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SYNTHESIS AND CHARACTERIZATION OF COPPER

NANOSTRUCTURES ON SILICON SUBSTRATES
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A B S T R A C T

Vacuum deposition technique was utilized, for the synthesis of copper nanostructures on (111), (100) and
(110) oriented silicon substrates, at an optimized substrate temperature of 750°C. The samples were characterized
by SEM, AFM and XPS. Morphology of copper structures was found to be governed by orientation of the
substrate. It was possible to realize the growth of triangular, square-like and rod-shaped geometries, by choosing
an appropriate substrate orientation. This variation of Cu structures is attributed to the surface reconstruction on
silicon, that occurs at high temperature.

This paper was awarded the Best Poster Award at the International Symposium
on Vacuum Science and Technology, held at TIFR, Mumbai,

from Nov. 28-30, 2007

Introduction

Nanostructured materials are of great interest, because
of their spectrum of applications in nanodevices and
nanoelectronics. Nanostructures have unique physical,
chemical and optical properties as their size is
intermediate between the bulk and atomic scales. As
the bulk is reduced to the nano scale, the electronic
motions get confined i.e. fewer energy states are
available for the electrons, which result in a modified
band gap in the nanomaterials. Further,  nanomaterials
have increased surface-to-volume ratio, that helps
enhancement of chemical interactions. These properties
of nanoparticles may be useful in biological,
optoelectronics and gas sensing applications and
semiconductors. In futuristic alternative metallization
schemes for ultra large-scale integrated technology,

Cu is being considered as a potential replacement for
Al interconnects. Therefore, preparation of it’s
nanostructures has immediate relevance to the
semiconductor technology. In this respect, the studies
addressing the synthesis of it’s dense arrays, especially
on Si and the interaction of Cu film with
Si surface, assume particular importance.
Synthesis of copper nanoparticles has been extensively
reported by various techniques which include chemical
routes, electrochemical method and template- assisted
synthesis. The yields achieved by these processes are
low and involve multiple steps. Further, it is difficult
to assemble them on Si substrates for use in
nano-devices.
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continuous films with spherical grains on all the
substrates. As the substrate temperature was increased,
islands of definite shapes for different orientations of
Si substrates were obtained. Fig. 1 shows an SEM image
of 60 Å thick Cu film, deposited at 750°C on Si(111)
substrate. SEM images of similar films on Si(100) and
Si(110) substrates are shown in Figs. 2 and 3
respectively. It is observed that nanostructures of
triangular, square and rod-shaped patterns are
distributed uniformly on (111), (100) and (110)
oriented substrates respectively. The structures are
found to be dispersed uniformly over the substrates
and are oriented in a particular direction, with respect
to each other. The length of the edge of the triangular
islands on Si(111), is of the order of 300-400 nm. The
sides of square islands on Si (100) is around 350 nm
while the nanorods on Si(110) are of nearly 50 nm
width and 2-3 μm in length. On varying the thickness
of  deposited Cu film, the size of the nanostructures
was found to remain almost constant, in the thickness
range of 10-100 Å. However, in case of Si(100)
substrate, with increase in thickness of the Cu film,
few of the square-like patterns were found to get
elongated, forming rod-like structures. The EDX spectra
confirmed the structures to be that of pure copper.

The AFM images of 10 Å  Cu films, deposited on
different  substrates  are  shown  in  Figs. 4 - 6. It is

Fig.1: SEM micrograph of 60 Å Cu film deposited
on Si(111) at 750°C

Experimental

Cu thin films were deposited on Si substrates of various
orientations, by a simple vacuum deposition technique,
in a turbo-molecular pump-based vacuum system
(Make:Hind High Vaccum Pvt. Ltd. model No.15 F6).
The depositions were carried out at a vacuum of
5 x10-6 m bar. Prior to deposition, the substrates were
cleaned by ultrasonication technique in organic
solvents. The substrates were mounted on a heater
whose temperature was measured through a
thermocouple and maintained, using a temperature
controller to an accuracy of ± 5°C. The substrate
temperature was varied between 550-850°C and was
maintained at constant value for two hours, prior to
each deposition. The depositions were carried out
using copper wire of 99.99 % purity, loaded in a
Molybdenum boat. The film thickness was varied from
10 to 750 Å using a quartz crystal thickness monitor,
placed near the substrate holder at normal angle to
the incoming Cu flux. The rate of deposition was
maintained at 1Å / sec. After deposition, the substrates
were cooled to room temperature for 30 mins.

The samples were characterized by a Scanning Electron
Microscope (SEM) VEGA MV2300T/40 (TS 5130 MM
TESCAN) to study their morphology and shape. Atomic
Force Microscope (AFM) model JEOL JSPM 5200, with
a rectangular cantilever of Si

3
N
4
 (length 200 mm and

width 40 mm), having a force constant of 3 N/m was
also employed, to study the morphology. EDX spectra
were recorded, to analyze the purity of deposited films.
X-ray Photoeletron Spectra were recorded using Al K

a

source (CX-700), incorporated with MBE system EVA
32 R&D (Make: RIBER) and a MAC-2 electron energy
analyzer. The binding energy scale was calibrated using
Au 4f

7/2
 line of 83.9 eV. For XPS, measurements were

performed immediately after depositions, in order to
minimize oxidation of the surface of the sample.

Results and Discussion

At substrate temperatures of 550-650°C , we observed
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observed that the nano-structures are tapered with
larger thickness at the centre of the islands. The height
of these nanostructures for a 10 Å thick film on all the
substrates, was found to be in the range of 200 nm.
 With increase in film thickness, the height of the nano
structures was found to increase. The height for a
film thickness of 100 Å was observed to be around
450 nm. AFM images also showed layered structures.

X-ray photoelectron spectroscopy (XPS) was carried
out on 100 Å thick Cu films, deposited on Si(111)
substrate at 750°C.  Fig. 7 shows XPS spectra in Cu
2p region. The two peaks corresponding to Cu 2p1/2

Fig. 3: SEM micrograph of 60 Å Cu film deposited
on Si(110) at 750°C

Fig. 2: SEM micrograph of 60 Å Cu film deposited
on Si(100) at 750°C

Fig. 4: 10 Å Cu deposition on Si(111) at 750°C

Fig. 6: 10 Å Cu deposition on Si(110) at 750°C

Fig. 5: 10 Å Cu deposition on Si(100) at 750°C
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and Cu 2p3/2 are observed. The absence of any satellite
peaks, indicates that there is no oxide formation on
the surface. The Auger parameter calculated for the
copper peak, was also found to correspond to metallic
copper. The O 1S spectra are shown in Fig. 8. This
peak can be deconvoluted into two peaks the one
which corresponds to the adsorbed oxygen and the
presence of SiO2 on the surface of the substrate, further
confirms, that the observed nanostructures are of pure
copper.

We have observed the formation of self assembled
nanostructures of copper on silicon substrates, with
the orientation of the substrate playing an important
role on the shape of the nanostructure. In some
studies,  very thin films (few monolayers) of different
metals have been deposited, on atomically clean and
reconstructed Si substrates the mechanism for the
growth of different shapes has not been extensively
investigated.

Fig. 7: XPS spectra of Cu nanostructure deposited
on Si(111) substrate for Cu 2p peak

Fig. 8: XPS spectra of Cu nanostructure deposited
on Si(111) substrate for oxygen 1s peak

The nanopatterns formation on the silicon substrates
has been attributed to the reconstruction of
silicon surface occuring at high temperatures.
The reconstruction takes place at solid vacuum
interface, in order to minimize the dangling bonds
and attain minimum energy configuration. The dangling
bonds get rearranged to minimize the surface energy.
When adatoms approach these substrates, they get
attached to the sites of minimum energy on
reconstructed surface and attain their shape.

In case of Si(111) substrate, the most commonly
reported surface reconstruction is the Si(111)-(7 x 7).
The driving force for the formation of the (7 x 7)
reconstruction, is the reduction of the number of
dangling bonds by the formation of dimers, adatoms

and a stacking fault. The unit cell of (7 x 7)
reconstruction of the Si(111) surface is of rhombic
shape which consists of two different triangular Half
Unit Cells (HUC), one with a stacking fault (faulted
half) and one without a stacking fault (unfaulted half)
with respect to the bulk. The nucleation of adatoms
on this surface, takes place at these triangular half
unit cells and thus we obtain triangular nanostructures
on reconstructed Si(111) susbtrate.

The most generally reported reconstruction of the
Si(100) surface, is the Si(100)-(2x1). Prior to the
reconstruction, each Si atom on the surface has
two dangling bonds. During the reconstruction,
the Si atoms of the surface layer form covalent bonds
with adjacent surface atoms and form dimers. These
dimers arrange themselves in a row, perpendicular to
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unit cell of the reconstructed surface. This yields
nanorods with their long axis parallel to each other.

Thus, the surface reconstruction of Si substrate surface

at 750°C explains the formation of the self assembled

nanostructures of Copper. The nanopatterns of Cu on

Si may have technological applications in various

nanodevices.

Conclusion

We have fabricated a self-assembled array of copper

nanostructures on silicon substrates of different

orientations. The islands formed are distributed

uniformly on the substrate and are aligned along

specific directions. The substrate temperature is found

to play a key role in the island formation as pattern

formation is found to occur only at a temperature of

750°C. The reconstruction of Si surfaces at higher

temperatures is believed to be responsible for the

shape of these nanostructures.
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BIOREGULATORY ROLE OF “THIOUREA” IN

MULTISTRESS TOLERANCE OF THE INDIAN

MUSTARD (BRASSICA JUNCEA)

A.K. Srivastava, N.K. Ramaswamy and S.F. D’Souza
Nuclear Agriculture and Biotechnology Division

A B S T R A C T

Thiourea (TU) application has been identified as a novel bioregulator technology, for imparting stress tolerance

in crop plants. TU application has shown normal growth of Brassica juncea seedlings under salinity stress. In

order to study the molecular mechanism underlying TU mediated response, genome wide transcriptome profiling

of Brassica juncea seeds was undertaken. In one hour soaking time, the expression level of 111 genes was

altered in response to NaCl treatment. Of these, 33 genes were regulated towards the level of distilled water

control if thiourea was added along with NaCl treatment. These genes were classified as ‘Thiourea responsive

genes’ including particularly those associated with calcium signaling, oxidative stress and hormonal regulation.

