ZrCo1-

xNix) and the corresponding equilibrium deuterium 

desorption pressure at the experimental temperature.  

Thereafter, the value of D/f.u. was altered by aliquoting 

a known amount of deuterium from the reservoir and 

allowing the attainment of a new equilibrium. This 

process was repeated till the entire isotherm was 

generated.  Following this procedure, PCIs for ZrCo1-

xNix-D2 systems were generated in the temperature 

range of 524-603 K with a step of 20 K.

Results and Discussion

The formation of ZrCo1-xNix alloys and their deuterides 

are confirmed by comparing their XRD patterns with 

the JCPDS (Joint Committee on Powder Diffraction 

Standards) files. the deuterium desorption pressure-

composition isotherms for ZrCo1-xNix - D2 systems 

are shown in Fig.1 which can be attributed to the 

following de-deuteration reaction;

Fig.1: Deuterium desorption pressure-composition isotherms for ZrCo1-xNix-D2 systems:  
(a) x = 0, (b) x = 0.1 (c) x = 0.2 and (d) x = 0.3.
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2/3 ZrCoD3 → 2/3 ZrCo + D2                            (2)

It is evident from all the isotherms shown in Fig.1 that 

in the temperature range of investigation, a single 

desorption plateau is observed and the plateau width 

found to decrease with increase in temperature. The 

temperature dependence of the equilibrium plateau 

pressure for ZrCo1-xNix -D2 systems is best represented 

by the van’t Hoff plot, shown in Fig.2. 

From the van’t Hoff plot the enthalpy and entropy 

change for the de-deuteration of ZrCo1-xNix deuterides 

are deduced at the average experimental temperature 

of 563 K and listed in Table 1. It is evident from the 

data reported in Table 1 that the Ni-substitution 

substantially changes the enthalpy and entropy of de-

deuteration reaction compared to ZrCo-D2 system.

 

It can be seen from Fig.2 that the deuterium 

desorption plateau pressure increases with increasing 

Fig.2: van’t Hoff plots for ZrCo1-xNix-D2 systems

the Ni-content in the ZrCo1-xNix-D2 system. However, 

for the composition with x = 0.1, the desorption 

plateau pressure is lower than that of ZrCo-D2 system 

below 530 K. Similar behavior of the crossover of van’t 

Hoff plots is also observed in our previous study [3] for 

ZrCo-H2 and ZrCo0.9Ni0.1-H2 systems. For the practical 

application of these metal-hydrogen systems in ITER 

SDS, it is essential to know the desorption temperature 

for release of 100 kPa of hydrogen. From the van’t 

Hoff relations, the desorption temperature (Tdes) for 

the ZrCo1-xNix-D2 systems are calculated and listed in 

Table 1. The variation of Tdes with Ni-content is also 

shown in Fig.3. It is evident from this figure that the 

Tdes decreases with increase in Ni-content which 

suggest that Ni-substituted ZrCo alloys are favorable 

for use in ITER SDS. 

A comparison of thermodynamic parameters for  

ZrCo1-xNix-D2 systems with those reported previously 

                              System
    Parameters 

ZrCo ZrCo0.9Ni0.1 ZrCo0.8Ni0.2 ZrCo0.7Ni0.3 Ref.

 DrH Hydride 84 ± 3.9 95 ± 0.9 93 ± 3.3 93 ± 2.3 [3]

(kJ/mole H2) Deuteride 84 ± 0.6 95 ± 0.4 94 ± 1.3 93 ± 1.6 This study

DrS Hydride 122 ± 3.9 144 ± 0.8 144 ± 3.4 144 ± 2.5 [3]

(J/(mole H2
.K)) Deuteride 124 ± 1.1 145 ± 1.2 145 ± 1.2 145 ± 2.3 This study

Tdes (K)
Hydride 683 664 650 644 [3]

Deuteride 677 656 645 638 This study

Table 1: Thermodynamic functions for desorption of hydrogen/deuterium in ZrCo1-xNix-H2/D2 systems.

Fig.3: Variation of Tdes (for supply of 100 kPa of hydrogen/deu-
terium) with Ni content in ZrCo1-xNix alloys
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[3] for ZrCo1-xNix-H2 systems is also made in Table 1. 

It can be deduced from Table 1 that the equilibrium 

plateau pressure for ZrCo1-xNix-D2 systems is higher 

than that of ZrCo1-xNix-H2 systems which is expected 

based on normal hydrogen isotope effect [4]. The 

hydrogen isotope effect on the equilibrium pressure 

of hydrogen arises from the interplay of two 

thermodynamic factors namely, entropy and enthalpy 

that control the relative stabilities of the corresponding 

isotopic hydrides. It is evident from Table 1 that there 

is no substantial isotopic effect on the enthalpy of 

dehydrogenation/de-deuteration for ZrCo1-xNix-H2/D2 

systems. Hence, the difference in equilibrium plateau 

pressure arises due to the difference in entropy of 

reaction. Based on this observation, it is expected that 

the equilibrium pressure of tritium will be higher than 

that of deuterium and hydrogen for ZrCo1-xNix alloys.

Conclusion

Hydrogen isotope effect on the storage behavior 

of ZrCo1-xNix alloys is investigated by generating the 

deuterium desorption pressure-composition isotherms 

(PCIs) in the temperature range of 524-603 K and 

comparing the data with the hydrogen PCIs reported 

in an earlier study. A single desorption plateau is 

observed for all the PCIs. Thermodynamic parameters 

and desorption temperature for release of 100 kPa 

of deuterium are calculated and compared with the 

literature values. The Tdes found to systematically 

decrease with increase in Ni content. Normal hydrogen 

isotope effect is observed for all ZrCo1-xNix alloys 

which shows that equilibrium pressure of deuterium 

is higher than that of hydrogen at all experimental 

temperatures. 
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Abstract

Most of the construction projects are handled by the principal contractor under umbrella package contract and 

executed through sub-contracting system. Challenge in terms of effective coordination and communication and 

accountability among participants, inhibits innovation as firms holding umbrella contract is often evaluated based 

on their specialized fields, and involves a large number of workforces from sub-contractors who are exposed to 

various hazards of construction sites. 

Approaches such as Total Loss Control (TLC), Total Quality Management (TQM), and Supply Chain Management 

(SCM), which are typically associated with manufacturing industries, are required to be introduced into the 

construction industry.

The construction of new facilities and maintenance of existing facilities is being carried out in BARC through 

public tender. These works are mostly carried out by contractors through the labourers, who are from varied 

background. BARC recognizes the responsibility of ensuring safety of these workers at site.  Dynamic nature of 

works at construction sites invites attention on the adoption of standard procedures and continual supervision 

during execution. This paper reflects the principle of management of health and safety issues for construction 

projects in BARC through various engineering practices and safety management techniques. 

This Paper received the Best Paper Presentation Award at the International Conference on Managing Supply  Chain  
for Global Competitiveness, held at the Indian Institute for Industrial Engineering, Nagpur, Oct. 25-27, 2013

Introduction
  

The construction sector in the country employs 

approximately 32 million people, accounts for about 

1/10th of GDP and is the largest employment sector 

after agriculture. The construction industry in general 

has an annual growth rate of about 10%, primarily 

due to the increased domestic and international 

manufacturing activities and industrial growth. 

In the years ahead, the construction industry in India 

has a number of challenges with respect to issues 

related to protection of environment, transportation, 

power requirements, natural hazards and occupational 

safety and health of the work force which are required 

to be overcome to meet the demands of the industry 

and public.

Occupational Safety and Health Aspects in 
Construction Activities
 

Construction activities include building of new 

structures, renovation/modification of existing 

structures, demolition, etc. Normally, large number 
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of workforces are engaged at construction projects 

through contractors and sub-contractors. A major 

portion of construction workers is unskilled while a 

few of the workers are skilled in trades. Throughout 

the world, over 90% of construction workers are 

men while in India- the proportion of women is 

higher and they tend to be concentrated in unskilled 

occupations [1]. 

Construction works are always associated with 

occupational risks related to excavation work (use 

of explosives, earthmoving machines, exposure to 

chemicals, excavated & deep pits, earth sliding/

subsidence); working at heights (use of scaffolding, 

gangways and ladders; work on fragile roofs, 

openings); handling of materials (use of cranes, hoists, 

escalators), and so on, which are specific to the sector. 

The working conditions at the construction site being 

dynamic in nature, a systematic approach to manage 

the occupational safety and health at workplaces is 

essential. 

Safety Management at Construction Site

The work activities in the construction industry are 

of diversified nature in addition to the problems 

of employment of unskilled labour. This creates a 

challenging task for the safety professional to foresee 

the management of variety of hazards. 

The occurrences of unsafe incidents have direct 

impact on time, cost and legal aspects of supply 

chain management and therefore it is imperative 

to ensure that work packages are framed in such a 

manner and awarded to such contractor, who along 

with their subcontractors & suppliers, are capable 

of executing the work in efficient and accident-free 

manner. Principles of Approaches such as Total Loss 

Control (TLC), Total Quality Management (TQM), and 

Supply Chain Management (SCM), which are typically 

associated with manufacturing industries, have been 

introduced for application into the construction 

industry.

Total Loss Control
 

Total Loss Control (TLC) is a systematic approach to 

the management of loss, integrating reliability and 

quality with the reduction of risk to people, the 

environment, assets and to production. Applications 

of TLC in construction activity are a growing field that 

has incorporated tools such as production scheduling, 

Kaizen, “huddle meetings”, 5S Principles (Sort, Set, 

Shine, Standardize and Sustain) and visualization to 

improve all facets of the construction process including 

safety. Use of visualization techniques includes mobile 

signs to attract attention to important information, 

daily huddle meetings address safety issues among 

other things, use of 5S ensures materials supply 

and 7 E Principles (Engineering revision, Evaluation, 

Enforcement, Education, Example setting, Enthusiasm 

and Employment Practices) ensures workplace safety.

Total Quality Management (TQM) 

TQM is a comprehensive management system which 

(i) Focuses on meeting owners’/customers’ needs by 

providing quality services at a cost that provides value 

to the owners/customers (ii) Driven by the quest for 

continuous improvement in all operations (iii) Views 

an organization as an internal system with a common 

aim rather than as individual departments acting to 

maximize their own performances (iv) Focuses on the 

way tasks are accomplished rather than simply what 

tasks are accomplished and (v) Emphasizes teamwork 

and a high level of participation by all employees. Total 

Quality Management (TQM) advocates continuous 

improvement focused on meeting both internal and 

external customer needs. 

Supply Chain management (SCM)

SCM is a network of different organizations, linked 

upstream and downstream forming a chain, aiming to 

achieve objectives of delivering quality product in time 

and value addition in the services and products for 

the end consumers through integrated processes and 
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activities. In the context of construction activity, supply 

chain refers to the end to end “chain” of stakeholders 

and partners that come together both on individual 

projects and particularly during the construction 

phase. 

Most of the projects are handled by the principal 

contractor under umbrella package contract and 

executed through sub-contracting system. The 

problems of multi-layered subcontracting practice 

have long been an issue and a controversial subject 

in the industry. Recently researchers have suggested 

having legislation for restricting the subcontracting 

practice in the construction industry for better 

safety performance[3]. Although such restrictions 

may help in improving the safety performance, it 

would be extremely difficult to implement such 

restriction in the workplace due to the traditional 

work practices. 

Construction Safety Management Programme 
In BARC 

BARC is committed to ensure the highest standard 

of occupational health, safety and environment in all 

construction activities undertaken in order to achieve 

zero-accident working period in all projects and 

thereby contributing towards enhancement of the 

safety performance of the centre[4]. The principles of 

TLC, TQM and SCM are applied during the execution 

of construction activities thereby site management 

gets streamlined. 

Construction Safety  Management Objectives

Management intends to execute the construction 

project without any interruptions either related to 

supply of materials, equipment, workforce or may 

be due to undesired events/incidents. To meet this 

objective the projects are evaluated phase wise which 

begins with the design, planning, procurement, 

contracting, workplace monitoring, etc. The process 

of finalization of design after  detailed safety review by 

experts follows the contract evaluation phase where 

the records of the bidding contractors with respect to 

safety management are also reviewed at par with the 

other executing parameters.  The selected contractor 

needs to meet the requirements of the Construction 

Safety Manual for Works Contract[4] which also forms 

a part of contract agreement.

Work Planning

Construction activities are mainly divided in four 

stages viz. Substructure works, RCC and Structural 

works in Superstructures, Masonry and Waterproofing 

works and Finishing works. These activities with severe 

potential hazards require a thorough planning for 

safe execution at site. Keeping in view of probability 

of occurrence of accidents/injuries  contributing to 

substantial absence of persons from work and even 

leading to fatalities, the Job Hazard Analysis (JHA) is 

carried out prior to beginning of project which helps in 

integrating accepted safety and health principles and 

practices into a particular operation. 

Selection of Execution Team

Departmental as well as Contracting engineers are 

responsible for the execution of the construction 

activities as per planned schedule. Ensuring execution 

of work within the timeframe in a safe manner are 

the responsibilities of  the  execution team. This team 

is supported by Safety Officers/Stewards, Services 

staff, Stores staff, Paramedical staff, Welfare Officer.

A site level safety organization is formed prior to 

execution of work at site as per the provisions of 

BOCW Central Rules, 1996 who regularly meet to 

discuss the safety issues at site and to improve the 

safety performance of the project.

Hazard Communication Mechanism

Safety Induction Training: Each new worker attends 

initial safety induction training before reporting at 
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respective place of work. This training is followed by 

daily training e.g.  use of various Personal Protective 

Equipments (PPEs) and tools, housekeeping, hot job, 

RCC works, electrical works, etc. The workers are also 

enlightened with the security requirements to be 

observed inside BARC premises. 

Walk-through survey: Members of the safety team 

carry out a walk through survey every morning at site 

in order to monitor any unsafe conditions and unsafe 

acts. The safety related deficiencies are reported 

immediately for corrective actions and followed up for 

preventing recurrences.

Signboards, Posters, Displays: Signboards (written/

painted in photo-luminescent paint) are displayed at 

various workplaces, movement area of mechanical 

equipment, diesel store, scaffoldings, first aid post, 

etc. 

Structured Plan for Execution and Ensuring Safe 
workplaces

System Implementation – Work Permit System: 
Aim of work permit system is to identify the unsafe 

conditions in advance and to take corrective action 

prior to commencement of work. Work permit 

system is generated by the concerned site engineer, 

in quadruplicate. Later, Work Permit is sent to the site 

safety officer for obtaining the clearance before the 

work starts. Site Safety Officer then visits the area of 

work and if working condition is found to be safe and 

satisfactory, then he clears the work permit for the said 

work. Copy of work permit is available with engineer, 

site supervisor, safety officer and departmental 

representative. The closure of the proposed work, 

status of incomplete activities, etc. are registered 

separately.

System Implementation – Height Pass System: Aim 

of the height pass system is to reduce the probability 

of fall accidents by engaging medically fit people.  All 

new workers, who may work at height, are first sent 

for a medical check-up, done by a medical practitioner. 

Those workers who are declared to be medically fit are 

issued height passes by Safety Officer / Site Medical 

Attendant after undergoing practical test.  The fit 

workers are instructed to carry their height passes all 

the time. 

System Implementation – Scaffolding System: 
Erection of safe  working scaffolding is an important 

part in the construction activity. A standard checklist 

[4] is prepared by the site engineer after erection of 

the scaffolding and submitted to the Safety Officer. 

Safety Officer visits the site and gives clearance 

for the scaffolding / issues the observations for 

rectification. 

Conclusion

In this paper we have discussed how BARC is 

committed to ensure the highest standard of OHS 

in all construction activities undertaken in order to 

achieve zero-accident working period in all projects. In 

nutshell following points must be incorporated during 

construction activities.

•	 Establishment	of	clear	rules	and	procedures.

•	 Significant	emphasis	on	safety	during	the	contract	

bid and award process

•	 Establishing	 a	 clear	 understanding	 of	 the	 work	

process and responsibilities from conceptual 

design to acceptance of completed work 

•	 Assure	 that	 	 job	 related	 hazards	 have	 	 been	

identified and controlled and are communicated 

to workers in effective manner

•	 Vigilance	through	frequent	site	visits	with	a	focus	

on safety helps in prevention of interruptions and 

thereby maintaining supply chain.