The effectiveness of thiourea under the combined effect of salt, drought and cold stress was also established, by

validating the expression level of important thiourea responsive genes through real-time PCR. Thiourea mediated

modulation in the gene expression varied and depended upon the magnitude of stress present in the system.

The time kinetics studies showed that one hour incubation time was sufficient for the maximal effect of thiourea

action. In conclusion, the result suggested that thiourea mediated changes in the expression profile of various

stress responsive genes, can impart stress tolerance in Brassica juncea. The results imply that, thiourea can be

considered as an important bioregulatory molecule, for increasing stress tolerance of crops under field conditions.

Introduction

In the current scenario of increasing demand for

sustainable agriculture, understanding and improving

crop plants for environmental stress tolerance, has

become necessary. Abiotic stress factors cause

extensive losses to agricultural production worldwide.

Globally, there has been extensive research concern to

achieve stress tolerance in crop plants without

compromising their yield. The technique of developing

stress tolerant plants, began with the transfer of

individual functional genes either through plant

breeding or genetic engineering. Both the approaches

have so far generated wealth of information resource

and germplasm base, but could not give much impact

as far as consistency, reliability and visible effect at

the field level are concerned.  An alternative approach

in this direction has been the application of some

external effector molecules, which can induce the

expression of critical signaling molecules involved in

stress tolerance.
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Presently, there is a greater research interest in

identifying and employing bioregulatory molecules,

which can be used to achieve the stress tolerance in

crops under field conditions. In this direction, we have

identified certain thiol molecules whose application

not only enhances crop productivity, but also does

not generate any kind of metabolic imbalances. Thiols

were selected as they are well-known to maintain the

redox state (–SH/-S-S- ratio) of the cell and its proper

functioning under stress conditions.  Three  different

thiol compounds [Thiourea (TU), Dithiothreitol (DTT)

and Thioglycollic acid (TGA)] were selected and their

effect on the performance of wheat and mustard crops

was monitored in drought and salinity affected fields

of Rajasthan (India). The results indicated that the pre-

treatment of seeds with these compounds, enhanced

stress tolerance and also increased the crop

productivity. Among the three types of thiols tested

at the field-level, TU was selected for further

experimental investigations because of it’s cost effective

and eco-friendly nature.

To gain insight into the molecular mechanisms of TU

induced stress tolerance, genome wide expression

profiling of Brassica juncea seeds, soaked under

different treatment conditions was sought. The time

kinetics study was done to find out the optimum time

required for the action of TU. All this experimental

data supports the view that TU has the capability to

serve as a potential bioregulatory molecule, to impart

multistress tolerance in plants under field conditions.

Methodology

Plant Material; Stress Induction and Thiol

Treatment

The entire study was performed on Indian mustard

(Brassica juncea) var. TM-4. The differential phenotype

of seedlings in response to TU was assessed, by

observing their growth pattern under different

conditions. For this purpose, four sets of genetically

homogeneous seeds were surface sterilized with 30%

ethanol for 3 min and then spread independently on

the petriplates. The seeds were germinated under

control condition for four days on a 12-h light-12-h

dark cycle at 25 OC and 70% humidity. After four days

of germination, 0.7 M NaCl; 0.7 M NaCl+500 ppm

TU and 500 ppm TU treatments were given

independently to the three sets and the remaining  set

was maintained as a control. Comparative growth

patterns as well as relative electrolyte leakage in all

the four sets were monitored after four days of

treatment.

Genome wide expression analysis

For expression analysis, surface sterilized seeds were

subjected to different treatments (DW; 1 M NaCl; 1

M NaCl + 500 ppm TU and 500 ppm TU) for 1 hour

and then used for RNA isolation. Microarray analysis

was performed as per the standard protocols of Agilent

technology.

Real-time PCR

DNA-free intact RNA (10 μg) was taken from each

sample separately and then subjected to cDNA

synthesis using Stratagene High fidelity 1st-strand

cDNA synthesis kit, as per the manufacturer’s

instruction. Two-step RT-PCR was chosen to avoid the

problem of primer dimer formation. Real-time

quantitative RT-PCR was carried out using a Corbett

rotor gene 3000. Detection of real-time RT-PCR product

was done using the SyBr green.

Results and Discussion

Differential phenotype of seedlings

The differences in the phenotype of Brassica juncea

seedlings under different treatments were observed.

Control seedlings showed proper germination with
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normal shoot length and opened cotyledons

(Fig.1-A)  while  the  stressed  phenotype  was

characterized by diminutive growth and unopened

cotyledons (Fig. 1-B). Under similar conditions if TU

was provided along with NaCl treatment, the phenotype

of seedlings showed resemblance to that of the control

(Fig. 1-C). Apart from this, an increase in the root

length was also observed in NaCl+TU treatment,

which clearly indicated that TU treatment helps in the

normal growth of seedlings under NaCl treatment and

also it did not have any negative impact on the growth

pattern (Fig. 1-D). These observations were also

reconfirmed by measuring the relative electrolyte

leakage of seedlings under similar treatments. As

expected, we found that the presence of TU along for

Fig. 1: Differential Phenotype of seedlings under different treatments. Panels A, B, C and D

represent the differential growth pattern of 8-day old seedlings that were given different

treatments of distilled water control, 0.7 M NaCl, 0.7 M NaCl+500 ppm TU and 500 ppm TU
respectively on their 4th day of germination.

with NaCl treatment resulted in ~50% reduction in

the effective stress. Similarly, there was no indication

of any kind of stress in the presence of TU alone (Fig.

2). In the current experiment relatively higher

concentration of NaCl was employed to achieve the

required signaling effect. Moreover, use of such a higher

concentration was intended to establish the protective

nature of TU under any field condition.

Microarray analysis

To study the differentially induced genes, genome wide

expression profiling of Brassica juncea seeds soaked

under different treatments for 1h was conducted. The

sequence information of Arabidopsis thaliana was used,
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Fig. 2: Relative electrolyte leakage of 8-day old
seedlings under different treatments. Seedlings

were given different treatments on their 4th day of

germination and then relative electrolyte leakage
was measured on 8th day. The values represent the

mean±S.D. of six technical and two biological

replicates. The difference in mean value was found
to be statistically significant in one-way anova

(p<0.01).

the transcriptome analysis of Brassica juncea. The

Arabidopsis array is an established tool for gene

expression analysis of Brassica species, because of their

close phylogenetic relationship. Thus, even with the

heterologous probes used in our experiment, we

obtained sufficient signal intensity after hybridization

Three sets of microarray hybridizations were performed,

in which the expression profile of NaCl, NaCl+TU and

TU was compared with that of control. Overall, 83

down regulated and 28 up regulated ESTs were

identified, in response to NaCl treatment. Clustering

analysis was done on these 111 differentially expressed

ESTs. This resulted into cluster 2 and 3 that

corresponded to 19 down regulated and 14 up

regulated genes, in response to TU treatment (Fig. 3).

These 33 genes were classified as ‘Thiourea Responsive

Genes’ and considered to be responsible for the

ameliorative effects seen under NaCl+TU treatment.

The thiourea responsive genes were broadly classified

in two groups according to their expression level under

NaCl treatment. The set  of genes which were down

regulated in NaCl treatment but maintained towards

the level of control in NaCl+TU treatment

(Cluster-2), contained proportionally more

transcription factors/post transcriptional regulatory

genes, (ethylene responsive transcription factors, F-

box and auxin responsive family proteins); oxidative

stress related genes (Catalase and Cytochrome P450)

and calcium signaling related genes (calcium

transporting ATPase, calcium exchanger and

calmodulin like proteins). Hence, TU mediated increase

in the expression of these genes will activate the stress

response mechanisms which leads to the reduction in

the effective stress under NaCl+TU treatment.

Another group of thiourea responsive genes which

were upregulated in NaCl but maintained towards the

level of control in NaCl+TU treatment (Cluster-3)

included heat shock proteins, lipid transfer proteins

and few transcriptional regulators like zinc finger

protein. All these genes which are well-known markers

for stress induced damage and hence are over expressed

in NaCl treatment. On the contrary, in NaCl+TU

treatment, their levels were at par with that of control

which signifies that presence of TU decreases the extent

of stress induced by NaCl.

Expression profiling of thiourea responsive

genes under salinity and multistress conditions

It is known that salinity results in the change of calcium

signature which is more or less responsible for all kinds

of damages. The extent of damage depends on the

capability of the plant to revert back to the changes in

calcium signature as swiftly as possible  In this process,

calcium transporting ATPase is one of the important

genes which helps in the reversal of calcium signature.

The level of this gene was found to be 0.67 and 3.97

fold downregulated in NaCl (Fig. 4A) and multistress

(Fig. 5A), respectively as compared to control.

However, the presence of TU in these two treatments,

resulted in the reversal of expression profile. The

sequential 0.4 and 4.3 fold increase in the    expression
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was observed in NaCl+TU and multistress+TU as

compared to NaCl and multistress respectively. Thus,

it was clear that TU treatment helps in the quick reversal

of calcium signature. Another interesting feature was

Fig. 3: Cluster analysis. All the differentially expressed genes associated with the three

sets of Microarray are represented in cluster 1. Overall, 28 up regulated and 83 down

regulated ESTs were identified in response to NaCl. Clustering analysis was done on
these 111 differentially expressed ESTs to produce cluster 2 and 3 that corresponds to

20 (down regulated) and 15 (up regulated) genes respectively whose expression is

influenced by thiourea

that, TU mediated change in the expression of calcium

transporting ATPase was dependent upon the

magnitude of stress. For instance, the difference in

the expression level of calcium transporting ATPase
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between multistress and multistress +TU was more

prominent than that in the NaCl and NaCl+TU

treatment.

The level of antioxidant enzymes is an important

parameter of stress tolerance and therefore the

involvement of catalase in TU functioning was

evaluated. The increased expression of catalase

observed under NaCl treatment can be explained, as

an in built response mechanism of plant (Fig. 4B). On

the contrary, in the NaCl+TU treatment it was 0.22

fold downregulated which indicated that TU reduces

the extent of oxidative stress and hence the upregulation

of catalase was not required. Unlike NaCl alone, under

multistress treatment, catalase was 2.13 fold

downregulated as compared to control (Fig. 5B), which

showed the inability of plants to respond towards

Fig. 4: Real-time expression profiling of thiol
responsive genes in seeds soaked for 1 h under
different treatments. Panels A, B, C and D
represent the expression level of Ca-transporting
ATPase, Catalase, Auxin Responsive and Ethylene
responsive element binding gene respectively in
seeds soaked for 1 hour in NaCl and NaCl+TU.
The base line expression (0 Value on y-axis)
represents the expression level of distilled water
control. The values represent the mean of three
technical and two biological replicates. The
difference in the mean was found to be statistically
significant at p<0.01, in one way anova test.

multistress. However, in multistress+TU treatment,

the expression of catalase was upregulated by 0.3 fold

(Fig. 5B). This again signifies that TU mediated change

in gene expression is dependent upon the requirement

of the system.

In stress management, auxin and ethylene mediated

responses play an important role. Therefore, the

possible involvement of these elements in TU mediated

stress tolerance was investigated. Auxin regulates a

myriad of processes in plants where auxin responsive

gene (Aux/IAA) plays a key role. We found that the

level of auxin responsive gene was 1.23 times lower

in NaCl+TU, as compared to NaCl (Fig. 4C). Hence it

is clear, that TU enhanced the auxin mediated response

under salinity stress. As is evident from Fig. 5C, the

expression of auxin responsive gene remained

downregulated both in multistress and multistress+TU

treatments as compared to the control. This indicates

the complex regulation of auxin-mediated signaling

under multistress environment. Ethylene Responsive

Element Binding gene (EREB) is another unique group

of plant transcription factor, but it’s biological

significance is not fully understood. In case of

NaCl+TU, it’s level was 0.42 times lower as compared

to NaCl (Fig. 4D). This logically suggests that in the

presence of TU, the enhanced expression of this

transcription factor for combating stress is not required.

On the contrary, under multistress+TU it was 3.3 times

upregulated as compared to multistress (Fig. 5D). This

further confirms the ability of TU, to modulate the

gene expression as per the demand of the system. In

NaCl+TU, the level of auxin responsive gene was 1.23

times lower (Fig. 4C) as compared to NaCl. However,

repression was observed both in multistress and

multistress+TU treatments as compared to the control

(Fig. 5C). In case of NaCl+TU, the expression level of

EREB was 0.42 times lower as compared to NaCl (Fig.

3D). On the contrary, under multistress+TU, it was

3.3 times higher as compared to multistress treatment

(Fig. 4D).
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Temporal regulation of calcium transporting

ATPase

The temporal regulation of calcium transporting

AT Pase was checked in the roots of 8-day old

seedlings (Fig. 6). Roots were chosen as they remain

in direct contact with stress treatment. The time kinetic

studies revealed that the expression was downregulated

at 15 min in all the three treatments of NaCl, NaCl+TU

and TU as compared to control. However, the

maximum downregulation was observed in case of

NaCl treatment. After 15 min, in TU alone the

expression continued to increase until 30 min and then

stabilized, while in case of NaCl and NaCl+TU

treatments, the expression decreased till 30 min and

then increased significantly up to 60 min. The

expression of Calcium transporting ATPase at 60 min

was two times higher in NaCl+TU than NaCl alone.

This showed that 60 min was sufficient time for TU to

Fig. 5: Real-time expression profiling of thiol

responsive genes in seeds soaked for 1 h under

different treatments. Panels A, B, C and D represent
the expression level of Ca-transporting ATPase,

Catalase, Auxin Responsive and Ethylene responsive

element binding gene respectively in seeds soaked
for 1 hour in multistress and multistress+TU. The

base line expression (0 Value on y-axis) represents

the expression level of distilled water control. The
values represent the mean of three technical and

two biological replicates. The difference in the mean
was found to be statistically significant at p<0.01,

in one way anova test.

Fig. 6: Temporal regulation of Calcium transporting
ATPase in roots of 8-day old seedlings. Expression

level of Ca-transporting ATPase was monitored at

different time intervals of 15, 30 and 60 min in
roots of 8-day old seedlings given NaCl, NaCl+TU

and TU treatments and represented in comparison

with the distilled water control (0 Value on y-axis).
After 60 min. incubation time, Ca-transporting

ATPase is upregulated in NaCl+TU while in NaCl it

was still downregulated as compared to control.
The values represent the mean of three technical

and two biological replicates. The difference in the

mean was found to be statistically significant at
p<0.01, in one way anova test.

reverse the expression profile observed in case of NaCl

treatment.

Summary

In summary, it is demonstrated that TU reduces the

extent of stress induced damage and the entire process

can be summarized as the modulated expression profile

of a set of genes under stress condition. Further

investigations are required in this direction, to elucidate

the exact mechanism of TU action. The application of

TU is cost effective and eco-friendly, which permits

it’s simple usage. Thus, the application of thiourea as

a bioregulatory molecule can augment new avenues

for basic as well as for applied research in the area of

stress management.



DR. HOMI BHABHA CENTENARY YEAR

120  I  I S S U E  N O .  2 9 7  I  O C T O B E R  2 0 0 8

About the Authors

Mr. Ashish Kumar Srivastava graduated from the 48th Batch of Bioscience BARC Training

School in 2005 and joined the Nuclear Agriculture and Biotechnology Division, BARC. He

did his M.Sc. Biotechnology from Guru Nanak Dev University, Amritsar. He has been actively

engaged in understanding the molecular mechanism underlying the thiol mediated stress

tolerance in the Indian mustard (Brassica juncea)

Dr. N. K. Ramaswamy’s areas of research interest include stress physiology and biochemistry

of crop plants with an emphasis on photosynthesis and crop productivity. He has developed

a process for production of banana juice from ripe banana and this technology has been

transferred to ITE Matrix Co., Thailand. He has three enzymes listed / classified in the

International Union of Biochemistry and has more than 100 publications.

Dr. S. F. D’Souza joined BARC after graduating from the 15th Batch of Training School.

He is currently the Associate Director-A, Biomedical Group and Head, Nuclear Agriculture

and Biotechnology Division, BARC Mumbai. His major research interests are in the field of

Enzyme and Microbial Biotechnology with special reference to immobilized biomaterials

for use in bioprocessing, biosensors and bioremediation. He has authored about 150 scientific

papers.



    121  I   F O U N D E R ’ S  D AY  S P E C I A L  I S SUE

SMALL ANGLE SCATTERING

FOR CHARACTERIZING SOFT MATTER

V.K. Aswal
Solid State Physics Division

Introduction

Soft matter deals with materials, which are easily

deformable by external stresses, electric or magnetic

fields or even by thermal fluctuations. These materials

typically possess structures at mesoscopic length

scales, which are much larger than atomic or molecular

scales. Interestingly, the structure and dynamics at the

mesoscopic scales, determine the macroscopic physical

properties. The goal of research in this field has been

to probe and understand this relationship.

Examples of materials in soft matter include polymers,

colloids, surfactants, biopolymers, gels, liquid crystals,

foams and emulsions. Fluid interfaces also, often play

an essential role. Moreover, avalanches in granular

materials and the non-equilibrium dynamics of

disordered systems are also studied.  Soft matter

research often provides an important underpinning of

biophysics, while other important research areas

include biomaterials and biopolymers.

Soft matter research addresses questions concerning

the microstructure, kinetics, dynamics and rheology

of complex and nanostructured materials. The materials

used for studies are both synthetic and biological

materials and interests vary from fundamental science

to technological applications. This involves in-situ

processing, site-selective chemistry and tailoring of

molecular assemblies as well as structure determination

of thin organic films and membranes or diffraction

from fibres, small unit-cell systems and biological

entities. Small angle scattering of x-rays and neutrons

are well studied tools, to study structure and interaction

of soft matter. These methods cover a size range from

a few nanometers up to hundreds of nanometers.

Dr. Aswal received the SCOPUS Young Scientist Award in Physics for the year 2007

A B S T R A C T

Small-angle scattering is a powerful technique to study soft matter. This technique covers a length scale

(1 -100 nm), where most of the structures of soft matter are found. Small angle scattering can be used, to

obtain information about the structure (shape and size), composition and  interactions in soft matter. The

possibility to vary the contrast by different ways, makes this technique very special. This helps to enhance the

weak scattering signals and study of different components of the systems. We have extensively used small angle

scattering for characterizing a variety of materials in soft matter such as micelles, ferrofluids and proteins.

{                                }
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Herein, we present the usefulness of small-angle

scattering as applied to soft matter and some of our

results, where in these techniques have been used.

Small Angle Scattering

The small-angle scattering intensity I(Q) as a function

of scattering vector Q (=4πsinθ/λ,, where 2θ is the

scattering angle and l is the wavelength of the incident

radiation) for a soft matter system consisting of particles

dispersed in a solution can be expressed as

                                                                     (1)

where n is the number density of the particles. P(Q)  is

the intraparticle structure factor and depends on the

shape and size of the particles. S(Q)  is the interparticle

structure factor and is decided by the spatial distribution

of the particles. P(Q)  is given by the integral

In the simplest case of a monodispersed system of

homogeneous particles with a radius R, P(Q)  is given

by

where  V=(4/3)πR3, ρ
s
 is the scattering length density

of the solvent and ρ is the mean scattering length

density of the particle.

The expression for S(Q) depends on the relative positions

of the particles. In case of isotropic system, S(Q) can

be written as

where g(r) is the radial distribution function. g(r) is

the probability of finding another particle at a distance

r from a reference particle centered at the origin. The

details of g(r) depend on the interaction potential U(r)

between the particles.