•	 Continuous	 training	 and	 awareness	 building	

process.
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PRE-TEST ANALYSIS OF MOLTEN SALT NATURAL 

CIRCULATION LOOP USING FLiNaK SALT

A.K. Srivastava, A. Borgohain, N.K. Maheshwari and P.K. Vijayan
Reactor Engineering Division

Abstract

Molten Salt Natural Circulation Loop (MSNCL) has been setup in BARC. It is a rectangular loop comprising of 

five components- heater, cooler, melt tank, expansion tank and loop piping. A steady state and transient analysis 

for the MSNCL has been performed using a one dimensional finite difference code, LBENC. Molten fluoride salt, 

eutectic mixture of lithium, sodium and potassium fluoride (FLiNaK) has been used as heat transfer medium for 

the analysis. Various transients such as startup of natural circulation, loss of heat sink, heater trip and step power 

increase have been analyzed for different orientation of heater and cooler.

This Paper received the Best Poster Presentation Award at the [International Conference on Molten  
Salts In Nuclear Technology] held at Mumbai, from Jan. 9-11, 2013

Introduction

Present water cooled nuclear reactors have a limitation 

of temperature not going beyond 325oC. Increasing 

the system temperature increases the plant efficiency. 

Going beyond a certain temperature in case of water, 

need its pressurization which causes safety concern. 

Keeping in mind the cost and safety issues, researchers 

have a challenge to develop coolants for nuclear 

reactors which can be operated at higher temperature 

and low pressure. Molten fluoride salt mixtures have 

been considered as heat transfer media for core heat 

removal in advanced nuclear reactors as they have high 

boiling points. This allows reactors to be operated at 

high temperature and nearly atmospheric pressure. 

The high temperature heat is proposed to be used for 

generating hydrogen by thermo-chemical splitting of 

water. 

Studies of natural circulation with water are abundant 

in literature. Both experimental and theoretical studies 

on the nature of unstable flow were performed by 

Vijayan et. al. [1]. There are some numerical studies 

for stability and other transient analysis of single-

phase natural circulation loops [2-5]. Furthermore, the 

RELAP5, CATHARE2, and ATHLET system codes have 

been used in transient analysis for single-phase natural 

circulation loops [6-8]. 

The study of natural circulation in molten salt is still 

quite limited. Although a few analytical works exist for 

the thermal-hydraulics of molten salt cooled reactors 

[9], little experimental data have been published to 

demonstrate the thermal-hydraulic performance of 

molten salt-cooled systems. 

The paper deals with the analysis performed for steady 

state and transient behavior of MSNCL, installed in 

BARC using FLiNaK salt mixture.

Natural Circulation Loop Detail

Molten salt loop is a 15NB uniform diameter rectangular 

natural circulation loop as shown in Fig. 1(a) and Fig. 

1(b). It comprises basically four components- heater, 

cooler, melt tank and expansion tank. The height and 
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total length of the loop are 2000 mm and 6800 mm 

respectively. The loop is designed in such a way that 

the orientation of heater and cooler can be changed 

to study its effect on natural circulation flow rate. Air 

is used as secondary side coolant. 

   

Analysis for Molten Salt Natural Circulation 
Loop (MSNCL)

This analysis has been performed using one 

dimensional finite difference code LBENC [10]. The 

code is validated with water and liquid metal [11]. This 

study is performed for FLiNaK salt (eutectic mixture 

of LiF-NaF-KF), proposed as a candidate coolant for 

HTRs. For the sake of analysis, the loop geometries are 

divided into segments. Each segment is then divided 

into nodes. The number of nodes was taken as 20 

for each segment of the loop. Pressure drop due to 

sudden expansion, contraction, bends etc. associated 

with each segment was accounted using suitable loss 

co-efficient. Temperature dependent thermo-physical 

properties [12] are considered for the analysis. The 

transients performed with the help of LBENC code 

include the loss of heat sink, heater trip and start-

up of natural circulation. Analysis is performed for 

all four different orientations of heater and cooler 

i.e. Horizontal Heater & Horizontal Cooler (HHHC), 

Horizontal Heater & Vertical Cooler (HHVC), Vertical 

Heater & Horizontal Cooler (VHHC) and Vertical 

Heater and Vertical Cooler (VHVC). Prior to each 

transient analysis, steady-state conditions are usually 

established in the loop, which are the initial conditions 

of the subsequent transient analyses.

Steady state mass flow rate

Steady state mass flow rate is calculated for different 

heater power. Initially the fluid is in stagnant 

condition, heater power is zero and temperature 

of salt and the loop is 5000C. Heater power is then 

increased to 1000W in steps of 200W. Fig. 2 shows 

the calculated steady state mass flow rate at different 

power for all the four orientations. On applying the 

power at every step, the mass flow rate gives a steady 

Fig. 1(a): Schematic of Molten Salt Natural Circulation Loop 
(MSNCL)

Fig. 1(b). Photograph of Molten Salt Natural 
Circulation Loop (MSNCL)



212         Special Issue  |  October 2014

BARC NEWSLETTERFounder’s Day
state value. The power step is allowed to change 

after every 10000s. It is observed that the predicted 

steady state flow rate is highest in HHHC orientation 

and lowest in VHVC orientation at each power step. 

This is because the effective elevation difference 

between the hot and the cold leg, which is the 

driving force for natural circulation, is highest (2000 

mm) in HHHC orientation and lowest (500 mm) in 

VHVC orientation. The effective elevation difference 

for HHVC and VHHC orientations are 1300 mm and 

1200 mm respectively.

Loss of Heat Sink

This analysis is carried out at 1000W power. Initially the 

system is allowed to come in steady state at 1000W 

heater power and then secondary side heat transfer 

coefficient is set to 5W/(m2-K) at 10000s, a non-zero 

small value to account heat loss from cooler. Fig. 4(a) 

shows the transient mass flow rate variation for loss 

of heat sink case for all the four orientations. Due to 

unavailability of the cooler, the average temperature of 

the molten salt starts increasing. It can be seen from 

Fig. 4(a), after 10000s the mass flow rate suddenly 

decreases. This decrement in mass flow rate continues 

Fig. 2: Steady state mass flow rate vs. power in MSNCL

Start-up of natural circulation

Initially the fluid is in stagnant condition, heater 

power is zero and temperature of salt and the loop 

is 500 0C. Full power of 1000W is then applied to 

the heater in a single step at 0s. Fig. 3(a) shows 

the mass flow rate transient in start-up condition 

for all the four orientations. As the salt gets heated 

up, the mass flow rate starts increasing in the loop. 

At initial stage, the salt flow rate is low due to its 

inertia. Sudden application of full power causes a 

peak in mass flow rate which comes almost to steady 

state after 10000s. It can also be seen from Fig. 3(b) 

that after 10000s the temperature at inlet/outlet of 

heater and cooler reaches a constant value for VHHC 

orientation.

Fig. 3(a): Variation of mass flow rate during start-up of natural 
circulation from stagnant condition

Fig. 3(b): Heater and Cooler Inlet/Outlet Temperature Variation 
for VHHC orientation
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and goes towards zero as expected. This is because after 

loss of heat sink the temperature difference between 

hot leg and cold leg decreases and hence the diving 

force. Figure 4(b), temperature transient, shows the 

sudden temperature rise in the molten salt after loss 

of heat sink for VHHC orientation. After t=10000s, 

the temperature difference between the heater and 

cooler decreases. The temperature of the loop suddenly 

increases and reaches to 1000oC in just 2000s.

   

achieved at heater power of 1000W, then for the 

transient heater power was set to zero in single 

step at 10000s. Figure 6(a) and Fig. 6(b) show mass 

flow rate and temperature transients respectively 

following heater trip. Due to unavailability of the 

heater, molten salt temperature starts decreasing 

drastically. Mass flow rate also decreases continuously 

because of reduction in the available driving head 

i.e., temperature difference in hot leg and cold 

leg. The transient is stopped as soon as molten salt 

temperature reaches 454oC, the freezing point of the 

FLiNaK salt mixture.

   

Fig. 4(a): Variation of mass flow rate during simulated loss of 
heat sink

Fig. 4(b): Heater and Cooler Inlet/Outlet Temperature Variation 
in VHHC orientation for simulated loss of heat sink

Heater Trip

This transient is realized by removing the applied 

power from the heater. Initially a steady state was 

Fig. 5(a): Variation of mass flow rate during the simulated loss 
of heater trip

Fig. 5(b): Heater and Cooler Inlet/Outlet Temperature Variation 
in VHHC orientation for simulated heater trip
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Conclusions

A Pre-test analysis of MSNCL has been performed 

using LBENC code. Various transients such as: startup 

of natural circulation, loss of heat sink and heater trip 

has been analyzed. Steady state mass flow rate has 

been predicted for different heater power. Effect of 

orientation of heater and cooler on all the transients 

has been studied with the above analysis. The 

experimental results are awaited for the comparison 

of these results.
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TEMPLATE-FREE ELECTROSYNTHESIS OF GOLD 

NANOPARTICLES OF CONTROLLED SIZE DISPERSION FOR 
THE DETERMINATION OF LEAD AT ULTRATRACE LEVELS

Saurav K. Guin, Jisha S. Pillai, Arvind S. Ambolikar and Suresh K. Aggarwal
Fuel Chemistry Division

Abstract

A methodology is presented for the template free electrosynthesis of gold nanoparticles (AuNPs) on a glassy 

carbon (GC) electrode with controlled particle size dispersion. Two strategies viz. multiple potentiostatic pulse 

(MPP) and multiple galvanostatic pulse (MGP) were adopted for electrochemically synthesizing the AuNPs. In the 

MPP strategy, the tapped hemispherical gold nanoparticles (AuNPs(P)/GC) of average diameter of 250-300 nm 

and average height of 10-15 nm were deposited on a GC electrode covering about 61% of the effective surface 

area of the electrode. In the MGP strategy, the tapped hemispherical gold nanoparticles (AuNPs(G)/GC) of average 

diameter of 350-400 nm and average height of 25-30 nm were deposited on a GC electrode covering about 18% 

of the effective surface area of the electrode. Excellent control of the particle size dispersion was achieved in both 

the routes of synthesis. The synthesized AuNPs showed excellent sensitivity to the determination of Pb(II) by square 

wave anodic stripping voltammetry (SWASV). The limits of detection (LOD) of Pb(II) obtained with a bare GC, bare 

Au, AuNPs(G)/GC and AuNPs(P)/GC electrodes were calculated as 1.22 µg L-1 (5.86 nM), 122 ng L-1 (587 pM), 

86.4 ng L-1 (416 pM) and 57 ng L-1 (274 pM), respectively, at S/N = 3. The analytical response of the AuNPs(P)/

GC electrode was found to be the best among the four electrodes. The stability, repeatability, reproducibility and 

accuracy of the analytical response were found to be satisfactory for the analytical purposes. Bi(III), Cd(II) and Tl(I) 

showed major interferences with the analytical signal of Pb(II). The concentrations of Pb(II) in the laboratory tap, 

lake and river water were found to be 1.7 (±2.3%) µg L-1, 3.2 (±1.1%) µg L-1 and 8.4 (±3.9%) µg L-1, respectively 

using the AuNPs(P)/GC electrode. The results showed a good agreement with the ICP-MS data for the same 

samples.

This paper received the Best Poster Presentation Award at the 64th Annual Meeting of International Society of  
Electrochemistry (ISE) on “Electrochemistry for a new era” held at Santiago de Querétaro, Mexico, Sep. 8-13, 2013

Introduction

Lead (Pb) has been found to be toxic to a wide variety 

of organs in both humans and animals. The low-level 

exposure of Pb changes the neurotransmitter levels in 

the nervous system, harms the vitamin-D metabolism, 

decreases the sexual hormone levels, and prevents 

lymphocyte function in living beings. Pb is common 

in the environment due to its widespread historic use 

in petrol, paint, lead-acid batteries, and geological 

radioactive decay chains. Pb is present in the drinking 

water primarily because of the corrosion of household 

plumbing systems containing lead in pipes, solder, 

fittings or the service connections to homes. Though 

there is no evidence of threshold or safe exposure of 

Pb, the World Health Organization (WHO) has set a 

provisional guideline value of Pb in drinking water 

as 10 µg L-1. As per the survey report of the Quality 

Council of India in 2010, the water samples collected 

from bore well, well water and municipal water from 
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the top cities of India viz. Kolkata, Kochi, Mumbai, 

Pune, Nagpur, Nasik, Guwahati tested positive for 

harmful content of Pb.

Nanoparticles supported electrodes generally offer 

better electroanalytical performance than the 

corresponding bulk materials because of their high 

effective surface area, high rate of mass transport 

through convergent diffusion and electrocatalytic 

action at the nano-surfaces. However, the size and 

shape of the metal nanoparticles control the overall 

analytical response generated by these electrodes. 

Electrosynthesis is one of the promising techniques 

for preparing supported metal nanoparticles of 

controlled size, shape, crystallographic orientation, 

mass, thickness and morphology. It is challenging 

in modern electrochemistry to electrosynthesize 

metal nanoparticles on various substrates without 

using any template or structure directing agent. 

Therefore, we have been putting constant effort into 

the development of template free electrosynthesis of 

metal nanoparticles with controlled size, shape and of 

narrow size dispersion without using any protective 

and stabilizing agent [1]. In the present work, we 

report the investigation and development of novel 

multiple potentiostatic pulse (MPP) and multiple 

galvanostatic pulse (MGP) strategies for the template 

free electrosynthesis of metal nanoparticles on a glassy 

carbon (GC) electrode with the objective of achieving 

better electroanalytical performance compared to 

that of the bulk metal electrode. The electroanalytical 

performance of the synthesized AuNPs by MPP and 

MGP strategies was studied for the determination 

of lead(II), i.e. Pb(II) by square wave anodic stripping 

voltammetry in the drinking water collected from three 

different locations in India.

Experimental

The electrochemical experiments were performed at 

room temperature (T = 294 K) in a conventional three-

electrode cell by using electrochemical workstations. A 

commercial glassy carbon (GC) or gold (Au) electrode 

was used as the working electrode, Ag/AgCl/KCl 

(saturated) (EAg/AgCl = +0.197 V vs. NHE) was used 

as the reference electrode and a platinum wire acted 

as the counter electrode. All the potentials quoted 

are with respect to the Ag/AgCl reference electrode. 

The morphology of the AuNPs was characterized 

by atomic force microscope (AFM) and scanning 

electron microscope (SEM). An inductively coupled 

plasma orthogonal acceleration mass spectrometer 

was employed to validate the Pb(II) concentrations 

obtained by square wave anodic stripping voltammetry 

(SWASV).

Results and Discussion

Development of MPP strategy

The mechanism of electrocrystallization of gold on 

glassy carbon electrode was studied in details by cyclic 

voltammetry and chronoamperometry experiments. 

Then MPP strategy was designed by a sequence of 

1500 potentiostatic pulses in such a way that the 

seed (or nucleation) pulse was applied only once at 

-0.13 V for 60 ms followed by a short anodic pulse 

of 0.92 V for 5 ms to dissolve the subcritical nuclei. 

Then a pair of growth pulses at 0.55 V for 1 s and an 

anodic pulse at 0.92 V for 5 ms were applied for 749 

times. After the end of 1500 potentiostatic pulses, the 

tapped hemispherical gold nanoparticles (AuNPs(P)/

GC) of average diameter of 250-300 nm and average 

height of 10-15 nm were deposited on a GC electrode 

covering about 61% of the effective surface area of 

the electrode (Fig. 1).

Development of MGP strategy

The mechanism of electrocrystallization of gold on 

glassy carbon electrode was studied in details by cyclic 

voltammetry and chronopotentiometry experiments. 

Then MGP strategy was designed by a sequence of 

1500 potentiostatic pulses in such a way that the seed 

(or nucleation) pulse was applied only once at -0.64 

mA cm2 for 60 ms followed by a short anodic pulse 
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of 1.26 mA cm2 for 5 ms to dissolve the subcritical 

nuclei. Then a pair of growth pulses at -0.46 mA cm2  

for 1 s and an anodic pulse at 1.26 mA cm2 for 5 ms 

were applied for 749 times. After the end of 1500 

potentiostatic pulses, the tapped hemispherical gold 

nanoparticles (AuNPs(G)/GC) of 350-400 nm and 

average height of 25-30 nm were deposited on a GC 

electrode covering about 18% of the effective surface 

area of the electrode. (Fig. 2).

Determination of Pb(II) in 0.1 M KCl by SWASV

The binding energy of Pb on Au is greater than the 

binding energies of Pb in a Pb metal lattice and Au in 

a Au metal lattice. Therefore, an atomic monolayer or 

submonolayer of Pb electrochemically deposits on Au 

at electrode potentials which are more positive than 

the Nernstian potential required for the deposition of 

the corresponding bulk Pb phase. This phenomenon 

is known as the UPD of Pb on Au. It was considered 

interesting to utilize the UPD of Pb on Au for the 

determination of Pb(II) at the ultra-trace level. The UPD 

of Pb on Au is a consequent effect of the adsorption of 

Pb(II) on Au surface. The chloride ions (Cl-) also adsorb 

at the Au surface and they induce the adsorption of 

Pb(II) on Au through a ligand (Cl-) bridge. Therefore, 

we chose 0.1 M KCl as the supporting electrolyte for 

the determination of Pb(II) at ultratrace levels. The 

optimization of SWASV parameters were carried out. 

The limits of detection (LOD) of Pb(II) obtained with 

Fig. 1: SEM (Left), AFM-XY view (centre), AFM-YZ view (top right) and AFM-histogram (bottom right) 
of AuNPs(P)/GC.

Fig. 2: SEM (Left), AFM-XY view (centre), AFM-YZ view (top right) and AFM-histogram (bottom right) 
of AuNPs(G)/GC.
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a bare GC, bare Au, AuNPs(G)/GC and AuNPs(P)/GC 

electrodes were calculated as 1.22 µg L-1 (5.86 nM), 

122 ng L-1 (587 pM), 86.4 ng L-1 (416 pM) and 57 ng 

L-1 (274 pM), respectively, at S/N = 3. The analytical 

merit of the AuNPs(P)/GC electrode was the best 

among the four electrodes. This is attributed to the 

higher surface coverage of AuNPs on the GC in the 

case of the AuNPs(P)/GC electrode. Therefore, further 

studies were carried out with only the AuNPs(P)/GC 

electrode and it exhibited a highly sensitive, precise 

(5.4% RSD; n=10), reproducible (4.8% RSD; n=5×5) 

and stable response for the ultratrace determination 

of Pb(II). The recovery results obtained were within 

±10% of the expected values. Bi(III), Cd(II) and Tl(I) 

were found to be the most interfering ions during the 

determination of Pb(II) on the AuNPs(P)/GC electrode.

limit of 10 µg L-1 as per the provisional guidelines set 

by WHO in 2011. The results showed that the waters 

in laboratory tap, lake in RRCAT and Ganges river are 

safe to drink as far as Pb(II) is concerned.

Conclusion

Simple methodologies for the electrosynthesis of 

gold nanoparticles on a glassy carbon (GC) electrode 

with controlled particle size dispersion without 

using any template or directing agents are reported. 

Excellent control in the particle size dispersion was 

achieved for both the strategies and the AuNPs, as 

synthesized, showed excellent electrocatalytic activity 

in spite of using no surface stabilizing agents. These 

methodologies may open up a few possibilities 

Determination of Pb(II) in Drinking Water Sample in µg L-1

Samples Determined by SWASV  at Gold NPs 
Modified Electrode (n=3)

Determined by ICP-MS (n=10)

Tap Water 1.7 ( ± 2.3%) 2.3 ( ± 10.7%)
Lake water from RRCAT 3.2 (±1.1%) 3.0 (±2.6%)

Ganges river water 8.4 (±3.9%) 9.4 ((±3.5%)
Provisional guidelines set by WHO in 2011 is 10.0 µg L-1

Table 1: Determination of Pb(II) in Drinking Water Samples.

The developed methodology was utilized for the 

determination of Pb(II) in the water samples collected 

from the laboratory tap, lake of Raja Ramanna Centre 

for Advanced Technology (RRCAT), Indore and near 

the Aassi ghat of the Ganges River in Varanasi, India. 

The calculated concentrations of Pb(II) in the water 

samples obtained by the present methodology are 

listed in Table 1. It can be seen that the concentrations 

of Pb(II) obtained from the present methodology are in 

good agreement with the concentrations of the same 

samples measured by ICP-MS. The concentrations of 

Pb(II) in all the samples are below the threshold value 

for the electrochemical preparation of pure metal 

nanoparticles without adding any template, directing 

or stabilizing agent. The linear dynamic range, 

sensitivity, stability, repeatability, reproducibility, 

accuracy and LOD of the AuNPs(P)/GC electrode were 

found to be quite satisfactory for the electrochemical 

determination of Pb(II) in drinking water.

Reference

1. S.K. Guin, H.S. Sharma and S.K. Aggarwal, 

Electrochim. Acta, 55 (2010) 1245–1257.
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TITANIUM – STAINLESS STEEL BRAZING  

USING AG-BASED ALLOYS

A. Laik and G.K. Dey
Materials Science Division

and
A.A. Shirzadi

Materials Engineering, The Open University, Milton Keynes MK7 6AA, United Kingdom

Abstract

A detailed characterization of vacuum brazed joints of titanium and stainless steel type 304L, using three Ag-based 

brazing alloys, Cusil, Ticusil and Silver-ABA has been carried out. The intermetallic compounds formed at the braze 

zone due to interaction of the joining components with the brazing alloys were identified. The microstructural 

evolution at the interfaces and the mechanisms of brazing in the three cases are compared.

This paper received the Best Poster, 2nd Prize (Materials Science)  at the International Conference on Electron 
Microscopy & XXXIV Annual Meeting of EMSI, Kolkata, 3-5 July, 2013

Introduction

Both titanium and stainless steel (SS) are widely used 

as engineering materials in industries due to their 

excellent mechanical properties as well as corrosion 

resistance. The extensive use of Ti and its alloys in 

various sectors, for example, aerospace, transportation, 

chemical, nuclear and power generation, requires them 

to be joined to other materials for integration and 

fabrication of various components [1, 2]. Of particular 

interest to the nuclear industry, is the application of Ti 

in fabricating the dissolvers of spent nuclear fuel used 

in reprocessing plants. This requires it to be joined to 

the piping of the plant, which is generally made of 

stainless steel (SS) [3].

Conventional fusion welding has not been a good 

choice since it needs to be performed in inert 

atmosphere due to the reactive nature of Ti, and the 

significant difference in physico-chemical properties of 

the two materials that lead to chemical, mechanical and 

structural inhomogeneities [7]. Although the progress 

of research on diffusion bonding of SS to Ti with 

suitable interlayers has led to some success, formation 

of undesirable intermetallic compounds of various 

combinations such as Ti–Fe, Ti–Cr, Ti–Ni could not be 

completely eliminated [2, 9]. The formation of these 

intermetallics produce residual stresses originating 

from a mismatch in their thermal expansion [7, 10, 

11]. Further, the method is expensive and not an 

obvious choice for mass production [8]. In comparison 

to these techniques, vacuum brazing offers two major 

advantages: (a) low thermal residual stresses in the 

joints, as a major part of the stresses generated due to 

differential contraction of the two materials is relieved 

by plastic deformation of the ductile braze alloys, and 

(b) a low compressive stress is required for joining [7]. 

Dececco and Parks [12] suggested the use of silver 

and its alloys to braze Ti and since then various Ag-

based filler alloys have been extensively used for the 

brazing of Ti and its alloys, primarily due to good flow 

characteristics of these filler alloys and high strength 

and adequate ductility of these brazed joints. 

The present study compares the brazing characteristics 

of stainless steel/titanium brazing using different Ag-

Home

NEXTPREVIOUS ê ê

CONTENTS



220         Special Issue  |  October 2014

BARC NEWSLETTERFounder’s Day
based brazing alloys. The mechanisms of brazing and 

microstructural evolution at the interfaces are also 

determined.

Experimental Procedure

The base materials used in the experiments were 

annealed plates of commercially pure grade-2 titanium 

(ASTM B265) and austenitic stainless steel (SS 304L). 

The nominal compositions of these materials are given 

in Table 1.  Specimens of Ti grade 2 and SS 304L,  in 

the form of cylindrical pieces with dimensions of 35 

mm length and 14 mm diameter were vacuum brazed 

using 50 mm thick foils of Ag-based alloys Cusil, Ticusil 

and Silver-ABA at temperatures 835 oC, 920 oC and 

930 oC, respectively. The nominal compositions of 

these alloys are given in Table 2. The joining faces 

of the pieces were ground with successive grades 

of emery papers up to 1200 grit, followed by 1 mm 

diamond polish. Prior to brazing, all the components 

were ultrasonically cleaned with ethyl alcohol followed 

by acetone. The brazing operation was carried out in a 

furnace under vacuum of 5 X 10-5 mbar. 

scanning electron microscope (SEM), energy dispersive 

spectrometry (EDS), electron probe microanalyser 

(EPMA) and transmission electron microscope (TEM).

Results 

Brazing with Silver-ABA

A typical backscattered electron (BSE) image showing 

the microstructure of the cross section of the BZ of 

the SS-Ti joint, brazed at 930 oC for 15 minutes using 

Silver-ABA alloy is shown in Fig. 1. It was noted that 

the interfaces between the braze alloy and the base 

materials, on either side, were free from pores, cracks, 

or discontinuities. The entire BZ, may be divided into 

four zones A-D, as marked in Fig. 1. X-ray maps of 

elements Fe, Ni, Cr, Ag, Cu, Al, and Ti along with the 

corresponding backscattered electron (BSE) image of a 

typical region of the BZ is shown in Fig. 2.

On the SS-side, at the interface between SS and braze 

alloy, a layer A of solid solution consisting of about 5 

at. % of Al and 21 at. % of Cr in Fe along with 5.5 at. 

Elements C H O Mn Si Ni Cr Fe Ti
Ti Gr-2 0.009 0.008 0.12 --- --- 0.011 --- 0.09 Bal.
SS 304L 0.02 --- --- 1.47 0.52 10.6 19.1 Bal. ---

Table 1: Nominal chemical composition of the base materials (in wt. %).

Table 2. Nominal chemical composition of the Ag-based 
brazing alloys used (in wt. %).

Elements Ag Cu Ti Al
Cusil 72 28 --- ---
Ticusil 68.8 26.7 4.5 ---
Silver-ABA 92.75 5 1.25 1

The joints was sectioned in the direction perpendicular 

to the bond interface, using slow speed diamond blade 

and the cross-sections were prepared for microscopic 

examination using standard metallographic 

techniques and were subsequently etched with a 

solution of 5% HF, 40% HNO3 and 55% H2O, by 

volume. The microstructure of the braze zone (BZ) 

was characterized using an optical microscope, and a 

Fig. 1: BSE micrograph of the Ti-SS joint brazed using 
Silver-ABA alloy at 930 oC. A: Fe(Al), B: unreacted layer, 1: 
(Ni,Fe)2TiAl, 2: Cu4Ti, 3: CuTi, 4: AgTi, 5: (Ag,Cu)Ti2, 6: a-Ti + 
CuTi2 eutectoid layer, 7: a-Ti Plates.
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% Ni. Layer B was identified as the unreacted braze 

alloy, consisting mainly of Ag and Cu. Due to solid-

liquid interaction on the Ti-side of the BZ, parallel 

layers of intermetallic compounds (IMC) 

with planar morphology, collectively 

marked as zone C, were formed. 

These IMCs were identified as Cu4Ti, 

CuTi, AgTi, and (Ag,Cu)Ti2 [13]. On 

the Ti-side of the BZ, Cu, Ag, and Al 

were found to diffuse into the Ti-base 

material up to a depth of about 40 

mm, labeled as zone D. In most of the 

regions of this zone, a fine lamellar 

two-phase microstructure consisting of 

a-Ti and CuTi2, marked as 6, formed in 

colonies. Fig. 3 shows the bright field, 

dark field micrographs and SADP of the 

eutectoid structure as acquired in TEM. 

The lamellae measured almost 5 to 6 mm 

in length, and the interlamellar spacing 

was about 600 nm. The orientation 

relationship between the phases is  

(0001)a|| (0-13)CuTi2
 and [2-1-10]a || 

[-100]CuTi2 [13]. The CuTi2 phase was found to be 

internally twinned as evidenced in Fig. 3. 

Fig. 2: X-ray maps of elements Fe, Ni, Cr, Ti, Al, Cu and Ag along with the BSE image of a region at the SS-Ti joint interface, showing 
the distribution and variation in the relative concentrations of these elements in the BZ.

Fig. 3: Bright field and dark field micrographs of the eutectoid structure, labeled 6 
in Fig. 1, along with the selected area diffraction pattern and its key.
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Brazing with Cusil

The microstructure of the interface between SS 

and Ti in case of SS-Ti joints brazed at 835 oC for 

10 min, using Cusil alloy. The basic scheme of the 

microstructure was similar to that of the Silver-ABA 

brazed joints. Fig. 4 shows a typical BSE image of the 

interface. The formation of layers of IMCs is evident 

from the micrograph. On the SS side, a layer marked 

1 with composition Cu-37 % Ti-10% Fe was found to 

form as continuous layer. On the Ti side, three binary 

Cu-Ti IMCs, viz., Cu3Ti2, Cu4Ti3 and CuTi, as marked 

as 3, 4 and 5 in Fig. 4, formed as contiguous layers. 

Islands of bright phase, labeled 2 in Fig. 4, showed to 

be almost pure Ag with about 9 % Cu and 1.5 % Ti. 

This phase was hence identified to be solid solution 

Ag(Cu), which remained unreacted in the process of 

brazing [14]. The compositions of these phases were 

determined using electron microprobe analysis.   

Adjacent to the CuTi layer, on the Ti side, a 10 mm 

thick two-phase layer formed. It was evident from 

its lamellar morphology that it was a eutectoid layer, 

formed due to phase transformation during cooling. 

Microanalysis results showed that the layer contained 

substantial amount of Cu. Therefore, during the 

process of brazing, Cu had diffused into Ti to a depth 

of about 10 mm. Being a b-stabiliser, it had promoted 

the formation of a layer of b-Ti even at temperatures 

lower than the a-b transus. Laik et al. [15] have 

recently demonstrated the formation of such b-Ti layer 

below the a-b transus in Cu-Ti diffusion couples. The 

structure was resolved in FESEM and EDS analysis was 

used to identify the structure as lamellar aggregate of 

b-Ti and CuTi2. 

Brazing with Ticusil

Fig. 5 shows a BSE image of of the interface between 

SS and Ti in case of SS-Ti joints brazed at 920 oC for 10 

min, using Ticusil alloy. Although the microstructure 

seems quite identical to that of Cusil brazed joint, the 

number of IMCs formed in the BZ is not as many. Apart 

from the layer of Cu-37Ti-10Fe adjacent to SS, marked 

as 1 in Fig. 5, the only other IMC layer that formed in 

the BZ is CuTi (layer 3). Islands of unreacted Ag were 

Fig. 4: BSE micrograph of the Ti-SS joint brazed using Cusil  alloy at 835 oC. 1: Cu-37Ti-
10Fe, 2: Ag(Cu), 3: Cu3Ti2, 4: Cu4Ti3, 5: CuTi, 6: a-Ti + CuTi2. The eutectoid layer 6 is 
shown at higher magnification in the inset.



Special Issue  |  October 2014         223

BARC NEWSLETTERFounder’s Day

also found to form in this case, between the Fe rich 

layer 1 and that of CuTi. The fraction of unreacted 

alloy is quite substantial as compared to Cusil. Cu was 

found to have diffused to a depth of about 50 mm 

inside Ti, because of higher temperature of brazing. 

A similar a-Ti + CuTi2 eutectoid layer formed during 

cooling of the b-Ti(Cu) solid solution phase from the 

brazing temperature. However, some elongated plates 

of b-Ti formed on the Ti side of the eutectoid layer, 

which can be attributed to partitioning of Cu to the 

b-phase since the solubility of Cu in the b-phase in 

room temperature is negligible. The interlammelar 

spacing in the eutectoid aggregate in this case is finer 

than that in Cusil braze joint [14].      