The term (ρ -ρ
s
)2 is referred to as a contrast factor. The

above equations are valid both for the SAXS and the

SANS experiments. The contrast factor, however,

depends on the radiation used. The values of

ρ 
 
and ρ

s 
depend on the chemical composition of the

particle and the solvent and are different for neutrons

and x-rays. The differences in ρ  values for neutrons

and x-rays arise from the fact, that while neutrons are

scattered by the nucleus of an atom, the x-rays are

scattered by the electron clouds around the nucleus.

It is seen that as one goes across the periodic table,

the neutron scattering lengths vary in a random way

and the x-ray scattering lengths increase with the

atomic number of the atom. For example, unlike

x-rays where  ρ
s
 (H

2
O) = ρ

s
 (D

2
O), the values of ρ

s

change significantly for neutrons when solvent is

changed from H
2
O to D

2
O. X-rays are scattered more

strongly from heavy elements (e.g. Cl-, Br- etc.) as

compared to light elements such as C, H etc.

Some Results

The type of sample that can be studied by the scattering

techniques, the sample environment that can be

applied, the actual length scales that can be probed

and the information that can ultimately be obtained,

all depend on the nature of the radiation employed.

For example, light scattering cannot be used to study

optically opaque samples and SAXS cannot easily be

employed to study thick samples, also different

techniques probe to different length scales. Thus, to a

large extent, these techniques are complementary.

However, they also share several similarities. Perhaps

the most important of these is the fact that, with minor

adjustments to account for different types of radiation,

the same basic equations and laws can be used, to

analyze data from any of these techniques. Herein,

we show the versatility of the SANS and SAXS as

applied to some of our selected studies.

(2)

I(Q) = nP(Q)S(Q)

(3)

(4)
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Counterion Condensation in Charged Micelles

Micellar solutions are the suspension of the

colloidal aggregates of the surfactant molecules

in aqueous solutions. Surfactant molecules such as

cetyltrimethylammonium bromide (CTABr), ionize in

aqueous solution and the corresponding micelles are

aggregates of CTA+ ions. The micelle is charged and

the Br- ions, known as counterions, tend to stay near

the CTA+ micellar surface. In charged micellar solutions,

the counterion condensation plays a very important

role in deciding the effective charge on the micelle

and consequently the formation, structure and

interaction of the micelles.  Small Angle Neutron

Scattering (SANS) and Small Angle X-ray Scattering

(SAXS) in combination, provide a direct method to

study the counterion condensation on ionic micelles.

While neutron scattering in micellar solutions is from

the core of the micelle, x-rays are largely scattered by

counterions, especially when the counterion has a large

atomic number (e.g. Br-). The neutron scattering

intensity from the counterion distribution is negligible

in comparison to that from the core. Thus neutrons

see the core of the micelle and x-rays give information

relating to the counterion condensation around the

micelle.

Fig. 1 shows the SANS data on 100 mM CTABr micellar

solution and in the presence of varying concentrations

of KCl. The inset shows the variation of neutron

scattering length densities for different components

of the micelles in 100 mM CTABr micellar solution.

The contrast for any component depends on the square

of the difference of scattering length densities of that

component and solvent. It is clear from the variation

of scattering length density for neutrons, that there

exists a very strong contrast for the micelles in D
2
O,

with respect to that for the counterions. This makes

the scattering from counterions negligible and neutrons

only see the core of the micelles. All the SANS data

show a correlation peak, which is due to peak from

the interparticle structure factor S(Q). The peak usually

occurs at Q
m
 ~ 2π/d, where d is the average distance

Fig.  1: SANS data from a micellar solution of 100
mM CTABr in the presence of varying KCl

concentrations. The data from bottom to top in

the low Q region corresponds to KCl concentrations
of 0, 20, 60 and 100 mM, respectively. The inset

shows the variation of neutron scattering length

density for different components of the micelle in
100 mM CTABr micellar solution.

between the micelles and Q
m 

is the value of Q at the

peak position. The correlation peak broadens without

any significant shift in the peak position. The screening

in the presence of salt, reduces the extent of short-

range order between the charged micelles, which, in

turn, broadens the peak. The micellar size and

interaction parameters in these systems are given in

Table 1. It is seen that fractional charge α  on the

micelle decreases and the aggregation number

increases when the electrolyte concentration in the

micellar solution is increased. This suggests the increase

in counterion condensation (1-α ) on the micelle as

the electrolyte is added. The charge neutralization at

the surface of the micelle by the increase in the

counterion condensation decreases the effective head

group area for the surfactant monomer to occupy in

the micelle and hence the increase in the aggregation

number of the micelle.

Fig. 2 shows the SAXS data corresponding to the same

samples for which the SANS data are shown in Fig. 1.

The inset shows the variation of x-ray scattering length
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densities for different components of the micelles in

100 mM CTABr micellar solution. Unlike in the case

of neutrons, it is seen that for x-rays there exists a

similar contrast for counterions as well as for the core

of the micelles. SAXS data similar to SANS data show

a correlation peak at the same Q values.  The fact that

the average distance between the micelles mainly

decides the position of the correlation peak, and is

Table 1: Micellar parameters as obtained by SANS on 100 mM CTABr in the presence of varying concentrations
of KCl

Fig. 2: SAXS data from a micellar solution of 100

mM CTABr in the presence of the varying KCl
concentrations. The data from bottom to top in

the low Q region corresponds to KCl concentrations

of 0, 20, 60 and 100 mM, respectively. The inset
shows the variation of x-ray scattering length

density for different components of the micelle in

100 mM CTABr micellar solution

independent of the radiation used. The second peak

in the SAXS data at higher Q values arises from

scattering of shell-like structure of the condensed

counterions around the micelles.

The changes in features of SAXS data (Fig. 2) with the

addition of KCl in CTABr micellar solution, are

significantly different than those of SANS data

(Fig. 1). The two peak characteristics of SAXS data in

pure CTABr micellar solution, gradually change to

one peak data, with the addition of electrolyte.

It is an indication of the scattering from the

condensed counterions that decreases with

the addition of electrolyte. This is possible if some of

the Br- (higher atomic number) counterions are

exchanged by the added Cl-  (lower atomic number)

counterions. Table 2 shows the fitted number fraction

of the condensed Br- and Cl- counterions around

the micelle, along with the thickness of

shell over which they are condensed. The distribution

of condensed counterions is treated as a step

function and it fits the data reasonably well as

perhaps due to the large condensation of the

counterion on the charged micelles (Table 1). It is found

that the number fraction of condensed Cl -

counterions increases and Br counterions decreases

with increase in the concentration of KCl.
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The thickness of the condensed shell shows a trend of

small increase with the addition of KCl as expected

because of exchange of Br- counterions by Cl-

counterions. Usually, small ions are hydrated more and

need larger thickness to condense on the micelles.

Core-Shell Structure of Ferrofluids

Ferrofluids are the suspension of the nanosized

magnetic particles in appropriate carrier liquid. One

of the ways to prepare the stable ferrofluids is by the

surfactant coating on the magnetic fine particles, which

prevent them from agglomeration even when the

strong magnetic field gradient is applied to the

ferrofluids. Different scattering techniques can be used,

to get different types of information on the magnetic

particles. We have used SANS and SAXS together to

show the usefulness of these techniques to characterize

a ferrofluid.

The SAXS data from a ferrofluid having ferrite (Fe
3
O

4
)

particles coated with oleic acid and prepared in water

are shown in Fig. 3. Due to low contrast of surfactant

for x-rays (inset of Fig. 3), there is negligible

scattering from the surfactant shell. The scattering is

therefore mainly from the ferrite particles. The analysis

gives mean radius of particle R
m 

= 4.8 nm and

polydispersity σ = 50 % as accounted by the Schultz

distribution.

Fig. 4 shows the SANS data on ferrofluid with  variation

in D
2
O composition, in a mixture of D

2
O and H

2
O

solvent.  It is observed that the scattering intensity

first decreases and then increases as the D
2
O

composition in the mixed D
2
O / H

2
O solvent is

increased. This behavior of scattering intensity can be

explained, in terms of the variation of scattering length

density of solvent (ρ
s
) with the change in the

composition of the solvent. The scattering at low

D
2
Ocompositions is dominated by decrease in the

contrast for magnetic particles and hence the intensity

decreases [Fig. 4 (a)]. On the other hand, at high  D
2
O

compositions, the scattering intensity is dominated

by the contrast of the surfactant shell and hence

scattering intensity increases, with increase in the

contrast for shell as the D
2
O concentration is increased

[Fig. 4 (b)].

Table 2: Micellar parameters as obtained by SAXS on 100 mM CTABr in the presence

of varying concentrations of KCl.

Fig. 5 shows the fitted scattering data from ferrofluid

prepared in D
2
O to H

2
O ratios of 10:90 and 90:10.

The data of ferrofluid in D
2
O to H

2
O ratio of 10:90

has been used, to get the size of the ferrite particle as
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Fig. 4: SANS data from a ferrofluid as the fraction

of D
2
O in the solvent of mixture of D

2
O and H

2
O is

varied

Fig. 3: SAXS data from a ferrofluid. Inset shows

the variation of x-ray scattering length density for

different components of the ferrofluid

Fig. 5: Fitted SANS data from a ferrofluid when

the surfactant is contrast-matched for D
2
O to H

2
O

ratio of 10:90 and the core-shell structure of the

ferrofluid as determined for D
2
O to H

2
O ratio of

90:10.

for this sample there is no contrast for the shell. The

analysis gives similar values of mean radius and

polydispersity as obtained using SAXS. The size

distribution of the particles is given in the inset of Fig.

5. In case of ferrofluid prepared in solvent of higher

fraction of D
2
O, there exists strong contrast for the

shell of surfactant layer around the ferrite particle. The

core-shell structure of the particle has been used, to

fit the data. It is found that double coating of oleic

acid has a thickness t = 4.0 nm around the magnetic

particles.

Table 3 summarizes the results of SANS and SAXS with

Dynamic Light Scattering (DLS) technique as obtained

from the ferrofluid samples. DLS gives the overall size

of the magnetic particle with surfactant coating. The

value obtained (R
h
 = 10.5 nm) is larger than the

combined value of radius of the particle and thickness

of the surfactant coating as obtained using SANS. The

arger value  obtained using DLS is expected, because

of the particle diffusion with water of hydration. The

value thus obtained in DLS is the hydrodynamic size

and is larger than the bare size of the total particle.

SAXS only gives the information on the size of the
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lferrite particles, as scattering from the surfactant is

negligible for the x-rays. SANS with the possibility of

contrast variation provides the core-shell structure of

the ferrofluid. It may be further added that SANS with

polarized neutrons can be used, to separate the nuclear

and magnetic nanostructures of the ferrofluid.

Surfactant-Induced Protein Unfolding

The function of a protein depends absolutely on it’s

three-dimensional folded structure. Protein unfolding

process involves the disruption of H-bonds, disulphide

bonds, salt bridges and hydrophobic interactions,

leading to it’s successive alteration of quaternary,

tertiary and secondary structure. However, peptide

bonds are not broken leaving the primary structure

unaltered. Protein unfolding is one of the most widely

studied topics in molecular biology due to its wide

spread application in the industrial and scientific world.

The unfolding process can be brought about by various

means and conditions. Each different route of

unfolding has it’s own application and advantage in

material processing and basic sciences. Protein

unfolding in the case of amphiphilic molecules such

as surfactant is caused, due to binding of these

molecules to the hydrophobic patches of the protein.

The surfactant induced unfolding is known to play an

important role in the pharmaceutical and cosmetic

industry.

Fig. 6 shows SANS data for 1 wt% BSA in the presence

of varying SDS concentrations.  Based on the features

of the scattering profiles, the data can be grouped

into two different sets as the surfactant concentration

is increased. The first data set corresponds to proteins

at low surfactant concentrations (0 to 10mM), where

the scattering data shows similar behaviour to that of

pure protein solution.  In this data set, the overall

scattering cross-section increases with increase in

surfactant concentration.  It can be explained if the

individual surfactant molecules bind to protein and

the volume of the scattering particle increases. The

features of the scattering data in the second data set

at higher surfactant concentrations (>10 mM) are very

different to those of the first data set.  One of the

interesting features, is the linearity of the scattering

profiles on log-log scale in the intermediate Q range,

with a Q range of linearity increasing with surfactant

concentration.  This is an indication of formation of

fractal structure by the protein-surfactant complex. The

build up of scattering cross-section in the higher

cut-off of the linearity of scattering data, suggests the

formation of surfactant aggregates and the lower

cut-off corresponds to the overall size of the protein-

surfactant complex. It is observed that the position of

high Q cut-off remains almost the same while the

position of low Q cut-off shifts to smaller Q values

with increasing surfactant concentration. The

calculated structural parameters in this system are

given in Table 4.

At low surfactant concentrations, the data in Table 4

shows changes in the dimensions of the protein on

increasing binding of surfactant molecules, as a

function of surfactant concentration. The semiminor

axis remains almost the same while the semimajor

axis increases with increasing surfactant concentration.

It is believed that the six protein sub-domains forming

BSA remain intact, but separate from each other,

Table 3: The various structural parameters of the
ferrofluid as obtained by combining different

scattering techniques
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leading to an elongation of the protein on addition

of the surfactant. The fractal structure of the

protein-surfactant complex at higher surfactant

concentrations, is modeled on the basis of the necklace

model, which considers micelle-like clusters of the

surfactant, formed along the unfolded polypeptide

chain of the protein.  It is found that the fractal

dimension decreases and the overall size of the complex

increases on increasing surfactant concentration.

The size of micelle-like clusters (R)

does not change while the number

of such micelle-like clusters (N) in

protein-surfactant complex increases

with surfactant concentration. The

calculated aggregation number of

micelle-like clusters in the complex

decreases from 51 to 42 on

increasing surfactant concentration

from 20 to 100 mM.  It is interesting

to note, that these values of

aggregation numbers are much

smaller than  one would have found

(about 70) in pure surfactant

solution, for similar size of micelles.

This indicates the participation of the hydrophobic

portions of the unfolded protein chain in the micellar

formation. The participation of the unfolded protein

in the formation of micelle-like clusters is enhanced

Table 4:  Fitted parameters of SANS analysis of

protein-surfactant complex for:

(a) 1 wt% BSA with low SDS concentrations 0 to 10

mM

Fig. 6: SANS data for 1 wt% BSA in the presence of

varying concentrations of surfactant

(b) 1 wt% BSA with high SDS concentration 20 to 100 mM

with increase in unfolding and this results in decreasing

aggregation number of micelle-like clusters. Also all

the surfactant molecules probably participate in the

micelle-like clusters to avoid exposure of hydrophobic

portions of the protein on it’s unfolding with increase

in surfactant concentration.
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The use of SANS and SAXS provide complementary

information. At BARC, these techniques have been

extensively used to study a variety of systems in soft

matter. Some of these results have been presented.
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Introduction

A  typical Indian Pressurized Heavy Water Reactor

(PHWR) consists of few hundred horizontally placed

coolant channels. The coolant channel comprises of a

Zr-2.5% Nb pressure tube, encircled by a Zircaloy-4

calandria tube and four garter spring spacers (Zr-2.5

Nb-0.5 Cu), which prevent these two tubes to come

in contact during their service life (Fig. 1). The pressure

tube carries the nuclear fuel, high temperature, high

pressure, heavy water coolant and is subjected to fast

neutron irradiation. The integrity of pressure tube is

central to the safety of PHWRs. To ensure this, they

are periodically subjected to in-service inspection by

Non-Destructive Examination (NDE) techniques. The

International Atomic Energy Agency (IAEA) conducted

a Coordinated Research Programme (CRP) titled

‘Intercomparison of Techniques for Pressure Tube

Inspection and Diagnostics’ involving countries that

operate heavy water reactors. The first phase of this

CRP dealt with flaw characterization in pressure tubes

by in-situ NDE techniques. This paper deals with India’s

A B S T R A C T

The pressure tubes of Pressurized Heavy Water Reactor (PHWR) operate under high temperature, high pressure

aqueous environment and are subjected to fast neutron irradiation. In order to assure the structural integrity of

pressure tube during service, it is periodically examined by Non-Destructive Examination (NDE) techniques. The

International Atomic Energy Agency (IAEA) conducted a Coordinated Research Programme (CRP) involving

several countries operating heavy water reactors. The CRP involved round-robin transfer of pressure tube samples

containing artificial flaws, resembling closely with real defects of concern. The paper gives details of ultrasonic

testing techniques employed by India during this CRP and India’s performance on flaw detection and sizing in

pressure tube samples. Based on the analysis of inspection results, the most effective NDE techniques were

identified for flaw characterization in PHWR pressure tubes.

This paper received the Best Technical Paper Award and was published in the Journal of

Non-Destructive Testing and Evaluation, during the year 2007



    131  I   F O U N D E R ’ S  D AY  S P E C I A L  I S SUE

experience during NDE of pressure tube samples, which

were circulated as part of this CRP. The results of these

investigations and the analysis of test results are

discussed.

Pressure Tube Degradation and it’s Life

Management

The 540 MWe Indian PHWR consists of 392 coolant

channels. The pressure tube, 103.4 mm ID, 4.3 mm

wall thickness, is approximately 6.3 meter long.  It

operates at 300 oC, 11 MPa internal pressure and is

subjected to neutron flux of the order of 1013 n/cm2/s.

These conditions lead to degradations in the pressure

tube with respect to i) dimensional changes as a result

of irradiation creep and growth, which result in increase

in it’s diameter and length, ii) deterioration in

mechanical properties due to irradiation embrittlement,

thereby reducing it’s flaw tolerance, iii) the growth of

existing flaws, which were too small or ‘insignificant’

at the time of installation and iv) initiation and growth

of new flaws like fretting damage due to debris and

fuel element bearing pads. The pressure tube material

also undergoes corrosion in heavy water aqueous

environment during service. This reaction releases

hydrogen, a part of which gets absorbed in the pressure

tube.  The absorbed hydrogen can limit the life of a

pressure tube due to the degradation mechanisms such

as Delayed Hydride Cracking (DHC), hydride blister

formation and cracking and hydride embrittlement. It

is a regulatory requirement to periodically subject

pressure tubes to in-service inspection by employing

non-destructive examination techniques. In India, these

inspections are carried out by an automated tool called

BARCIS (BARC Channel Inspection System). The BARCIS

inspection head includes ultrasonic and eddy current

sensors and involves four specific tasks: detection of

flaw, if any, in the pressure tube, measurement of

pressure tube wall thickness, measurement of gap

between pressure tube and the calandria tube and

location of garter spring spacers. In addition to BARCIS,

there are several other indigenously developed

diagnostics tools and analytical models, to assess and

predict the health of coolant channels in Indian PHWRs.

These life management tools provide valuable inputs

to designers, plant operators and the regulatory

authorities, on fitness-for service assessment of

pressure tubes.

Objective of IAEA-CRP

To foster international collaboration in the efficient

and safe use of nuclear power, the IAEA conducted a

Coordinated Research Programme (CRP) on Inter-

comparison of techniques for Heavy Water Reactor

(HWR) pressure tube inspection and diagnostics.  This

CRP was carried out within the frame of the IAEA

Department of Nuclear Energy’s Technical Working

Group on Advanced Technologies for HWRs (the TWG-

HWR).  The TWG-HWR is a group of experts nominated

by their respective governments and designated by

the Agency, to provide advice and to support

implementation of IAEA’s project on advanced

technologies for HWRs.