Discussion and Summary

The microstructures of the SS/Ti joint interfaces 

revealed that the interfaces between the braze alloy 

and the base materials, on either side, and the braze 

zones were free from pores, cracks, or discontinuities, 

in all the three cases.  It was also noted that in all 

the three cases the BZ consisted of layered structure 

due to the formation of intermetallic compounds by 

reaction of the substrate materials and the braze alloy. 

Although the basic microstructure of the BZ remained 

identical, the nature of the intermetallic compounds 

varied with the braze alloy. In the case of Silver-ABA 

brazing the compounds were identified as (Ni,Fe)2TiAl, 

Cu4Ti, CuTi, AgTi and (Ag,Cu)Ti2, and those in Cusil 

brazing were Cu3Ti2,  Cu4Ti3 and CuTi formed, while 

during brazing with Ticusil primarily CuTi formed in 

the reaction zone.

A part of the brazing alloy remained unreacted in 

the BZ in all the cases. The fraction of the unreacted 

alloy was quite substantial in Silver-ABA brazing, and 

consisted of a major portion of the BZ. However, this 

fraction in Cusil brazing was small and the BZ consisted 

primarily of the intermetallic compounds. A significant 

feature of the microstructure is the formation of 

eutectoid layer consisting of lamellae of (Cu,Ag)Ti2 in 

a-Ti matrix. The orientation relationship between the 

two phases was determined using composite SADP 

in TEM. The CuTi2 phase was found to be internally 

twinned. The variation in the width of this eutectoid 

layer can be attributed to the difference in the brazing 

conditions in different cases.

Fig. 5: BSE micrograph of the Ti-SS joint brazed using Ticusil  alloy at 920 oC.  1: 
Cu-37Ti-10Fe, 2: Ag(Cu), 3: CuTi , 4: a-Ti + CuTi2. The eutectoid layer 4 is shown at 
higher magnification in the inset.
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Abstract

Samarium-cobalt based magnetic alloy powders have been prepared by calciothermic reduction of samarium oxide 

in presence of cobalt under argon atmosphere. The resultant alloy powders were subjected to decalcification. 

The effect of processing parameters in obtaining the desired magnetic phases and on residual calcium has been 

studied. The products have been characterized by various microscopic and spectroscopic techniques. Higher 

samarium content and lower calcium content in the powder improve the magnetic properties of the final product.

This paper received the Best Presentation Award at the International Conference on Magnetic Materials and 
Applications (MagMA 2013), IIT Guwahati, Dec. 5-7, 2013

Introduction

Permanent magnets based on rare earth-transition 

metal intermetallics are the basis of ever increasing 

number of commercial and scientific applications, 

including electric motors, NMR scanners, wind-mills, 

compact discs, actuators for robotics and flight control, 

etc [1-3]. The advantage of permanent magnets in 

these applications is their ability to exhibit high level, 

constant magnetic fluxes without applying an external 

magnetic field or electrical current. Samarium-cobalt 

based magnets with high energy product and excellent 

coercive force, are ideally compact and suitable to 

highly efficient machine and components in which 

higher operation temperature, higher corrosion and 

oxidation resistance are crucial [4]. Iron-neodymium-

boron (Nd-Fe-B) and other rare earth-iron/cobalt-

based intermetallics have been investigated due to 

their superior magnetic properties [5-7]. However, 

corrosion resistance is a primary concern with Nd-Fe-B 

type of magnet and it has limitations to be used at 

higher temperature. In view of growing indigenous 

demand of samarium-cobalt based permanent 

magnets, namely SmCo5 and Sm2Co17 for specific 

applications, attention has been paid to prepare this 

magnetic material.  In this paper the preparation of 

Sm-Co alloy powders by reduction-diffusion process 

followed by decalcification has been discussed. 

Experimental

Sm2O3 powder (supplied by IREL: 95-96% pure) was 

mixed with calculated amount of Co (purchased from 

local vendor: 98.5 % pure) and Ca granules in a glove 

box. The charge was taken in a crucible and heated 

to high temperatures (1000-1200oC) under inert 

atmosphere in a resistance-heating furnace. After 

required duration of heating (3-10 hrs) the furnace 

was cooled and the charge was subjected to leaching 

for removal of Ca/CaO. The leaching was performed 

initially by water wash and followed by organic acid. 

The product was characterized by XRD (for phase 

identification), SEM (for morphology and size of the 

powder), EDX, XRF (for chemical composition) and 
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ICP-AES (for residual calcium). The powder was used 

to make a bar magnet and its magnetic properties 

were measured. The process has been developed 

to produce the powder in one kg batch scale with 

residual Ca ~ 2000 ppm. 

Results and Discussion

The desired phases were obtained when the reduction 

was carried out with more than 50% stoichiometric 

excess of Ca. 5-15% excess Sm2O3 was found to be 

necessary to get the desired phases. The reduction was 

incomplete when it was carried out below 1050oC. 

Almost 95% CaO was removed by leaching the 

product with water. For further decrease of residual 

calcium, leaching with buffer solution containing 

ammonia and organic acid was necessary. Fine control 

of pH was found necessary to bring down the calcium 

content below 2000 ppm in the final product without 

disturbing the magnetic phases. Improper leaching 

results in loss of rare earth values. Fig. 1 (a) and (b) are 

the XRD patterns of the leached SmCo5 and Sm2Co17 

powders, respectively.  

Typical SEM image and the corresponding EDX pattern 

of the decalcined powder is shown in Fig.2 (a) and  

2 (b) respectively.

Fig. 1 (a): XRD of SmCo5 powder

Fig. 1 (b): XRD of Sm2Co17 powder

Fig. 2 (a): SEM of decalcified SmCo5 powder

Fig. 2 (b): EDX of the powder

The energy product improves with lower Ca content 

and higher Sm content. Fig 3 (a) shows a magnetization 

curve of a product which has 27% Sm and 5000 ppm 

Ca, whereas Fig. 3 (b) represents the curve of a product 

containing 37% Sm and 2000 ppm Ca. Definitely the 

product with higher Sm and lower Ca shows much 
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better residual magnetization and energy product, 

which are required for a good permanent magnet.

wt % respectively which are well within the permissible 

limit for magnet preparation. The magnetic properties 

improve with increase in Sm content in the final 

product. 
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Fig. 3 (a): Magnetization curve of a product containing 27% Sm 
and 5000 ppm Ca

Fig. 3 (b): Magnetization curve of a product containing 37% Sm 
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Conclusion

Preparation of Sm-Co alloy powder by reduction-

diffusion process has been optimized. Leaching 

conditions were also standardized for successful 

removal of calcium from the products. Improper 

leaching resulted in loss of Sm. XRD pattern showed 

the formation of required phases. The oxygen and 

calcium contents in the final products are 0.5 and 0.2 
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THERMODYNAMIC STUDY OF URANIUM SORPTION ON 

TO BIOSYNTHESIZED MELANIN

Amardeep Singh Saini and Jose Savio Melo
Nuclear Agriculture and Biotechnology Division

Abstract

Biosorption has emerged as an alternate technology for the removal of heavy metals, present at low concentrations. 

Present study describes the thermodynamics of uranium sorption onto melanin pigment, which has been synthesized 

through green technology. The negative values of ΔG0 at all studied temperatures indicate the spontaneous nature 

of the adsorption process. Positive values of ΔH0 and ΔS0 suggest that the process is endothermic and shows 

increased surface randomness. The value of activation energy was calculated to be 16.17 kJ mol-1. Binding of 

uranium to melanin surface was confirmed by energy dispersive spectroscopy (EDS).

This Paper received the Best Oral Presentation Award at the 19th DAE-BRNS Symposium on  
Thermal Analysis, held at Mumbai from Dec. 19-21, 2013

Introduction

Conventional treatment methods are inefficient for 

treatment of effluents having metal ions less than 

100 mg L-1. Metal ions at this level are potentially 

toxic and hazardous and hence, treatment of such 

high volume dilute waste is important. Uranium is 

one such heavy metal having both radiochemical 

and toxicological effects. Biosorption has gained 

importance as an alternative for the remediation 

of such waste. Thermodynamics is an integral part 

of biosorption study and helps to understand the 

behavior of adsorption process. Also, it gives an idea 

about the feasibility of the sorption process and the 

accompanied changes in parameters such as enthalpy 

and entropy. Natural resource materials such as Hydrilla 

verticilata1, Ocimum basilicum2, C.repens3, have been 

used for metal uptake applications. In the present 

study, thermodynamic parameters such as free energy, 

enthalpy, entropy and activation energy of uranium 

adsorption onto biosynthesized melanin were studied. 

The presence of uranium on melanin was detected by 

EDS analysis.

Experimental

Materials

Melanin was synthesized using tyrosinase enzyme and 

L-Dopa as substrate. It was then acidified and collected 

by centrifugation, washed thoroughly with distilled 

water and air dried till further use. A uranium metal 

stock solution of 2000 mg L-1 was prepared in distilled 

water and later diluted to the desired concentration as 

required. All chemicals used were of analytical grade.

Experiment

Uranium solution (200 mg L-1) was contacted with 

melanin (1 g L-1) and incubated at different temperatures 

of 288, 298, 308, and 318 K and agitated at 150 

rpm on an orbital shaker. Samples were collected at 

suitable time intervals and subjected to centrifugation 

to estimate residual uranium concentration in 

supernatant. The estimation was done using arsenazo 

III reagent and the uptake of uranium per unit melanin 

was calculated using following expression:
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qe = (C0 − Ce) V / W                               (1)

where ‘C0’ and ‘Ce’ = Concentrations of uranium (mg 

L-1) before and after the sorption, respectively, ‘V’ = 

volume of uranium solution (L) and ‘W’ = amount of 

melanin (gm).

Energy Dispersive Spectroscopy (EDS) of 
uranium sorption on melanin

EDS analysis was done using SEM-EDS Zeiss-Evo 

18 special edition system. Melanin powder with 

and without uranium was used as test and control 

respectively.

Results and discussion

Effect of temperature 

As seen from Fig. 1, the metal uptake capacity went 

on increasing as the temperature increased from 

288 K to 318 K; suggesting an endothermic nature 

of the system. The rise in sorption capacity at higher 

temperature is due to the increase in collision frequency 

between the sorbent and the solute which results in 

increased sorption on the surface of melanin.

Evaluation of thermodynamic parameters

In order to describe the thermodynamic behavior of 

uranium biosorption by melanin, the change in free 

energy (ΔG0) was calculated using the following 

equation: 

 ΔG0 = −RT ln KD                                                              (2)

where R is the universal gas constant (8.314 J mol−1 

K−1), T is the temperature (K) and KD (qe / Ce) is the 

distribution coefficient. The enthalpy and entropy 

parameters were estimated from the following 

equation :

lnKD = ΔS0/R – ΔH0/RT                                            (3)

where ΔS0 represents the entropy and ΔH0 

denotes enthalpy. The values of ΔG0 at all studied 

temperatures were found to be negative which 

confirms the thermodynamic feasibility and 

spontaneous nature of the adsorption process (Table 

1). The value of change in enthalpy, calculated from 

slope of ln KD versus reciprocal of temperature 

is positive which further confirms the previous 

observation that biosorption in the present study is 

an endothermic process. Positive value of change in 

entropy calculated from the intercept of the same 

plot, suggests increased randomness during the 

process of adsorption. Fig.1. Effect of temperature on uranium loading capacity.

Table 1. Thermodynamic parameters for uranium uptake by melanin

ΔH0

(kJ mol-1)
ΔS0

(kJ mol-1 K-1)
ΔG0 (kJ mol-1)

288 K 298 K 308 K 318 K
18.75 0.077 -0.0116 -0.0122 -0.0150 -0.0154
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Determination of activation energy

The activation energy Ea was determined using the 

Arrhenius equation 

lnk2 = lnA – ( Ea / RT )                                                            (4)

where k2 is the rate constant value for metal biosorption, 

determined by the most appropriate kinetic model 

(pseudo-first-order or the pseudo-second-order kinetic 

model), Ea is the activation energy in kJ mol−1, T is 

the temperature in Kelvin and R is the gas constant 

(8.314 J mol−1 K−1). The activation energy Ea calculated 

from the slope of the plot was found to be 16.17 kJ  

mol-1. The value of activation energy helps to understand 

about the type of sorption i.e. physisorption or 

chemisorption. In case of physisorption; weak forces 

are involved in which Ea value less than 4.2 kJ mol-1 are 

observed. Chemisorption on the other hand, involves 

forces that are specific and stronger than in physical 

adsorption and is accompanied by Ea of more than 

4.2 kJ mol-1. The sorption of uranium onto melanin is 

therefore chemisorption process.

Energy Dispersive Spectroscopy (EDS)

Conclusive identification of the presence of uranium 

on melanin surface was made with the help of 

characteristic EDS peak pattern of uranium in the test 

sample (Fig. 2).  
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Abstract

Corrosion of (IN-RAFMS) modified 9Cr-1Mo steel (P91) and Indian Reduced Activation Ferritic Martensitic Steel 

was studied in static lead-17 atom% lithium eutectic for 355 h at 773 K. Exposure to molten Pb-17Li led to loss 

of weight in P91 material whereas IN-RAFMS gained weight which was possibly due to longer incubation period 

and post-exposure surface oxidation. Depletion of Fe and Cr occurred from a thin surface layer in both P91 and IN 

RAFMS although higher oxygen buildup on the surface of IN-RAFMS justified its weight gain.

This paper received the Best poster award at the XXXVIII Annual Conference of Environmental  
Mutagen Society of India (EMSI) on “Current Perspectives on Environmental  

Mutagenesis and Human Health”, Mumbai, Jan. 28-30, 2013

Introduction

The Lead–Lithium cooled Ceramic Breeder (LLCB) 

blanket concept proposed by India for testing at 

ITER; uses lead-17 atom % lithium (Pb–17Li) eutectic 

as multiplier, breeder, and coolant for the CB zones. 

[1] A serious problem arising from the use of Pb-17Li 

is the corrosion of the containment material and its 

deleterious effect on the mechanical properties. [2] 

Thus, the choice of the best suited material becomes 

critical and includes consideration of its thermo-

mechanical properties, capability to withstand 

radiation and compatibility with the coolant. 

Considering the mechanical integrity and radiation 

stability aspects; ferritic - martensitic (FM) steels 

containing low Ni and 7%-10% Cr and more recently, 

the reduced activation varieties of FM steels have 

been considered as potential candidates for fusion 

reactor applications. [3] The Indian variety of Reduced 

Activation Ferritic Martensitic Steel (IN-RAFMS) has 

been derived from its surrogate material, modified 9Cr-

1Mo steel (P91) by replacing the radioactive elements 

like Mo and Nb by W and Ta respectively. [4] The high 

temperature corrosion compatibility of such materials 

with Pb-17Li over a specific time interval will be an 

important parameter in qualifying such steels within 

the operating band of fusion reactors like ITER. [5] In 

this regard, the compatibility of P91 and IN-RAFMS 

was studied in molten Pb-17Li at 773 K for duration of 

355 h and the results have been reported here.

Experimental

Fig. 1 shows the schematic of two static corrosion test 

capsules specifically developed for high temperature 

corrosion testing in liquid metals and alloys. Each 
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capsule consists of a one end closed SS316L cylinder 

having 12 mm I.D. for containing the liquid metal/

alloy. Rectangular shaped metallic samples of 2 mm 

thickness having a hole of 4 mm diameter drilled on 

one side are initially prepared by wire EDM cutting and 

later by metallographic grinding, diamond polishing 

and ultrasonic cleaning. The samples are tied to a 

molybdenum rod with the help of molybdenum wires 

and the rod is fixed to the top cover of the capsule 

which is also made of SS316L. After the sample 

assembly is inserted into the test capsule, it is filled 

with solid Pb-17Li chunks of required quantity which 

will allow complete dipping of the samples in molten 

condition. Later the top cover is welded to the capsule 

and a positive pressure of high purity argon gas 

is maintained inside it. The set up is heated by coil 

heaters having 3 kW capacity and temperature of the 

capsule are monitored by K- type thermocouples. In 

the present experiment, two such capsules viz. Tube A 

and Tube B; having 4 samples each of IN-RAFMS and 

P91 respectively, were maintained at 773 K for 355 h 

continuously.