The primary objective of this CRP was to arrive at the

most effective NDE techniques, for pressure tube

inspection. It is crucial that the NDE techniques that

are employed for this purpose are very reliable, in the

detection of all significant flaws and very accurate to

characterize them in terms of their geometry and

Fig. 1: Simplified sketch of coolant channel
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nature. In order to assess the effectiveness of these

techniques for their intended purpose, it is important

that they are periodically subjected to ‘blind tests’ on

pressure tube samples containing known flaws.  This

CRP gave the opportunity for the participating

laboratories, to prepare their own pressure tube samples

containing flaws and to carry out blind tests on pressure

tube samples prepared by others. Because these were

blind tests, the results of examination on pressure tube

samples can be directly correlated with the

effectiveness of NDE techniques for detection and

characterization of flaws. A good detectability and

accurate characterization would strengthen the

confidence in the technique(s) employed, while poor

detectability and inaccurate characterization would give

a feedback to the laboratory, that the existing technique

needs improvements or new techniques should be

developed. The inter-comparison of NDE techniques

based on the results of investigation of pressure tube

samples, highlights the most reliable and accurate NDE

method (ultrasonic, eddy-current or a combination of

both) and also a specific technique for that NDE

method (time-of-flight monitoring, amplitude

monitoring, C-scan image, etc.) for detection and

characterization of various kinds of flaws encountered

in pressure tubes.  This information is useful for the

heavy water reactor community, to improve the tools

being used for pressure tube inspection and diagnostics,

by modifying the existing techniques or adapting new

ones, so that the inspection is carried out in the most

effective manner. The inter-comparison of NDE

techniques also helps in identifying those areas, where

none of the existing techniques are reliable or effective

to the desired level. It identifies areas of research for

future collaboration in this field.

Conduct of IAEA-CRP on Pressure Tube

Inspection and Diagnostics

A total of seven laboratories from six countries,

including India participated in this CRP. The

participating laboratories prepared pressure tube

samples containing artificial flaws resembling real

defects of concern. Details on these laboratories and

their samples can be found in IAEA TECDOC 1499

[5]. The flaws on the outside surface were hidden by

a cover, to facilitate blind testing. The CRP was

conducted in a round-robin manner during which the

pressure tube sample moved from one laboratory to

other. All samples had to be inspected from the inside

surface, as in real conditions during in-service

inspection. The samples, after examination by

participating laboratories, were returned to the

originating laboratory, which determined ‘flaw truth’

in it’s sample by destructive means or non-

destructively by using either measuring microscope

or profilometry of replica. The originating laboratory

analyzed the sample inspection reports from

investigating laboratories on it’s pressure tube sample

and assessed their performance on flaw detection and

sizing. The intercomparison of NDE techniques

employed by investigating laboratories, provided a very

good platform to arrive at the most effective NDE

technique(s) for detection and sizing of flaws in

pressure tube. These findings are reported in IAEA

TECDOC 1499.

Indian Pressure Tube Sample

The Indian pressure tube sample IND1 is 103.4 mm

ID, 4.3 mm wall thickness and 500 mm long. It

contains a total of 17 flaws, including the reference

flaws required for calibration of ultrasonic and eddy

current examination. The reference flaws are made as

per Canadian standard [6] and included axial and

circumferential notches and flat bottom reflectors at

different depths. In addition to these, the Indian

pressure tube sample contains OD notches resembling

axial, circumferential and oblique Delayed Hydride

Cracking (DHC) and ID grooves, resembling fretting

damage, due to debris and bearing pad.  Table 1 gives

the details of all the flaws in IND 1 sample:
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Ultrasonic Testing Techniques for Pressure Tube

Examination

The selection of NDE techniques for pressure tube

examination was left open to the participating

laboratory. The underlying condition was that, the

applied techniques should be useful during in-service

inspection. The CRP witnessed two NDE methods for

examination of pressure tube samples: ultrasonic and

eddy current. India used only ultrasonic testing for

examination of pressure tube samples.

The inspection head carries six ultrasonic transducers:

four for angle beam examination and the remaining

two for normal beam examination. Fig. 2 shows the

inspection head employed during pressure tube

examination.

Table 1: Flaws in IND1 pressure tube sample

* In the above Table, the flaw dimensions for OD flaws are found out by

measuring microscope and for ID flaws by profilometry of replica.

The angle beam

transducers were

arranged in two

pairs (axial and

circumferential) in

which one transducer

acted as transmitter and

the other as receiver.

They are placed on an

inspection head such

that the ultrasonic beam

from transmitter (T)

reaches the receiver (R)

after travelling two skip

distance in the pressure

tube. One of the normal

beam transducers was

focused on OD, while

the other on ID of the

pressure tube. The

ultrasonic beam from

four angle beam and one

normal beam converged

at one point in the

pressure tube. The

schematic arrangement

of transducers for different scans is shown in Fig. 3.

The ultrasonic transducers for angle beam are 10 MHz

frequency, 10 mm dia. and 30 mm focal length. The

normal beam OD focused transducer is 10 MHz

frequency, 6 mm diameter and 25 mm focal length,

while the one focused on ID is 20 MHz frequency, 6

mm diameter and 12 mm focal length. All the

transducers are point focused. The ultrasonic technique

for flaw detection included pulse-echo and pitch-catch

scan, using angle beam and pulse-echo scan using

normal beam. The angle beam pitch-catch scan is very

effective for detection of flaws not favorably oriented,

like oblique and tilted flaws.  With such an

arrangement of transducers, any flaw in the pressure

tube, irrespective of it’s orientation and location is

detected in more than one scan. This ensures high
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degree of reliability in flaw detection. The length and

width sizing of flaws was based on 6 dB drop

technique, while the depth sizing was based on time-

of-flight. Tip diffraction technique was used, to get

the diffracted signals from flaw tip in angle beam and

normal beam scan. Depth of ID flaws was found by

ID focused normal beam transducer, which monitors

the shift in ID signal (surface profiling). The time-of-

flight is measured with a resolution of 10 nanosecond

(100 MHz digitizer) to get good accuracy in depth

sizing. The data record included time-of-flight

and amplitude plots and the B-scan images.

Pressure Tube Examination Set-up

The pressure tube samples are examined in a

semi-automated set-up. The tube is held in

fixtures and then filled with water from inside

surface. The inspection head carrying ultrasonic

transducers is driven by two stepper motors,

one for axial and other for rotary motion. During

examination, the data is collected by: angle beam

pulse-echo axial and circumferential scan, angle

beam pitch-catch axial and circumferential scan

and normal beam pulse-echo scan. Any

indication having amplitude of 6 dB over noise

in angle beam pulse-echo scan and/or resulting

in amplitude drop of 5% or more in reference

signal in normal beam pulse-echo and angle

Fig. 2: Inspection head for pressure tube

examination

Fig. 3: Angle and normal beam

beam pitch-catch scan, is evaluated. If the indication

is suspected to be from a genuine flaw, then it is

evaluated for length, width and depth. The depth is

found out by both, angle beam pitch-catch and normal

beam. Signals from scratches and dents created in the

tube due to handling, are only recorded and not

evaluated in details.

India’s Performance during CRP

The Indian inspection team examined a total of seven

pressure tube samples from different participating

laboratories. These samples contained a total of 170

flaws. All the flaws, which are likely to be present in

PHWR pressure tubes, were a part of these samples.

India detected all the 170 flaws in these pressure tube

samples.

With respect to the sizing, the accuracy of length sizing

was very good for all the flaws, except the oblique

ones. These flaws are required to be imaged in C-scan

mode to get the true estimate of their length. The

width of fretting damage and the lap type/laminar
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flaws was sized very accurately. For crack-like flaws

simulated by very fine notches, the width was not

reported. None of the NDE techniques employed

during this CRP by various participating laboratories,

could give satisfactory results on width of fine notches.

The accuracy of depth sizing for majority of flaws was

very good.

Table 2 gives India’s result on depth sizing of flaws in

one of the pressure tube samples.

Table 2 indicates that the NDE estimate on depth is

very accurate, except for three flaws. It is observed

that other investigating laboratories also encountered

error of this order for these flaws. This indicates that

the true depth reported by the originating

laboratory for these flaws may not be correct.

Table 3 consolidates India’s performance on flaw

sizing accuracy for all the flaws, in all the

pressure tube samples examined during this

CRP. The flaws in these samples are grouped in

to six categories: (i) OD shallow DHC, (ii) OD

deep DHC, (iii) ID shallow DHC, (iv) OD oblique

DHC, (v) shallow fretting damage and (vi) deep

fretting damage. Not included in this Table are:

(i) reference notches and flat bottom reflectors

as per the Canadian Standard, (ii) lap type or

laminar flaws, as their depth sizing is not of

interest during in-service inspection, (iii) flaws,

for which it is quite likely that the true value

reported by the originating laboratory isincorrect

and (iv) very deep DHC. The depth sizing

accuracy for the above flaw types is expressed

in terms of Root Mean Square (RMS) error. It is

calculated as follows:

RMS Error = [Σ(x
it
 – x

im
) 2 / (n-2)]0.5,  i = 1 to

n

 x
it 
is the true flaw depth,

 x
im 

is NDE estimate on flaw depth,

 n is the number of flaws

Table 2: Inspection results on a pressure tube sample

Table 3 indicates that the accuracy of depth sizing for

all the types of flaws in pressure tube samples was

very good. For shallow ID and OD DHC, considering

the difficulty associated with locating the flaw-tip, the

accuracy achieved in their depth sizing is extremely

good. The depth of oblique flaws was also sized very

well, considering their unfavourable orientation. The

debris fret, shallow and deep, were sized most

accurately, when seen in relation to the RMS error

encountered in terms of percentage of true depth.

Fig. 4  shows the B-scan images for some of the flaws

in pressure tube samples.
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Fig. 4a shows the B-scan image for the DHC on OD

(simulated by a fine notch). The corresponding A-scan

at the flaw location is also shown. The image is

collected by circumferential movement of a normal

beam OD transducer. X-axis represents the time-of-

flight and the Y-axis represents the transducer travel.

The signal on the left is from pressure tube ID and the

one on the right is from pressure tube OD. The semi-

elliptical profile of the notch, which is typical of DHC,

is clearly seen in the image. The time of-flight plot for

this flaw is shown in Fig. 5a. From this plot, one can

find the maximum shift in time-of-flight (“TOF) of the

flaw tip signal, with respect to the reference signal

(OD) and get the depth estimate. In the present case

it this shift is 0.408 microsecond and the calculated

depth is 0.97 mm. Fig. 4b shows the B-scan image

for a bearing pad fret (simulated by ID groove). The

image shows the change in surface profile of the ID

signal at the flaw location. This image is collected by

moving the ID focused normal beam transducer along

the width of the flaw. The time of-flight plot for this

flaw is shown in Fig. 5b. From this plot, one can find

the maximum shift in time-of-flight of the reference

signal (ID) at the flaw location and get the depth

estimate. In the present case this shift is 0.354

microsecond and the calculated depth is 0.27mm.

Fig. 4c shows the B-scan image for a laminar flaw,

which is simulated by a flat bottom reflector. The flaw
Fig. 4: B-scan images of simulated flaws in pressure
tube samples

Table 3: India’s performance on flaw depth sizing is at the mid-wall of the pressure tube. The image

shows the signals from pressure tube ID and OD and

an additional signal from the laminar flaw close to

the centre of the pressure tube thickness. For these

types of flaws, sizing of their through-thickness

dimension is not of concern. They only need to be
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reliably detected and reported in terms of length, width

and depth from scanning surface.

Analysis of Inspection Results

The Sample Inspection Reports submitted by

investigating laboratories on Indian pressure tube

sample were analyzed. The objective of this analysis,

was to assess the performance of investigating

laboratories, but more importantly on the effectiveness

of various NDE techniques for flaw detection and

sizing. For flaw detection, this analysis was based on

comparing the relative response that was observed

from a particular flaw, using various techniques.

Fig. 5: Time-of-flight plots for simulated flaws in

pressure tube

For example, in case of ultrasonic testing, the angle

beam pulse-echo technique is based on the reflected

signal, while the angle beam pitch-catch and normal

beam is based on the drop in the amplitude of the

transmitted and backwall signal respectively. If the flaw

gives higher amplitude of reflected signal in pulse-

echo mode and a lesser amplitude drop of transmitted

signal in pitch-catch mode, then pulse-echo technique

is adjudged the ‘Best’. Contrary to this, if the pulse-

echo shows lesser response in terms of amplitude of

the reflected signal and a pitch-catch or normal beam

shows better response in terms of drop in the amplitude

of the transmitted or backw all signal, then they are

adjudged as the ‘Best’ technique(s).

For flaw sizing, the analysis was based on comparing

the true flaw dimensions with the ones estimated by

NDE. The first step in this analysis is to find out the

error encountered by individual laboratory during NDE

sizing of length, width and depth for each flaw in

pressure tube sample. The next step was to find out

the laboratory, which encountered least error for these

dimensions. Finally, the NDE technique employed by

this laboratory for that particular dimension is

identified. This analysis was carried out for all the flaws

in Indian pressure tube sample. This analysis helped

in identifying techniques, which worked consistently

well for sizing flaw dimensions for different types of

flaws in pressure tube sample.

The analysis of inspection results revealed, that for

axial and circumferential flaws, the conventional pulse-

echo technique in circumferential and axial direction

is good enough. However, for the oblique flaws, the

angle beam pitch-catch works much better. The lap-

type or laminar flaws are best detected by normal

beam scan. The same is also true for ID fretting

damage. With respect to flaw sizing, it is observed

that for the length, 6 dB or 20 dB drop technique

using ultrasonic normal beam is the most suitable

technique.  The same is applicable for width of the

flaw, if it is greater than the size of the ultrasonic

beam. For fine crack-like flaws, none of the existing

NDE techniques could give desired results. For depth

sizing, time-of-flight measurement using normal beam
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and/or angle beam pitch-catch gave accurate results

for OD flaws. ID flaws are best sized by time-of-flight

measurement using high frequency normal beam ID

focused transducer.

Conclusion

The structural integrity of pressure tube is of prime

importance for the safe operation of heavy water

reactors. Non-destructive examination during in-service

inspection plays a crucial role in this regard by providing

inputs in the form of flaw characteristics. It is of utmost

importance that the inspection techniques employed

for in-situ pressure tube examination, reliably detect

all the harmful flaws and characterize them very

accurately. The IAEA-CRP on pressure tube inspection

gave a very good opportunity to the participating

laboratories, to assess the effectiveness of various NDE

techniques (both established and under development)

by carrying out blind test on the pressure tube samples.

The intercomparison of these techniques based on the

results of examination helped in identifying

technique(s) most suited for detection and sizing of

various types of flaws, encountered in heavy water

reactor pressure tubes.



    139  I   F O U N D E R ’ S  D AY  S P E C I A L  I S SUE

INDIRECT ELECTRO-OXIDATION PROCESS FOR

LEACHING OF MOLYBDENITE CONCENTRATE

BY HYPOCHLORITE: A MODIFIED APPROACH

Introduction

Low grade molybdenite concentrates recovered from

porphyry copper ores, contain copper suphides in

various amounts. Selective dissolution of molybdenum

values has been achieved by sodium hypochlorite

generated externally or electrolytically generated in situ

The pilot plant was operated at an optimum pH

between 5.5 and 7.0, in order to minimize copper

dissolution, so that, formation of insoluble copper

molybdate leading to molybdenum loss, could be

lowered. Warren and Mounsey (1983) found an

optimum pH of 9.0 in solutions containing carbonate.

At higher pH, as against 5.5 and 7, copper molybdate

is unstable and copper forms oxide or hydroxide.

The salient features of the USBM process are as follows:

at the start of the electro-oxidation process, the brine

solution essentially consists of Na+, Cl-, and CO
3

=

besides OH- as the major species. As dissolution

progresses, the solution chemistry becomes

increasingly complex with the entry of chlorites,

chlorates, molybdate, sulfate and copper ions, when

pH of the slurry is maintained between 5.5 and 7.0.

Build up of some of the species, is known to lead to

the catalytic decomposition of hypochlorite to chlorate,

that does not participate in the dissolution process.

The leach liquor, containing low molybdenum values

and a host of ionic species, is subjected to purification

wherein molybdenum is transferred to a recovery stage.

This paper won the “Misra Award “ for Best Paper at the IIME Seminar

on “Mineral Processing Technology – 2007 held at IIT, Mumbai

during Feb. 22-24, 2007

V.S. Bhave, Pamela Alex and R.C. Hubli
Materials Processing Division

and

A.K. Suri
Materials Group

A B S T R A C T

The leaching of low-grade molybdenite concentrate by hypochlorite, generated in situ by the modified approach

has been investigated. The electrolysis of the pulp is conducted in the presence of calcium chloride, in order that

quantitative precipitation of calcium sulfate and calcium molybdate is facilitated, as dissolution progresses.

Therefore, at all times during electro-oxidation, the brine composition remains unaltered. The brine solution

does not leave the electrolysis circuit and is recirculated without any purification. The solids, after filtration,

containing calcium molybdate, calcium sulfate and unreacted gangue are leached with recycled Mo solution at

ambient temperature to build molybdenum concentration, leaving behind calcium sulfate and gangue.

{                   }
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Chemistry of the Electro-Oxidation Process

The electrolysis of brine, in alkaline media, followed

by the oxidation of molybdenite can be represented as

Electrode reactions:

2 Cl- →  Cl
2(g)

 + 2 e-        (anode)                     (1)

2 H
2
O + 2 e- →  2 OH- + H

2
(cathode)         (2)

Solution reactions:

Cl
2(g)

 � Cl
2(aq)

        (3)

Cl
2(aq)

+2OH- � ClO- + Cl- + H
2
O         (4)

Hypochlorite consumption reaction:

MoS
2
 + 9 ClO- + 6 OH- →  MoO

4
2- + 9 Cl- +

2 SO
4
2- + 3 H

2
O         (5)

Chlorate formation reaction:

3 ClO- � ClO
3
- + 2 Cl-         (6)

chlorate is also formed electrochemically by the reaction

at anode [Barr et al, 1979]:

6 OCl-+3H
2
O�2ClO

3
- +4Cl-+6 H++3/2 O

2
+6 e- (7)

The total chlorate production is the sum of reactions

(6) and (7). The stability domain of ClO
3
-, in the

presence of chloride, covers the domains of HClO and

ClO-. The transformation of ClO- to chlorate is catalyzed

by the presence of transition metal compounds, such

as nickel and copper hydroxides.Solution pH is

maintained at an optimum value of 6 to 8 by periodic

additions of Na
2
CO

3
. During prolonged electro-

oxidation, the chlorate concentration continues to build

up, as do Cu2+, CO
3
= and SO

4
=, reducing the

availability of free chloride. At pulp densities of around

2-3% solids, reported in the literature, the molybdenum

concentration in the electrolyte is expected to be low,

even after extended duration of electro-oxidation.

Circulating large volume of lean solutions through the

purification stage, for recovery of molybdenum values,

reduces throughput.

In an effort to minimize chlorate build up, along with

CO
3
=, SO

4
= and Cu++, maintain uniform reaction rate

as well as solution chemistry, addition of calcium

chloride in place of sodium carbonate has been

attempted. The addition of controlled amounts of

calcium chloride to the brine, at the start of electrolysis,

ensures the formation of calcium molybdate, calcium

sulfate and copper carbonate and at all times the

concentration of molybdate ions in solution is

maintained around 10-2M. At pH values 9-10, calcium

molybdate is the stable species as indicated by the

Eh-pH diagram in Fig. 1.

Fig.1: Eh-pH diagram of Ca -Mo-H
2
O system[7]

As a result, the temperature of the brine can be

maintained at 303-308 K, in order to improve the

dissolution kinetics with reduced conversion, both

electrochemical as well as chemical, to chlorate. Higher

temperatures affect the dissolution of chlorine gas

evolved at the anode as well as the stability of

hypochlorite. The schematic flowsheet of the modified

electro-oxidation process is indicated in Fig. 2.
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Experimental

Low-grade molybdenite concentrate from UCIL,

Jaduguda, Bihar, India was used, for the electro-

oxidation experiments. Analysis of the concentrate is

shown in Table 1.