Afterwards, the samples were separated from molten 

Pb-17Li under inert gas atmosphere and later cleaned 

off the adherent Pb-17Li with a mixture of acetic acid, 

acetone and hydrogen peroxide in the ratio 1:1:1. The 

weight loss of the samples on exposure was measured 

to obtain the rate of weight change.  Thereafter, the 

cross section of the samples were analyzed through 

optical microscopy and Scanning Electron Microscope 

coupled with Energy Dispersive Spectrometry (SEM –

EDS) for analysis of micro-structural and composition 

changes due to Pb-17Li exposure.

Results and Discussion

The P91 samples showed an average weight loss 

of 0.9 mg after exposure to Pb-17Li for 355 h as 

indicated in table I. This could be extrapolated to a 

corrosion rate of 2.53 µg/h for P91 in static Pb-17Li. 

If the sample dimensions are taken into account, this 

weight loss would lead to a thickness reduction rate 

of 0.026 µm/yr as shown in table II. It is expected that 

this corrosion rate will be magnified in an actual fusion 

reactor system, due to the presence of flowing Pb-

17Li which would enhance its 

corrosive capability. Moreover, 

the existence of high intensity 

magnetic field would create a 

change in the velocity profile 

of the flowing Pb-17Li thereby 

significantly affecting it’s 

interaction with the structural 

material [6]. On the other hand, 

no weight loss was observed 

for the IN-RAFMS material. 

Instead, gain in weight was 

noted at an average rate of 

45.07µg/h (Table 1).  Such 

weight gains may be due to 

immediate surface oxidation 

post exposure and longer 

incubation periods (up to  

500 h) as have been previously 

reported for various other 
Fig 1:  The static corrosion test facility
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RAFM steels.[7, 8] In case of surface oxidation, the 

weight gain of the IN-RAFMS sample will correspond 

to thickness increase at a rate of 0.0116 µm/ hr as 

shown in Table 2.  

Fig. 2 show the optical micrographs of the cross 

section of the P91 sample before and after exposure 

to Pb-17Li at 773 K. As compared to the unexposed 

surface in Fig. 2(a), the exposed surface in Fig. 2(b) 

Table 1: Weight loss of the P91 and IN RAFMS sample after exposure to Pb-17Li at 773 K for 355 h

Sample
Initial weight

(before exposure)
= a (gm)

Final weight
(after exposure and 
cleaning) = b (gm)

Weight Change
Δm=b-a =

c  (gm)

% Weight 
Change

(c÷a)*100

Rate of weight 
change

(Δm)÷355 (µg/h)
P91 1.434 ±0.002 1.4331 ±0.001 0.0009 0.06276 2.53

IN-RAFMS 5.62±0.001 5.6360±0.002 0.016 0.28469 45.07

Table 2: - Thickness Reduction of a P91 and IN RAFMS sample after exposure to Pb-17Li at 773 K for 355 h

Sample Weight Change 
Δm (mg) 

Dimension of the exposed 
surface (L-length, B- breadth)

Change in thickness 
ΔH = Δm/( surface area x 
density), (µm)(d = 7.8)

Rate of thickness 
change(µm/ hr)

P91 -0.9 L=11.39mm,B=9.56mm 0.528 -0.0026
IN-RAFMS +16 L=20mm,b=12.4mm 4.13 +0.0116 

Fig 2 : Optical micrographs of P91 sample before and after exposure to Pb-17Li at 773 K for 355 h: (a) surface before exposure;  
(b) surface after exposure; (c) matrix before exposure; (d ) matrix after exposure; (e) martensite lath before exposure;(f) martensite 
lath after exposure.
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showed preferential attack along grain boundaries. 

Moreover, the grain size of P91 material was found to 

have almost doubled from 5.6 µm in the unexposed 

sample (Fig. 2(c)) to 10.6 µm (Fig. 2(d)) in the sample 

exposed to Pb-17Li. This is possibly because of the 

long term thermal ageing effect at 773K. Fig. 2(e) 

and 2(f) shows the martensite laths of the unexposed 

and exposed P91 material respectively. It could be 

observed that both the size and density of these laths 

had significantly increased after exposure to Pb-17Li 

for 355 h.  

 

Fig. 3 shows the optical micrographs of the cross 

section of the IN-RAFMS sample before and after 

exposure to Pb-17Li at 773 K. The unexposed 

surface of IN RAFMS is shown in Fig. 3(a). As 

compared to the P91 material, preferential grain 

boundary attack was not observed on the surface of 

the IN-RAFMS material exposed to Pb-17Li as shown 

in Fig. 3(b). Moreover, the grain size of IN-RAFMS 

became more uniform after exposure (Fig. 3(d)) 

as compared to the uneven grain size distribution 

noted in the unexposed matrix of IN-RAFMS in Fig. 

3(c). It could be observed that the martensitic lath 

size of unexposed IN-RAFMS material (Fig. 3(e)) was 

larger than that of P91 (Fig. 2(e)). Nevertheless, the 

lath size of IN-RAFMS decreased after exposure to 

Pb-17Li at 773 K (Fig. 43(f)) although an increase 

in lath density as noted in the case of P91, was 

observed in IN-RAFMS too. 

Fig 3 : Optical micrographs of IN RAFMS sample before and after exposure to Pb-17Li at 773 K for 355 h: (a) surface before exposure; 
(b) surface after exposure; (c) matrix before exposure; (d) matrix after exposure; (e) martensite lath before exposure; (f) martensite 
lath after exposure.
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Fig. 4 (a) and (b) show the SEM images of the cross 

section of the P91 and IN-RAFMS samples after 

exposure to Pb-17Li. No affected layer was found on 

the Pb-17Li facing surface of both the exposed samples. 

However, when EDS line scans of Fe, Cr and O were 

taken across the sample boundaries; it was observed 

that the concentrations of Fe and Cr decreased slightly 

from their matrix compositions at the exposed surface 

of both the samples. As shown in Fig. 4(a), the oxygen 

concentration remained almost constant over the 

cross section of the P91 sample. The source of this 

oxygen could be from the metallographic grinding 

and polishing procedure followed during sample 

preparation. On the other hand, the oxygen content 

was found to increase significantly at Pb-17Li exposed 

surface of the IN-RAFMS sample as shown in Fig. 4(b.) 

This indicated that IN RAFMS material exposed to Pb-

17Li is prone to post exposure surface oxidation which 

also explains the reason behind its weight gain.

Conclusion

1. The corrosion compatibility of P91 and IN-RAFMS 

material was tested in molten lead-17 atom% lithium 

eutectic for 355 h at 773 K in static condition.

2. Weight loss occurred at a rate of 2.53 µg/h for 

P91 material whereas IN-RAFMS gained weight at 

a rate of 45 µg/h. The weight gain in IN-RAFMS 

was possibly due to a higher incubation period 

and post-exposure surface oxidation. 

3. Corrosion of both P91 and IN-RAFMS in Pb-17Li 

at 773K led to depletion of Fe and Cr from the 

exposed surface. Grain boundary attack and 

grain size increase was prominent in P91. The 

size of martensitic laths increased in P91 whereas 

decreased in the case of IN-RAFMS.
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Abstract

The structure-function relationships of the naphthoquinone phytochemicals, plumbagin (5-hydroxyl-2-methyl-1,4-

naphthoquinone), juglone (5-hydroxyl-1,4-naphthoquinone), and menadione (2-methyl-1,4-naphthoquinone), 

have been studied. Plumbagin showed strong antimutagenic and antioxidant activities, whereas juglone displayed 

only strong antimutagenic, and menadione only strong antioxidant activities. Thus, functional groups (5-OH/2-

CH3) seem to play important roles in the differential bioactivity of naphthoquinones. Escherichia coli microarray 

analysis as well as studies with its single-gene knockouts showed that ybaK (tRNA editing) and speE (spermidine 

synthesis), reported to prevent mistranslation, are likely to be involved in the antimutagenicity displayed by juglone, 

and sodC (superoxide dismutase) to be involved in the antioxidant activity of menadione. 

This paper received the Best poster award at the XXXVIII Annual Conference of Environmental  
Mutagen Society of India (EMSI) on “Current Perspectives on Environmental  

Mutagenesis and Human Health”, Mumbai, Jan. 28-30, 2013

Introduction

Mutation is an important cause of the initiation and 

progression of many diseases, including atherosclerosis, 

heart diseases, and cancer. Hence, phytochemicals 

that reduce mutagenesis may be considered to have 

health protective potential. Naphthoquinones, such 

as ubiquinone, plastoquinone, and K vitamins, have 

already been reported for multiple health promoting 

effects. However, still in many cases their mechanism 

of action is not clear. Hence, to address this issue, 

three structural naphthoquinones analogues - 

plumbagin, menadione, and juglone were examined 

for antimutagenic and antioxidant potential. 

Plumbagin (PL), a yellow compound isolated from 

the genus Plumbago, has been reported to have anti-

inflammatory, anticarcinogenic, immunosuppressive, 

and anti-atherosclerotic activities [1]. Juglone (JU), 

known in the food industry as natural brown, is 

isolated from the black walnut (Juglans nigra) and 

other plants of the Juglandaceae family. It has been 

used as an herbicide, a dye for cloth and inks, and a 

colouring agent for foods and cosmetics. Menadione 

(2-methyl-1,4-naphthoquinone) (ME) is a synthetic 

compound also known as vitamin K3. On the 

1,4-naphthoquinone nucleus, plumbagin possesses 

5-hydroxyl and 2-methyl functional groups, whereas 

juglone has only the 5-hydroxyl and menadione 

only the 2-methyl group. To further understand the 

molecular mechanisms contributing to these activities, 

microarray transcriptome analyses were performed 

using E. coli cells grown in the presence of each of 

these naphthoquinones, separately. The relevance of 

certain upregulated genes was tested using E. coli 

knockout mutants. 

Material and Methods

Analysis of antimutagenicity 

The antimutagenic properties of these 

naphthoquinones were evaluated by the Ames test and 
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rifampicin resistance assay against ultraviolet (UV) and 
ethyl methanesulfonate (EMS) mutagenesis. The Ames 
test measures reversion of auxotrophic his- mutants of 
Salmonella typhimurium and the rifampicin resistance 
assay measures acquisition of rifampicin resistance by 
Escherichia coli cells due to mutations in the rpoB gene, 
which encodes the b subunit of RNA polymerase [2,3]. 

Analysis of antioxidant activity 

In vitro antioxidant assays

It was performed by DPPH (2,2-diphenyl-1-picryl-hydrazyl) 
radical scavenging assay at 517 nm [4] and also hydroxyl 
radical scavenging by estimating malondialdehyde at 532 
nm [5]. Superoxide scavenging activity was measured by 
the nitro blue tetrazolium assay [5]. Reducing power was 
determined using the potassium ferricyanide reduction 
method [4]. Protection of plasmid DNA from gamma 
radiation-induced oxidative damage was assayed using 
agarose gel electrophoresis. 

In vivo antioxidant assays

Protection of E. coli cells by these naphthoquinones 
against oxidative damage caused by gamma radiation 
was assayed by survival analysis using fluorescence 
activated cell sorting (FACS) using propidium iodide 
staining and calculating the decimal reduction dose 
(D10). Similarly, their protective effect on the functionality 
of radiation exposed pBR322 was measured in terms 
of its transformation efficiency on selection plates [LB 
agar plates containing ampicillin (50 µg/ml)], and the 
transformants were scored/106 cells/µg of DNA.

Molecular mechanism contributing to 
antimutagenic/antioxidant activities

Analysis of effect on SOS phenotype upon 
mutagenic exposure (LexA status and cell 
filamentation frequency) 

Overnight grown cultures of E. coli were subcultured in 

LB, grown to mid-log phase, and exposed to mutagens 

(UV 15 s; EMS 133 mM for 45 min), then incubated 

in dark for 15 min at ambient temperature to monitor 

the transient degradation of LexA [6]. The status of cell 

filamentation in E. coli was assayed by crystal violet 

staining followed by light microscopy [6]. The cells 

were grouped into four categories, based on length of 

filaments: 3-5 µm, 6-15 µm, 15-25 µm, and >25 µm.

Microarray analysis

Overnight grown E. coli cells were diluted in 

phosphate buffer saline (PBS) to ~500 cfu/ml. An 

aliquot (100 µl) was added to 5 ml LB and grown 

(~ 18 h) until cell density reached to ~109 cfu/ml. 

Total RNA was isolated from the cell pellet using 

RNeasy Mini Kit column (Qiagen, CA, USA). RNA 

was quantified and quality checked using ND 1000 

spectrophotometer (Nanodrop, Thermoscientific, 

USA) and a Bio-analyzer (Agilent, USA). Affymetrix 

E. coli genome 2.0 arrays were used for microarray 

analysis. E. coli samples for hybridization were 

processed using 3’ in vitro transcription (3’ IVT 

Express Kit, Affymetrix, USA). In the GeneChip® 

3’ IVT Express Protocol, total RNA was reverse 

transcribed to first-strand cDNA, which was further 

converted into a dsDNA template. This was later 

transcribed in vitro to amplified RNA (aRNA) having 

biotin-conjugated nucleotides. The aRNA was then 

purified to remove unincorporated NTPs, salts, 

enzymes, and inorganic phosphate. Fragmentation 

of the biotin-labelled aRNA was performed by array 

fragmentation reagents and used as sample for 

hybridization onto GeneChip® 3’ expression arrays. 

The role of genes showing differential upregulation 

in the presence of test compounds were further 

ascertained by antimutagenicity or antioxidant 

analysis using their E. coli knockout strains.

Measurement of intracellular reactive oxygen 
species (ROS) 

ROS was measured in the wild type E. coli cells and 

sodC knockout by H2DCFDA (2’,7’-dichlorofluorescein 
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diacetate) staining in the presence and absence of these 

naphthoquinones. The cells were grown overnight in 

LB, centrifuged,  resuspended in PBS, diluted to ~108 

cfu/ml, subjected to gamma radiation (0.07 kGy) 

in presence of H2DCFDA (2’,7’-dichlorofluorescein 

diacetate; 25 µM), and further incubated for 40 min in 

the dark at 37°C. Fluorescence intensity was measured 

using a microplate reader (Bio-Tek, Vermont, USA) at 

excitation and emission wavelengths of 488 and 525 

nm, respectively.

Results and Discussion

PL and JU displayed strong antimutagenicity

Suppression of UV/EMS-induced reversion in S. 
typhimurium TA102/TA100

Spontaneous reversion (SR) of S. typhimurium TA102 

and TA100 was found to be 170 and 90 revertants/

plate, respectively. UV (10 s) treated S. typhimurium 

TA102 cells showed ~1800 revertants/plate, ~10-fold 

higher than SR. PL was found to inhibit this reversion 

by 26 and 39% at 50 and 100 µM, respectively. 

Significant inhibition was also observed with JU. Only 

9% inhibition was noted with ME, even at 100 µM. A 

similar trend was observed with the UV dose of 15 s. 

Similarly, EMS (66.5 mM) treatment of S. typhimurium 

TA102 strain resulted in 600 revertants/plate, more 

than 3-fold above SR. PL and JU significantly inhibited 

this reversion. Antimutagenicity of ME was only 5% 

at 100 µM. With EMS (66.5 mM), the number of 

revertants/plate was 1467, ~16-fold higher than 

SR. PL inhibited reversion by 67 and 87% at 50 and 

100 µM, respectively. JU inhibited the reversion by 72 

and 87% at 50 and 100 µM, respectively. Only slight 

inhibition of mutagenesis was observed with ME (100 

µM). Similar trend was observed with EMS at 133 mM.

Inhibition of UV/EMS-induced RifR mutation in E. coli

Spontaneous mutation leading to rifampicin resistance 

in E. coli was low (<1 cfu/100 million cells). UV (10 s) 

treatment resulted in RifR mutant frequency close to 

450 cfu/100 million cells. PL reduced the RifR frequency 

by 41 and 75% at 50 and 100 µM, respectively. JU 

reduced mutation frequency by 46 and 76% at 50 

and 100 µM, respectively. ME (100 µM) was found to 

have little effect. A similar trend was observed with 

the UV dose of 15 s. EMS (66.5 mM) treatment of 

cells resulted in RifR mutant frequency ~1070 cfu/100 

million cells. PL reduced the frequency by 58 and 66% 

at 50 and 100 µM, while JU by 59 and 69% at 50 and 

100 µM, respectively. ME had little effect, even at 100 

µM. A similar trend was noticed with EMS at 133 mM.

PL and ME displayed strong antioxidant capacity

In vitro antioxidant potential

The percent scavenging of hydroxyl radical was 26, 

23 and 9% for PL, ME, and JU, respectively, at ≥120 

µM. Scavenging of superoxide radical was 27 and 

30% at ≥120 µM of PL and ME, respectively, whereas 

negligible scavenging was observed with JU. DPPH 

radical scavenging activity and ferric reducing power 

of these three compounds were very low (5-9%) even 

at 160 µM. PL and ME was found to protect plasmid 

pBR322 DNA topology against oxidative damage from 

gamma radiation exposure.

Protection of E. coli cells from gamma radiation-
induced oxidative damage

The effect of these compounds on the viability of E. 

coli cells exposed to gamma radiation was assessed by 

FACS analysis. Killing of 27% of the cells was observed 

at 250 Gy dose, which was significantly reduced in the 

presence of PL in a concentration-dependent manner. 

With 25 µM of PL, ~13% cell killing was noticed, which 

further reduced to ~8% at 50 µM. In the presence 

of ME (25 µM) radiation-induced cell killing was 

~15%. However, in the presence of JU (25 µM) not 

much protection was observed and the cell killing was 

found to be comparatively high (~21%). The decimal 

reduction dose (D10) for gamma radiation was found 

to be 142 Gy for E. coli cells. In the presence of PL (25 

and 50 µM), the D10 value increased to 196 and 262 
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Gy, respectively. For ME (25 µM), the D10 was very 

similar to that for PL. However, with JU, the D10 was 

not quite less (166 Gy). PL and ME were also found 

to protect plasmid pBR322 DNA functionality against 

oxidative damage from gamma radiation exposure in 

terms of transformation efficiency.

Mechanism of antimutagenic/antioxidant 
activity

Suppression of UV-induced SOS response in E. 
coli by PL and JU

The level of LexA repressor protein in E. coli was analyzed 

by Western blotting (Fig. 1). Upon UV exposure, 

almost complete degradation of LexA was observed, 

which was found to be 46% protected in the presence 

of PL, and 35% in the presence of JU (Fig. 1A). Less 

protection (14%) was observed in case of ME (Fig. 1A). 

In EMS-treated cells, LexA level was not affected as 

EMS works through SOS-independent mechanism (Fig. 

1B). Also, status of positive control (RecA) remained 

unchanged (Fig. 1C and D). The morphology of UV 

exposed E. coli cells changed drastically to long 

filaments after growing for 2 h (Fig. 2A). These 

cells failed to septate upon division resulting in 

the filamentous morphology. The filamentation 

frequency in control cells was ~0.3% which 

increased to 38% upon UV-exposure (Fig. 2A). 

PL or JU reduced cell filamentation frequency to 

~1/4 (~10%); however, ME did not affect the 

frequency significantly (Fig. 2B-D). 

Differential gene expression in E. coli cells 
in presence JU and ME

Transcriptome analysis of E. coli indicated that 

many genes showed differential expression 

(EMBL-EBI, MIAMExpress, accession number: 

E-MEXP-3765). Further study was focused 

on some of the genes. In E. coli cells grown 

in the presence of PL and JU, upregulation 

of genes such as rep, ybaK, speE, and yjfC 

Fig. 1: LexA profile of E. coli MG1655 in absence or presence 
of PL and its structural analogues (50 µM), (A) UV (15 s) treat-
ed, and (B) EMS (133 mM) treated, (C and D) status of RecA 
(positive control) in UV and EMS treated cells, respectively. M: 
colour protein molecular weight marker; L1: control; L2-L5: 
treated in presence of vehicle control DMSO (L2); PL (L3); JU 
(L4); and ME (L5).

Fig. 2. UV induced cell filamentation in E. coli MG1655 cells in absence or 
presence of PL and its structural analogues (50 µM). (A–D) UV (15 s) treated 
in presence of vehicle control DMSO (0.75%) (A); PL (B); JU (C); and ME (D).
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was observed. These genes are reported to be 

involved in DNA replication and repair, tRNA editing, 

spermidine synthesis, and glutathionyl spermidine 

synthesis, respectively. In case of PL and ME-treated 

cells, upregulation of sodC was observed. Gene 

xthA, reported to have a repair function during 

oxidative stress, was also upregulated. Gene hycB, 

encoding an intermediate electron carrier between 

hydrogenase 3 and fumarate dehyrogenase, and ligA, 

encoding an enzyme that catalyses the formation of 

phosphodiester bonds in duplex DNA, were also found 

to be upregulated in cells grown with PL and ME. 

Dependence of antimutagenicity of JU on ybaK 
and speE gene functions

JU reduced UV induced mutagenicity by 78% in E. coli 

wild type (WT) (Fig. 3A). However, in ybaK and speE 

knockouts, JU reduced the mutagenicity only by 27 

and 40%, respectively (Fig. 3A). Reduction in mutation 

frequency in UV-exposed yjfC and rep knockouts 

was ~68% in the presence of JU, indicating less 

dependence on these gene functions for the observed 

antimutagenicity of JU (Fig. 3A). With EMS-exposed 

cells, JU reduced mutagenicity by 58% in WT, which 

Fig. 3. Antimutagenic activity of JU (50 µM) in (A) UV (15 s) and (B) EMS (133 mM) treated E. coli MG1655 cells and its knockout 
strains; (C) cell viability in terms of decimal dose reduction (D10) indicating protection against gamma radiation induced oxidative 
damage in presence of ME (25 µM) in E. coli MG1655 and its knockout strains; (D) increase in intracellular ROS level upon radiation 
exposure of E. coli MG1655 cells and its sodC knockout strain in presence of ME or JU (25 µM). Different letters on the top of the bars 
indicate significant difference in means at p ≤ 0.05.
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was further reduced to 44% in ybaK, 41% in speE, and 

34% in yjfC knockouts (Fig. 3B). Reduction in mutant 

frequency observed in EMS mutagenesis was 53% in rep 

knockout, close to WT in the presence of JU (Fig. 3B). 

Requirement of sodC gene function for ME 
mediated rescue of E. coli cells from radiation 
induced death

Increase in D10 value of radiation exposed E. coli (WT) 

cells in the presence of ME was 32%, whereas it was 

negligible (2%) in the cells of sodC knockout (Fig. 3C). 

In the other knockouts, xthA and hycB, the increases in 

D10 were 26 and 29%, respectively (Fig. 3C). 

Requirement of sodC gene function for ME 
mediated suppression of ROS generation

In E. coli (WT) cells grown in the absence of ME, the 

increase in ROS upon radiation exposure was found to 

be 48% which was reduced to 22% in the presence 

of ME (Fig. 3D). However, no reduction in ROS level 

was observed in cells grown in the presence of JU (Fig. 

3D). In the sodC knockout, these observed differences 

were nullified. In sodC knockout grown in the absence 

and presence of ME, the increase in ROS was 32 and 

27%, respectively (Fig. 3D). As observed in case of WT 

cells, in the sodC knockout too, JU did not show any 

reduction in ROS level (Fig. 3D).

Fig. 4. Model to explain the differential antimutagenic/antioxidant potential of PL and its analogues. PL and JU upregulated ybaK 
and speE genes leading to inhibition of mistranslation contributing in reduced mutagenicity upon mutagenic challenges. PL and ME 
upregulated sodC gene resulting in O2•− scavenging. Additionally, direct free radical (•OH and O2•−) scavenging activity of PL and 
ME also reduced the extent of oxidant-induced DNA damage, eventually leading to increased survival.
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Based on these observations, a model is proposed 

to explain the antimutagenic activity displayed by 

PL and JU against UV and EMS-induced mutagenic 

damage and antioxidant activity of PL and ME against 

oxidative damage (Fig. 4). Transcriptome analysis has 

indicated differential expression of genes by PL, JU 

and ME. The upregulation of speE and ybaK genes 

reduces mistranslation, as the speE gene is involved 

in maintenance of the proper reading frame, whereas 

the ybaK gene is involved in hydrolysis of wrongly 

aminoacylated tRNA. Thus, inhibition of mistranslation 

could eventually lead to suppression of SOS-dependent 

or independent mutagenesis. On the other hand, the 

upregulation of sodC gene by PL and ME may lead 

to increased scavenging of hydroxyl and superoxide 

radical, resulting in the observed reduction in cell killing 

in oxidant-exposed cells. This study demonstrates 

a strong structure-function relationship among the 

naphthoquinones and provides a mechanistic view of 

their differential activity.
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PERTURBATION OF CELLULAR REDOX AS A NOVEL 
STRATEGY TO AMELIORATE RADIATION-INDUCED 

GASTRO-INTESTINAL SYNDROME

Lokesh Gambhir, Rahul Checker, Deepak Sharma and S. Santosh Kumar
Radiation Biology and Health Sciences Division

Abstract

Intestinal epithelial cells and stem cells are highly sensitive to ionizing radiation as they are continuously 

proliferating. These cells are damaged during radiotherapy of gastro-intestinal (GI) cancers resulting in severe 

side effects including diarrhoea, loss of appetite and weight loss. Here we describe a novel strategy to mitigate 

radiation induced GI syndrome using a pro-oxidant molecule 1,4-naphthoquinone (NQ). Administration of NQ to 

mice rescued them against whole body irradiation (8Gy) induced mortality by perturbing cellular redox leading to 

activation of pro-survival transcription factor Nrf-2 in intestinal epithelial cells. 

This paper received the Best Poster Award at the International Conference on Advances in Free Radicals,  
Redox Signalling and Translational Antioxidant Research, Lucknow, Jan. 30- Feb. 1, 2013

Introduction

Enhanced use of radiation in various aspects of human 

life may lead to situations like planned or unplanned 

exposure to radiations. Planned exposure is the result 

of the use of radiation in diagnosis and treatment in 

radiation therapy. In spite of the fact that radiotherapy 

is an effective tool for cancer treatment, the normal 

tissues adjacent to the tumor are exposed to radiation 

which limits the therapeutic efficacy. High sensitivity 

of the intestine tract due to high proliferation rate is 

one of the factors contributing to the adverse side 

effects of cancer radio therapy. Ionizing radiation 

induced mortality is largely dependent on the dose 

of radiation received by organism. Acute effects after 

Whole body irradiation of 8Gy are known as gastro-

intestinal syndrome that causes death within 7 to 10 

days. Gastro-intestine (GI) tract is lined by numerous 

luminal protrusions villi and submucosal invaginations 

called crypts of Lieberkuhn constituting the absorptive 

surface of small intestine called as jejunum. GI 

syndrome is characterized by loss of absorptive surface 

of small intestine due to denudation of villi and 

apoptosis in crypts. 

Although different radiation countermeasures are 

currently under development but none of them have 

been approved by food and drug administration for 

human use. Previously reported countermeasures 

against GI syndrome like fibroblast growth factor, TLR 

5 agonist CBLB502, S1P and anti-ceramide antibody 

offered protection by reducing apoptosis in intestinal 

crypts (1,2). Radiation exposure is followed by a 

marked increase in oxidative stress induced cellular 

damage, thus targeting a molecule which serves as 

a master regulator of antioxidant and cytoprotective 

gene expression seems a logical approach. Nuclear 

factor erythroid 2- related factor 2 (Nrf-2) is a redox 

sensitive transcription factor which upon activation 

translocates into the nucleus and binds to antioxidant 

response element (ARE) and induces the expression of 

phase II detoxifying enzymes, anti-oxidant enzymes 

and stress responsive proteins. 1,4-naphthoquinone 

(NQ), a pro-oxidant, is a strong electrophile with high 
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affinity for cellular nucleophiles like thiols of cysteine 

group present in proteins contributing to its biological 

activity. Hence we postulated to explore the potential 

of NQ to protect against radiation induced gastro-

intestinal syndrome and also delineate the underlying 

molecular mechanism.

Results

NQ protected against radiation induced cell 
death in INT 407 (human intestinal epithelial 
cells)

NQ treatment prior to radiation dose of 6Gy significantly 

protected INT 407 cells against radiation induced loss 

of clonogenicity. Radiation induced apoptotic death 

is marked by an increased caspase activity. NQ pre-

treatment significantly inhibited radiation induced 

caspase-3 activity. 

NQ modulated cellular redox status by increasing 
cellular ROS and depleting GSH/GSSG 

Perturbation in cellular redox by NQ treatment was 

marked by a transient increase in basal ROS levels 

compare to control as measured by redox sensitive 

fluorescent dye (Fig. 1A) and a transient depletion in 

GSH/GSSG ratio (Fig. 1B). 

NQ induced activation and upregulation of Nrf2 
and its dependent gene in INT 407

NQ treatment showed an increase in nuclear 

translocation of Nrf2 in a time dependent manner 

(Fig. 2A). NQ treatment significantly enhanced the 

mRNA expression of Nrf2 and its dependent gene 

hemeoxygenase 1(HO1) in a time dependent manner 

(Fig. 2B).

Fig. 1A: A transient increase in basal ROS levels compare to 
control as measured by redox sensitive fluorescent dye

Fig. 1B : A transient depletion in GSH/GSSG ratio

Fig. 2A : An increase in nuclear translocation of Nrf2 in a time 
dependent manner
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Inhibitors of Nrf2 and its upstream kinases Erk 
abrogated NQ mediated protection

ATRA (Nrf2 inhibitor) and PD98059 (Erk inhibitor) 

significantly reverted the NQ mediated protection 

against radiation induced loss of clonogenicity in INT 

407 cells (Fig. 3) suggesting the pivotal role of Nrf2 

pathway as underlying mechanism.

mortality. NQ treated mice showed significantly higher 

survival after WBI (Fig. 4)

NQ protected against WBI induced 
gastrointestinal injury: 

Normal villous architecture, epithelial alignment and 

crypts were observed in NQ administered group when 

compared to shortened and oedematous villi with 

epithelial irregularities in radiation treated group (Fig 5). 

Fig. 2B : NQ treatment significantly enhanced the mRNA 
expression of Nrf2 and its dependent gene hemeoxygenase 
1(HO1) in a time dependent manner

Fig. 3: ATRA (Nrf2 inhibitor) and PD98059 (Erk inhibitor) 
significantly reverted the NQ mediated protection against 
radiation induced loss of clonogenicity in INT 407 cells

NQ administration protected mice against WBI 
induced mortality

Administration of NQ (2mg/kg bw 4 doses) prior to 

irradiation protected mice against WBI 8Gy induced 

Fig. 4 : NQ treated mice showed significantly higher survival 
after WBI

Fig. 5: Normal villous architecture, epithelial alignment and 
crypts were observed in NQ administered group when compared 
to shortened and oedematous villi with epithelial irregularities in 
radiation treated group
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Discussion

Earlier findings from our laboratory showed the 

potential of NQ to protect against hematopoietic 

system (3). Our current findings highlight the efficacy 

of NQ to protect gastro-intestinal tract from radiation 

induced toxicity. INT 407 cells served as a model for in 

vitro studies. Clonogenicity is defined as the potential of 

single cell to form a colony determining its proliferating 

efficiency. NQ significantly protected against radiation 

induced loss of clonogenicity. Radiation induced cell 

death is mainly due to induction of apoptosis which 

is marked by higher caspases activity. NQ protected 

against radiation induced increase in caspase activity. 

Balanced cellular redox status is required for normal 

functioning of cell. However transient modulation 

in cellular redox is associated with the induction of 

redox sensitive cytoprotective transcription factors 

like Nrf2. NQ being a pro-oxidant modulated cellular 

redox by transiently enhancing the basal ROS levels 

and depleting the abundant redox couple GSH/

GSSH ratio (Fig. 1A and B). Further NQ showed an 

increase Nrf2 nuclear translocation and an increase 

in mRNA expression levels of Nrf2 and its dependent 

cytoprotective gene (Fig. 2A and B). Inhibitors of Nrf2 

and its upstream kinases Erk, which is responsible for 

Nrf2 phosphorylation thus activation, reverted the 

effect of NQ on radiation induced cell death (Fig 3) 

implicating the pivotal role of Nrf2 pathway in NQ 

functioning as radioprotector. Further in vivo studies 

suggested the potential of NQ to act as radioprotector. 

As discussed previously, doses from 8Gy and above 

induces mortality due to induction of GI syndrome. 

NQ significantly rescued mice from WBI 8Gy induced 

mortality (Fig. 4). NQ treated mice showed normal 

epithelial lining indicating intact absorptive surface 

of intestine when compared to denudated and 

oedematous villi with irregularities in epithelial lining 

in WBI group (Fig 5). Our findings highlight the 

efficacy of NQ to ameliorate radiation induced gastro-

intestinal syndrome by modulating cellular redox and 

activating Nrf2 pathway.
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INVESTIGATION OF THE EFFECTS OF -OH GROUP 

SUBSTITUTION ON THE RADIATION STABILITY  
OF FAP (FLUORO ALKYL PHOSPHATE)  
BASED IMIDAZOLIUM IONIC LIQUIDS

Apurav Guleria, Ajay. K. Singh, Sisir K. Sarkar and Soumyakanti Adhikari
Radiation & Photochemistry Division

Abstract

The radiation stability and the mechanism for FAP imidazolium ionic liquids (ILs) have been investigated owing 

to their superior hydrolytic stability and ultra hydrophobic nature. The ILs were subjected to very high radiation 

doses ranging from 50 kGy to 500 kGy. Various characterization studies involving density, viscosity, refractive index, 

conductivity, thermal stability and electrochemical window were performed on the irradiated ILs to determine the 

radiation effects on these properties. Qualitative studies i.e. NMR & Mass spectrometric studies were conducted 

on the ILs to identify the radiolytic products and the amount of decomposition was found to be <5% at higher 

radiation doses of 400 kGy. Introduction of -OH group in the alkyl side chain of the imidazolium moiety resulted into 

significant changes in the physical properties of these ILs with respect to their onset temperatures, conductivity and 

electrochemical window. Besides these, the H2 gas yields of the ILs were determined and found to be comparable 

to that of a radiolytically stable aromatic compound, benzene. Through transient spectroscopic studies, we could 

delineate the mechanism for the radiation induced changes in the physicochemical properties of the non-hydroxyl 

and hydroxyl containing FAP ILs.

This paper received the Best Poster Award at the National Symposium on Radiation &  
Photochemistry (NSRP-2013), North Eastern Hill University, Shillong, 20-22 March, 2013

Introduction

Room Temperature Ionic Liquids (RTILs) are a rapidly 

expanding family of condensed-phase media with 

important applications in synthesis, extraction, catalysis 

and electrochemistry [1]. In the present scenario, 

RTILs are being considered as potential candidates in 

the reprocessing of spent nuclear fuel. It is therefore 

imperative to study the radiation chemistry of ILs to 

determine their radiolytic products and degradation 

pathways. No surprise that several radiation stability 

studies on ILs have already been reported. Most of these 

studies have been carried out on imidazolium ILs having 

anions such as PF6
−, BF4

− or halogens. Essentially, these 

ILs have been found to be hydrolytically unstable giving 

off highly toxic and corrosive HF. Further, the application 

of hydrophobic ILs in nuclear separations may put the ILs 

both in high radiation fields and in contact with aqueous 

raffinate containing 1-6 M HNO3. Amongst various 

ILs, imidazolium ILs with bulky FAP (tris(perfluoroalkyl)

trifluorophosphate) anion are ultra hydrophobic and 

possess excellent hydrolytic stability. Therefore, we 

performed an assortment of characterization and 

qualitative studies to explore the radiation stabilities 

of FAP ILs in the radiation doses, ranging from 50 to 

500 kGy. Pulse radiolysis experiments were carried out 

to determine the transient species and their kinetic 

behavior on radiolysis.
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Materials and methods

1-ethyl-3-methylimidazolium tris (pentafluoroethyl) 

trifluorophosphate, [EMIM][FAP] and  

1-(2-Hydroxyethyl)-3-methylimidazolium tris 

(pentafluoroethyl) trifluorophosphate, [EOHMIM]

[FAP] were obtained from Merck KGaA, Darmstadt, 

Germany, with a purity > 99%. All other chemicals 

were of spectroscopic grade. The ILs were irradiated 

with a 7 MeV electron beam (FWHM ~ 2 ms) obtained 

from a linear accelerator (LINAC, in conjugation with 

Pulse radiolysis system). The electron pulse used for 

carrying out the Pulse radiolysis experiments was 500 

ns, while the dose per pulse was kept as 12 Gy. The 

structures of the ILs studied are shown below.

imidazole and its derivatives were observed however, 

their amounts were found to be very less (<0.5%) [2]. 

Nevertheless, the oligomeric products of imidazole are 

chromophoric in nature having high molar extinction 

co-efficient (e) of the orders of 104 dm3 mol-1 cm-1 and 

exhibit similar optical absorption spectral features as 

in the present case of irradiated ILs. Therefore, the 

color evolution and the appearance of absorption 

peaks in case of irradiated ILs can be ascribed to p-p* 

transition that originates from the radiolytic products 

derived from the imidazolium cation.

 

Results and discussion

On irradiation, both the ILs exhibited color evolution 

which further became intense with the increase in 

radiation dose. However, the color darkening was 

more in case of –OH group containing IL i.e. [EOHMIM]

[FAP]. The color evolution in [EMIM][FAP] at various 

radiation doses has been shown in the inset of Fig.1. 

This gives the indication of the radiolytic degradation 

occurring in the ILs. A typical optical absorption 

spectra of irradiated and unirradiated [EMIM][FAP] 

are shown in Fig.1. It was observed that [EMIM][FAP] 

displayed linear variation in the absorbance values (at 

290 nm) with the radiation dose, while such trend was 

not observed in the case of [EOHMIM][FAP]. This result 

indicates, the -OH group can influence the radiolytic 

degradation pathways of [EOHMIM][FAP]. 

Qualitative studies such as NMR and Mass spectrometry 

were conducted on the pre- and post-irradiated ILs to 

identify the radiolytic products and the amount of 

degradation. Predominantly, the oligomeric species of 

Fig.1: UV-VIS absorption spectra of pre-anti post-irradiated 
[EMIM][FAP]. Inset:Picture showing the color variation of IL 
on irradiation.

Various characterization studies were performed on 

the irradiated ILs to determine the radiation effects on 

their properties i.e. colour, density, viscosity, refractive 

index, conductivity, thermal stability and electrochemical 

window. As can be noticed from Table 1, the variation 

in the values of aforementioned properties of [EMIM]

[FAP] was very less even a high radiation doses of 400 

kGy. While, significant decrease in the thermal stability 

and the conductivity values was observed for –OH group 

containing IL on irradiation. Besides, the gaseous products 

evolution is a crucial factor to be considered for any 

industrial or reactor scale application. Therefore, H2 gas 

yields (G (H2)) were measured from the irradiated FAP ILs 

((7.6 ± 0.2) x 10-9  mol/J for [EMIM][FAP] and (8.5 ± 0.4) 

x 10-9 mol/J for [EOHMIM][FAP]) and were found to be 
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almost equivalent to that of radiolytically stable aromatic 

compounds, i.e. benzene ((6.5 ± 0.4) x 10-9 mol/J) [2].

Transient spectroscopic studies were carried out 

by Pulse radiolysis technique to delineate the 

mechanism for the radiation induced changes in the 

physicochemical properties of the non-hydroxyl and 

hydroxyl containing FAP ILs. Both the ILs give rise to 

similar transients with absorption peaks at 320 nm 

and a weak shoulder at 370 nm (Fig. 2A&B). However, 

the absorbance at 320nm in case of [EOHMIM][FAP] is 

1.3 times higher than that in case of [EMIM][FAP]. A 

faster rate of formation of the transients was observed 

in case of [EOHMIM][FAP] (5.7 x 106 s-1) cf. [EMIM]

[FAP] (3.26 x 106 s-1). Furthermore, a marked difference 

was noted in the transient decay behavior of both the 

Table 1: Physico-chemical properties of FAP ILs at various ra-
diation doses. Density, viscosity and refractive index were meas-
ured at 250C. Conductivity values were recorede at 200C Taken 
from Ref [2]

ILs in the presence of O2. As can be observed from 

Fig. 2C, the formation of a new species was evident 

in case of [EOHMIM][FAP] and was quite prominent 

while measuring at 370 nm. It was inferred that the 

formation of alkyl radical at the ethoxy side chain of 

the cation is quite likely as the addition of O2 to this 

radical would form a peroxyl radical which shows a 

strong absorption in the wavelength region 320-370 

nm [2]. Thus, it becomes clear that the two ILs behave 

differently in radiation environment which has also 

been reflected in the number and yield of products.

 

Conclusions

All the results discussed here clearly indicate the 

hidden potential of the FAP imidazolium ILs to be a 

good solvent for various applications involving high 

radiation fields. Also, we have clearly demonstrated 

that a simple functionalization of the molecular 

structure of these ILs might cause marked differences 

in the reactivity, reaction center and the nature of 

the radiolytic products, which eventually lead to the 

significant changes in their physicochemical properties.
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STRUCTURE AND PROPERTIES OF WATER IN THE 

HYDRATION SHELL OF HALIDE IONS AS REVEALED BY 
RAMAN SPECTROSCOPY

Mohammed Ahmed, Ajay K. Singh, Jahur A. Mondal and Sisir K. Sarkar
Radiation & Photochemistry Division

Abstract

The structure and properties of water at the vicinity of ions play an important role in chemistry and biology. 

We have investigated the properties of water in the presence of alkali halides in D2O and in isotopically diluted 

water (HOD) using spontaneous Raman spectroscopy. Our results revealed that the water in the hydration shell 

of the halide ions has weaker hydrogen-bonding, reduced intra-/intermolecular coupling, and enhanced Raman  

cross-section (OH-stretch) compared to those of the bulk water. Quantitative analysis revealed that the Raman 

cross-section of hydrating water increases due to pre-resonance enhancement by a higher excited electronic state 

of water.

This paper received the Best Poster Award at the National Symposium on Radiation & Photochemistry  
(NSRP-2013), North Eastern Hill University, Shillong, 20-22 March, 2013

Introduction

Interactions between ions and water play important 

roles in biological, environmental, and industrial 

processes. Vibrational spectroscopic methods are 

widely used to understand these interactions because 

the vibrational transitions in a molecule are highly 

sensitive to its local environments/ions. In general, 

a comparison of the spectral width, position, and 

intensity of the vibrational spectrum of neat water 

with those of aqueous electrolyte solutions would 

reveal the effect of electrolyte/ions on the vibrational 

properties of water [1]. However, the band shape and 

the intensity of the vibrational spectrum of water are 

heavily affected by the intermolecular coupling and 

Fermi Resonance (FR) in the OH stretch regions, which 

may vary with the environment or the presence of ions. 

As a result, the analysis of the vibrational spectrum of 

water in different environments becomes complicated. 

Several studies have investigated the hydrogen-

bonding properties of water in the hydration shell of 

halide ions or in other environments. However, less 

attention has been put in investigating the intra-/

intermolecular coupling and Raman cross-section of 

water in the hydration shell of the halide ions/ or in 

other environments  [2,3]. Here, we have investigated 

the intermolecular coupling and the FR of water in 

the hydration shell of the halide ions by recording the 

Raman spectra of D2O and isotopically diluted water 

(HOD) with different alkali halides (NaX) of varying 

concentrations. 

Experimental

The alkali halide salts (≥98.0 %) and D2O (atom % D 

≥99.0) were purchased from Sigma Aldrich.  Milli-Q 

water (H2O; 18.2 MΩ cm resistivity) was used for 

isotopic dilution of D2O. The spontaneous Raman 

spectra of the samples were recorded using a STR-

300 micro-Raman spectrometer (SEKI Technotron, 

Japan) with 532 nm excitation (power ~20 mW at the 

sample). The scattered light was collected through a 
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fiber coupled 300 mm spectrograph and detected by a 

thermo-electric cooled (-75°C) charge-coupled device 

(CCD). The total acquisition time was 500 sec. or more 

for a single spectral measurement. 

Results and Discussion

Fig. 1 shows that with increasing the concentration of 

NaBr in D2O (i) the Raman intensity in the red regions 

(strongly H-bonded) of the OD stretch band decreases 

and that in the blue regions (weakly H-bonded) 

increases, and (ii) the integrated Raman intensity 

increases too. A similar spectral change is observed on 

addition of H2O in D2O (isotopic dilution), as shown 

in inset of Fig.1 Presumably, on isotopically dilution, 

the H-bond strength and the Raman cross-section of 

nOD-str does not change but the intra-/intermolecular 

coupling of water is significantly reduced. Thus, the 

reduced intra-/intermolecular coupling might have 

a contribution to the spectral changes in Fig. 1. To 

investigate this issue, we measured the Raman spectra 

of isotopically diluted water, D2O/HOD/H2O = 1/18/81, 

which is free from the intermolecular coupling 

and FR in the OD stretch regions [4], in presence of 

different concentrations of NaBr as shown in Fig.2. 

On increasing concentration of NaBr, the intensity 

in the red regions of the OD stretch band decreases 

and that in the blue region increases with an isobestic 

point at ~ 2490 cm-1. These spectral changes suggest 

that the water in the hydration shell of Br- has weaker 

H-bonding compared to that in the bulk. Comparing 

Figs. 1 and 2, it is observed that with increasing 

concentration of Br- the spectral width (FWHM) of the 

OD stretch band decreases significantly in D2O than 

that in isotopically diluted water (Inset of Fig.2). The 

band width (OD stretch) decreases with decreasing 

intermolecular coupling and FR. Assuming that the 

isotopically diluted water (D2O/HOD/H2O = 1/18/81) 

does not have significant intermolecular coupling and 

FR, the large decrease in DFWHM in D2O is assignable 

to the significant reduction in intermolecular coupling 

and FR of D2O in the hydration shell of Br-.

   

Quantitative analysis in D2O and isotopically diluted 

water (D2O/HOD/H2O = 1/18/81) shows that the 

relative Raman cross-section section ( sH/sb are the 

Raman cross-sections of hydrating and bulk water) in 

D2O is higher than that in HOD (Fig. 3). The higher  

, in D2O is due to the reduced intra-/intermolecular 

coupling of water in the hydration shell of the halide 

ion compared to that in bulk water [4]. Fig. 4 shows 

the plot of  vs. the energy of the excited electronic 

state (ne(b)) of water. The  increases as the size of 

the halide ion increases, which is attributed to the 

Fig.1. Raman spectra in OD stretch regions (A) NaBr in D2O. 
Inset: D2O D2O-H2O mixtures with different mole ratios.

Fig.2. (A) Normalised Raman Spectra of D2O-H2O mixture 
(D2O/HOD/H2O = 1/18/81) with different mole fractions  
of NaBr. Inset: Change in FWHM of the OD stretch band  
with XNaBr.
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pre-resonance enhancement of Raman cross-section  

in the hydration shell of halide ion. The experimental 

data points (orange circles) are lower than those 

predicted by the simulated curve (dark yellow) 

corresponding to the lowest energy (ne(b)) ~ 60240 

cm-1) electronic absorption of water. However, the 

gray simulated curve corresponding to a higher 

energy (ne(b)) ~ 120000 cm-1) excited electronic states 

of water nicely reproduce the experimental results. 

We propose that the higher excited electronic state of 

water governs the pre-resonance enhancement of the 

Raman cross-section of water and the lowest excited 

electronic state of water does not contribute efficiently 

to the sH of OD (OH)str..

   

Conclusions

We have investigated the effect of halide ions on 

the intermolecular coupling, Fermi-Resonance (FR), 

hydrogen-bonding properties, and the Raman cross-

section of neat D2O and isotopically diluted water (D2O/

HOD/H2O = 1/18/81) by measuring the Raman spectra 

in the OD stretch regions. Our results reveal that water 

poses for reduced intermolecular coupling and FR in 

the hydration shell of the halide ions compared to 

those in the bulk. Quantitative analysis revealed that 

preresonance enhancement of the Raman cross-

section of hydrating water is only weakly enhanced by 

the lowest energy charge transfer electronic excited 

state of water.
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Fig. 3: Normalized integrated intensity vs concentration of 
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Fig.4: Plot of relative Raman cross-section vs. the energy of 
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NOVEL DESIGNING OF THERMO-ELASTIC 

MACROPOROUS AGAROSE-ALGINATE COMPOSITE 
BIOMATERIAL

Anuj Tripathi and Jose Savio Melo
Nuclear Agriculture and Biotechnology Division

Abstract

The present study describes the synthesis of macroporous polymeric composite matrix using natural polymers 

like alginate and agarose by the process of cryotropic polymerization. The synthesized matrix was examined for 

their thermal stability and mechanical property at different temperature. The results indicated thermal tolerance 

of the composite matrix. However with increasing temperature, elastic behavior of matrix shows increase in 

tensile property but decrease in elastic modulus. The results suggest that there is potential in the use of naturally 

derived polymers for the synthesis of porous biomaterials with thermo-elastic properties for various biomedical 

applications.

This Paper received the Best Poster Award at the 19th DAE-BRNS Symposium on Thermal Analysis,  
held at Mumbai from Dec. 19-21, 2013

Introduction 

One of the most exciting areas of advanced materials 
science research is in the applications of biomaterials to 
healthcare and especially to reconstructive surgery. At 
a time when technological research should contribute 
to improvements in the quality of life, it is obvious that 
the developments of advanced materials for application 
either inside or outside the body in order to treat 
disease and injury have a high priority. The variety of 
natural chemical structures together with the precise 
control of their molecular architecture and morphology, 
rationalize the numerous uses of biopolymers (natural 
polymers) as biomaterials in high technological and 
biological applications. Because of inherited properties, 
biopolymers are of interest as a bio-mimetic component 
for tissue engineering application but there are also 
some concerns like loss of bioactivity of the biopolymer 
during its extensive processing prior to application. 
In addition, they have also been widely used in drug 
and protein delivery system, cell culture, medical and 
biological sensors, water absorbent pads, hygiene 
products, breast implants, wound dressing and for 
enzyme and cell immobilization1-3. Porous polymeric 

matrices are attractive class of substrates for various 
biotechnological applications. Among other properties, 
the thermal stability and mechanical properties are 
important parameters to understand the biomaterial 
behavior in a biological (in situ) environment. 

We aimed to synthesize a composite porous polymeric 
matrix, which could retain 3D porous structure even 
after drying, show improved thermal stability and elastic 
behavior for biomedical application. We have used 
different ratios of polymers and optimized the matrix 
properties. The thermo-elastic stability was accessed by 
thermo-gravimetric and mechanical analysis. The use 
of cryotropic polymerization technology to produce 
customized porous matrix with controlled internal 
micro-architecture is also addressed.

Experimental 

Synthesis of agarose-alginate (Ag-Al) cryogel 
monolith 

Ag-Al cryogel was synthesized using N-(3-
dimethy laminopropyl ) -N´-ethy lcarbodi imide 

Home

NEXTPREVIOUS ê ê

CONTENTS



254         Special Issue  |  October 2014

BARC NEWSLETTERFounder’s Day
hydrochloride (EDC) with N-hydroxysuccinimide 

(NHS) for chemical crosslinking. Low viscosity alginate 

solution (3.75%) was prepared in a plastic tube (50 

mL) using deionized water as a solvent. On the other 

hand, agarose (Low EEO; gelling temperature 38-40 

°C) (6%) was dissolved in deionized water by placing 

the agarose containing tube in the boiling waterbath 

until the solution became transparent. Further, 4 mL 

of stock solution of alginate (3.75%) was added to 

5 mL of hot agarose solution (6%) and then cooled 

at room temperature. When the temperature of the 

heterogeneous solution reached to 45 °C, 500 μL of 

0.35 M freshly prepared EDC solution was added which 

was followed by adding 500 μL of 0.2 M NHS solution. 

The reaction mixture of Ag-Al was transferred into 5 mL 

plastic syringe and immediately freezed at -12 °C for 16 

h in liquid cryobath (Grant, Cambridgeshire, UK). After 

completion of incubation, gels were thawed in deionized 

water and dried at room temperature till further use. 

Characterization of porous agarose-alginate 
matrix 

The structural morphology of synthesized Ag-Al 

cryogel was analyzed by scanning electron microscopy 

(SEM). Thermo-gravimetric (TGA) analysis of Ag-

Al cryogel was performed using calorimeter under 

nitrogen atmosphere over the temperature range of 

20 to 500 °C at increment of 10 °C/min. Cylindrical 

cryogel samples of height 5 mm and diameter 13 mm 

were saturated with 0.1 M phosphate buffer saline 

(PBS) and then used for conducting the tensile tests. 

Uniaxial elongation was performed to the cryogel 

samples with 10 kN load cell under displacement 

control at the rate of 1 mm/min. The slope of the 

graph with stress (kPa) on Y-axis and strain (%) on 

X-axis was measured at 10% strain to calculate elastic 

modulus and tensile strength. 

Results and discussion 

Ag-Al cryogels were synthesized by optimizing the 

concentration of agarose in co-polymer. The synthesis 

is based on cryotropic gelation of agarose and alginate 

chains at subzero temperature in the presence of 

crosslinker EDC and NHS. Synthesized Ag-Al cryogel 

was white in color, soft, spongy and retained 3D porous 

architecture (Fig. 1a). Upon complete drying, cryogel was 

shrunk approximately 1 to 2 mm in diameter from its 

original size (13 mm diameter). Interestingly, Ag-Al gel 

shows shape memory property i.e. returns to its original 

shape and size while soaking in aqueous medium.

 

Fig 1. Physical form of AA monolith gels (a) and its scanning 
electron microscopic image showing homogenous macropores 
distribution (b). (SEM scale bar: 50 μm). 

Microstructure analysis of Ag-Al cryogel was evaluated 

by scanning electron microscope (SEM). The pore 

range of the cryogel sections of a monolith was 30 μm 

to 100 μm with an average pore diameter of ~70 μm. 

The SEM observation showed uniform pore distribution 

(Fig. 1b). The size of pores can be controlled by the 

heat transfer ratio within the system. For example, 

at defined temperature, the smaller cryogel system 
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will have better heat transfer ability and maintain the 

temperature compared to bigger sample. So, during 

the cryogelation process, variations in the temperature 

besides other parameters can change the structural 

homogeneity of a cryogel.

The thermal stability of alginate gel and Ag-Al gel 

was accessed by thermo-gravimetric analysis (TGA). 

The graph of percentage weight loss v/s time showed 

onset of decomposition approximately at 60 °C, 

which is due to the dehydration of gel in both the 

cases. The second decomposition was observed at 200 

°C in both the matrices, but the degree of abjection 

was higher in case of plain alginate with 50% 

weight loss at 250 °C, which is a typical behaviour of 

alginate. While in the composite Ag-Al gel, a linear 

decomposition was observed, which began at 200 °C 

and 50% decomposition was noticed at 340 °C. This 

might be due to the higher intermolecular/interfibrillar 

crosslinking of polymer chains of agarose and alginate 

resulting in increased thermal stability. 

Unconfined compression tests showed significant 

elasticity of Ag-Al cryogels and maintained their 

physical integrity even after compressing them up to 

80% of their original length. The elastic modulus was 

observed in the range of 36-39 kPa. The aggregate 

tensile modulus showed good elasticity of the Ag-Al 

cryogels. At different temperatures i.e. 27 °C and 37 

°C, the tensile modulus was 320 ± 63 kPa and 250 

± 94 kPa, respectively. These results suggest that 

temperature affects the elastic behavior of the matrix.

Conclusion 

Nevertheless, the physico-mechanical studies 

compliment the macroporosity of these polymeric 

biomaterials, which is an important parameter in 

tissue engineering, bioreactors and bio-separation 

applications. This particular polymer combination 

has also been synthesized by authors in other type of 

formats like disks, sheets and beads4. Agarose itself 

has physical crosslinking property and can make a 

porous three-dimensional scaffold. However, the 

presence of alginate in the composite increases the 

softness of the cryogel as well as the spongy nature. 

On the other hand, alginate presence is also beneficial 

to cultivate different cell types for tissue engineering 

applications and immobilization purposes. Alginate 

has also been used for capturing of heavy metals and 

bacteria from the waste water5. Our group is using 

these cryogels with suitable chemistry, porosity as 

well as thermal and mechanical stability, modulated 

as per the application. Our purpose is to provide a 

novel approach to design such materials which can 

be cost effective and highly efficient for cell and 

enzyme immobilization, bio-processing, separation 

technologies as well as in regenerative medicine and 

tissue engineering applications. 
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FrnE: A CADMIUM INDUCIBLE PROTEIN IS 

CHARACTERIZED AS A DISULFIDE ISOMERASE 
HAVING ROLE IN OXIDATIVE STRESS TOLERANCE IN 

DEINOCOCCUS rADIODURANS
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Min-Ho Joe, Sang-Yong Lim and Dong-Ho Kim

Radiation Research Division for Biotechnology, Korea Atomic Energy Research Institute

Abstract

Deinococcus radiodurans R1 is characterized for its extraordinary resistance to DNA damaging agents including 

gamma radiation, UV rays ,desiccation and genotoxic chemicals like H2O2 and MMC. These stressors produce 

oxidative stress and cause severe damage of DNA and proteins, which eventually lead to cell death. It can tolerate 

extensive DNA damage and oxidative stress without a measurable loss of cell viability. The antioxidant enzymes like 

catalase, superoxide dismutase, antioxidant metabolites like thioredoxins, pyrroloquinoline  quinine, deinoxanthin 

and MN2+ involved processes have been contributing to the extraordinary oxidative stress tolerance in this 

bacterium. Its genome also encodes homologues of putative Disulfide bond (Dsb) forming proteins. D. radiodurans 

exposed to a lethal dose of cadmium shows differential expression of a large number of genes including frnE and 

others involved in DNA repair and oxidative stress tolerance. Levels of frnE expression increased by nearly 7 fold 

in response to cadmium treatment. FrnE mutant of D. radiodurans showed ~15 and ~3 fold less tolerance to 10 

mM cadmium and diamide respectively, as compared to wild type. Recombinant FrnE showed disulfide isomerase 

activity on scrambled Rnase A substrate and could maintain insulin in its reduced form in presence of dithiothreitol 

(DTT).In trans expression of FrnE could complement the loss of DTT resistance in dsbC  and dscbCD  mutants  

of E. coli. Equimolar amount of purified recombinant FrnE protected malate dehydrogenase completely from 

thermal denaturation at 420C, indicating the chaperon role of FrnE in vitro. The results suggesting FrnE role in 

oxidative stress tolerance of D. radiodurans most likely by protecting the proteins from oxidative damage would 

be presented.

This paper received the Best Poster Award during XXXIII Annual Conference of Environmental Mutagen  
Society of India and National Conference on Current Perspectives on Environmental  

Mutagenesis and Human Health, Mumbai, Jan. 28-30, 2013

Footnote: This work is published as “Khairnar NP, Joe M-H, Misra, HS, Lim S-Y, Kim D-H. 2013 FrnE: a cadmium inducible 
protein in Deinococcus radiodurans is characterized as a disulfide isomerase chaperon in vitro and for its role in oxidative stress 
tolerance in vivo.  J. Bacteriol. 195:2880-2886.
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Introduction

Deinococcus radiodurans R1 a member of Dienococceae 

family is characterised for its extraordinary resistance to 

DNA damaging agents including g radiation, UV rays, 

desiccation and genotoxic chemicals like H2O2 and 

MMC (Misra et al., 2013). It can tolerate extensive DNA 

damage and oxidative stress without a measurable 

loss of cell viability. The antioxidant enzymes like 

catalase and superoxide dismutage, thioredoxins, 

antioxidant metabolites like pyrroloquinoline quinone, 

deinoxanthin and Mn2+ complexes of small molecules 

involved processes are attributed to extraordinary 

oxidative stress tolerance in D. radiodurans. Its 

genome also encodes putative Dsb homologues (Heras 

et al., 2009), which have not been characterized in 

greater details. Recently, it has been observed that 

D. radiodurans exposed to lethal doses of cadmium 

and gamma radiation upregulates the transcription of 

DR_0659 by nearly 7 fold (Joe et al., 2011). DR_0659 

encodes a putative FrnE type protein in this bacterium 

and the levels of expression of proteins belonging to 

this family are induced in response to oxidative damage 

in other bacteria.  Proteins belonging to thioredoxin 

family are involved in disulfide bond formation 

(Dsb) in many organisms including in eukaryotes. In 

prokaryotes, the Dsb proteins are located in periplasm 

and six members of this class have been identified, 

which are named as DsbA-E and G redox proteins 

(Singh et al., 2008). Roles of Dsb redox proteins have 

been demonstrated in virulence of many pathogenic 

bacteria (Peek and Paylor, 1992). These proteins have 

redox-active dithiol Cys-X-X-Cys motif in the active 

site. DsbA and DsbB are involved in disulfide bond 

formation while DsbC and DsbD are in the disulfide 

bond isomerisation function. Disulfide bond plays 

an important role in proper folding, stability and 

secretion of such proteins (Tomb, 1992, Missiakas and 

Raina, 1997) and therefore, mutations in dsb genes 

lead to incorrect folding of cellular proteins involved in 

various processes including oxidative stress tolerance 

(Kamitani et al., 1992). During severe oxidative stress, 

these systems get inactivated or overburdened, thus 

the cytosolic cysteine residues become susceptible 

to oxidation. Most organisms encode machineries 

that protect proteins from oxidative damage and 

thioredoxin superfamily proteins play important roles 

in this process. Therefore, the characterization of Dsb 

proteins and their roles in oxidative stress tolerance in 

bacteria belonging to the Deinococceae family would 

be worth undertaking. Here, we characterized DR0659 

protein (hereafter referred as drFrnE) a member of 

Dsb family as a disulfide isomerase and demonstrated 

its roles in bacterial resistance to oxidative stress 

producing agent in vivo and in protection of malate 

dehydrogenase from thermal inactivation in vitro.  

 

Results and conclusion

Genomic copy of drfrnE gene was inactivated and its 

effects of normal growth and oxidative stress response 

of D. radiodurans was evaluated. Inactivation of this 

gene led to the sensitivity to Cd by ~15 fold, ~3 fold 

for diamide, ~6 fold to g rays and ~ 2 fold losses to 

hydrogen peroxide at 40mM, suggesting the role of 

drFrnE in oxidative stress tolerance of D. radiodurans 

(Khairnar et al., 2013). Recombinant drFrnE was 

produced in our laboratory and various activities 

related to Dsb proteins were checked. The recombinant 

protein could reduce insulin and reactivate scrambled 

RNase in vitro (Khairnar et al., 2013). These results 

suggested that drFrnE is a member of protein disulfide 

isomerase (PDI) family protein having roles in oxidative 

stress tolerance in D. radiodurans. The PDIs function 

in the reactivation of scrambled RNaseA by correcting 

the wrong disulfide interaction to correct disulfide 

bond formation. Such proteins are known to act 

as molecular chaperon in vitro. Since, drFrnE does 

reactivate scrambled RNAseA in vitro, the possibility of 

drFrnE having chaperon like activity was tested using 

malate dehydrogenase (MDH) in vitro. Both wild type 

as well as active site mutant as generated through 

site directed mutagenesis, derivatives were made 

and drFrnE role in protection of MDH from higher 

temperature was evaluated. Results showed that wild 

type drFrnE protected MDH from heat denaturation at 
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42oC in a concentration dependent manner (Khairnar 

et al., 2013). This activity was not observed with active 

site mutant of FrnE. This indicated that the possible 

mechanisms underlying in vitro protection of MDH 

from inactivation could be through both holdase as 

well as stabilization of disulfide bonds by PDI function 

of drFrnE. Nevertheless, these results suggested that 

wild type drFrnE could protect MDH from thermal 

denaturation and seems to have chaperon functions 

at least in vitro. 
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