Experiments were conducted using two types of

electrode assemblies viz., monopolar and bipolar. A

schematic of the bipolar assembly is indicated in

Fig. 3. The assembly consisted of four graphite

electrodes, separated by perspex frames to maintain

uniform gap and prevent charge jumping at the edges,

with the end electrodes connected to the graphite

busbars. The assembly was suspended in a 10 L glass

Table 1: Analysis of low grade molybdenite

concentrate

Fig. 3: Bipolar electrode assembly: a schematic
representation

beaker fitted with a Nylon® lid, to restrict the evolved

chlorine from escaping. The lid, was provided with

openings for graphite busbars, pH sensor, inlet for

sodium hydroxide as well as for drawing of samples

for analysis. The brine solution volume was maintained

at 4.0 L, 1.2 L for monopolar cell, with 10 wt% NaCl.

The slurry containing 2 wt% solids was stirred using a

PTFE® coated magnetic stirrer. Known amount of CaCl
2

was added to the slurry at the beginning of each electro-

oxidation experiment, with anode current density

varying between 450 – 775 A/m2. At all times, the pH

of the slurry was maintained between 9.0 and 10.0

by frequent additions of NaOH. The solids, containing

CaMoO
4
 and CaSO

4
, were leached with recycled Mo

solution.

Results and Discussion

The results of the monopolar electrode arrangement

are shown in Fig. 4. The monopolar electrode assembly

consisted of concentric graphite cylinders suspended

in the slurry. The dissolution was rapid, resulting in

Fig. 2: Modified electro-oxidation process
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proportional changes in pH of the slurry. It has been

reported that the rate of molybdenite oxidation

was directly proportional, to the square root of the

concentrations of hydroxyl and hypochlorite ions. In

the present study, under reasonably constant [OH-]

and current density of 775 A/m2, the rate of

molybdenum dissolution was linear for the duration

of study.

The experiments were carried out under similar

experimental conditions and the results of various

electrode configurations, have been depicted in a

single plot shown in Fig. 5. As the pulp density, as

well as the anode current density were maintained

The same brine solution was used for all the

investigations, without the need for any purification

and recycled directly from a reservoir. The objective

of the exercise was to detect changes in leaching

behaviour, owing to the build-up of significant

amounts of chlorate and other ions, if any. The

amounts of molybdenum and sulfate ions in the

solution were found to be below 0.1 gpl, while the

amount of chlorate was not analyzed.

Conclusion

Initial investigations in the use of controlled amounts

of calcium chloride during leaching, proved

encouraging, as the rate of molybdenite oxidation

remained relatively unaffected, owing to the low

build-up of molybdate and sulfate ions. Electro-

oxidation was carried out at pH between 9.0 and 10.0,

in order to maintain a high hydroxyl ion concentration,

as the rate is reported to be directly proportional to

the square root of hydroxyl and hypochlorite

concentrations. Brine solution could be successfully

recycled for all investigations without any purification.

Fig. 4: Results for monopolar electrode assembly

Fig. 5: Molybdenum dissolution with monopolar and

bipolar assembly

constant for all investigations, the rate of dissolution

was found to be consistent, indicating that, the

formation as well as the precipitation of molybdate,

sulfate and degradation of hypochlorite, if any, had

little effect. The solution, after electro-oxidation,

contained low amounts of sulfate and chlorate and

could be recycled repeatedly without any intermediate

purification. The solids were leached with recycled

molybdenum solution, in order to maintain low

solution volume for further purification.
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ELECTROCHEMICAL STUDIES OF

PRUSSIAN BLUE (PB) FILMS IN THE PRESENCE OF

DIFFERENT CATIONS

M. K. Sharma and S. K. Aggarwal
Fuel Chemistry Division

Introduction

The modification of an electrode surface has

received considerable attention recently. The details

of electrochemical studies of Prussian Blue (PB)

film modified electrode are discussed. The

electrochemistry of PB modified electrode is examined

in solutions of various supporting electrolytes,

including cationic surfactant. Cations e.g. K+ can be

expected to transport through the crystal of PB films,

because of its zeolitic nature. Two proposed formulae

of PB are – water insoluble PB Fe
4
[Fe(CN)

6
]
3
 and water

soluble PB KFe
2
(CN)

6
. The chemical reduction and

oxidation of PB give Prussian white (Everitt’s salt) and

Prussian green (Berlin green), respectively. PB is a mixed

valence species with high spin iron (3+) ligated by six

N atoms and low spin iron (2+) ligated by six carbon

atoms of cyanide and formulated as ferric ferrocyanide.

In situ Mossbauer measurements have shown, that

the reduction of Prussian blue to Prussian white

(Everitt’s salt) proceeds via the reduction of high spin

iron (3+) to iron (2+). Prussian blue has been

manufactured as an important pigment for paints,

lacquers, printing inks and other colour uses, but recent

interest in PB and related surface modified electrodes

is due to their potential application as electrochromic

devices, electrocatalyst and cathode materials for

batteries, in chemical analysis and in ion exchange.

We have studied the effect of electrolyte cation size,

on the electrochemistry of electrode surface bound

PB. Attempts have been made to investigate the

possible formation of Self-Assembled Monolayer (SAM)

of cationic surfactant on PB-modified surface, by

electrostatic attraction between positively charged

surfactant and cation deficient Prussian white. This

SAM can act as a template for nanostructure synthesis

and molecular recognition. SAM can be formed by

simply switching to PB reduction potential.

Electrochemical synthesis of PB film on Au and Pt

electrode was carried out and charge transfer through

PB film and across the interface, was studied by Cyclic

Voltammetry (CV), Chrono Amperometry (CA) and

Electrochemical Quartz Crystal Microbalance (EQCM).

Experimental

Potassium ferricyanide, ferric chloride, potassium

chloride, dodecyl trimethyl ammonium chloride and

hydrochloric acid used, were of analytical grade. Water

was purified with a milli Q (18.2 M&!cm-1) system.

This paper was awarded the First Prize  for Poster Presentation at the Third International Conference

on Electro-analytical Chemistry and Allied Topics (ELAC-2007)

held at  Shimla, during  March 10-15, 2007
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CV, CA and EQCM experiments were performed on

CHI 440 electrochemical workstation. Gold coated

quartz crystals were used for EQCM experiments. The

synthesis of Prussian blue (PB) film on Au and Pt

electrode was carried out by cycling potential between

0.6 V and -0.2 V (vs. SCE)  in  mixture  of  2 mM

FeCl
3
 and 2 mM K

3
Fe(CN)

6
 prepared in    0.01 M HCl

solution. The solution of 1 M KCl and 10 mM surfactant

(dodecyl trimethyl ammonium chloride) was prepared

in Millipore water. Chronoamperometry experiments

were performed at -0.2 V and 0.6 V (vs/SCE) for

different time periods in 1 M KCl as well as in 10 mM

surfactant solution.

Result and Discussion

Fig. 1 and Fig. 2 show the CV and EQCM data,

respectively, for the synthesis of Prussian blue film on

Au electrode. The increasing peak current and

decreasing frequency (i.e. increasing mass) with

increasing numbers of CV cycles show the synthesis

and growth of PB film on electrode. In Fig. 2, decrease

in frequency in the region between 0.22 V and -0.2 V

shows, formation of PB film and insertion of K+ ions

into PB film and increase in frequency between 0.22

and 0.3 V shows exclusion  of K+ ions from PB film.

Fig. 1: Synthesis of Prussian blue film on Au

electrode. Scan rate 50 mV s-1.

Fig. 2: EQCM data for Prussian blue film synthesis
on Au electrode

Fig. 3: CV of PB film coated Au electrode in

1 M KCl.

Fig. 3 and Fig. 4 show the CV and EQCM data of PB

film coated Au electrode in 1 M KCl, respectively. In

Fig. 4, rapid change in slope between 0.25 V and

0.1 V during cathodic scan indicates the entering of

K+ into the reduced and negatively charged PB film to

maintain electrical neutrality and rapid change in

slopebetween 0.2 V and 0.35 V during anodic cycle

indicates exclusion of K+ from the reoxidized and

neutral film.

Fig. 5 shows that electron transfer between PB film

and electrode is highly irreversible in surfactant solution.

Since surfactant cations are much bulkier and larger
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In Fig. 8, CA and EQCM data for 5 s shows that PB

film is not completely reduced at -0.2 V and there is

no mass saturation in 5 seconds as observed in the

case of KCl, but in Fig. 9, CA and EQCM data for 20

s shows that reduction of PB film is almost complete

and mass saturation occurs. The diffusion of bulkier

surfactant cations is much slower than that of K+ ions

and they may not enter into the PB films. Instead,

they bind electrostatically to PB surface.

Fig. 7: CA and EQCM data of PB coated Au

electrode in 1 M KCl at -0.2 V and 0.6 V for 5

seconds

Fig. 6: EQCM data during CV of PB film coated Au
electrode in 10 mM surfactant at different scan

rates

Fig. 5: CV of PB film coated Au electrode in 10 mM

surfactant. Scan rate 50 mVs-1

Fig. 4: EQCM data during CV of PB film coated Au

electrode in 1 M KCl at different scan rates

than K+ ions, they may not be able to enter into the

PB film, but increase in mass during cathodic scan

and decrease in mass during anodic scan indicate,

that surfactant cations bind electrostatically to reduced

PB film surface during cathodic scan and release from

the PB surface during anodic scan.

In Fig. 7 EQCM data during CA experiment in 1 M

KCl also supports the insertion of K+ into the reduced

PB film and exclusion of K+ from the reoxidized neutral

PB film.
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About the Authors

Conclusion

The rate of electron transfer between electrode and PB

film is dependent on electrolyte. Since surfactant

cations are bulkier than K+ ions, they diffuse slowly

toward the electrode surface and may not able to enter

into the PB films. Instead, they bind electrostatically

to PB surface.  Attempts have been made to investigate

the possible formation of Self-Assembled Monolayer

Fig. 8: CA and EQCM data of PB coated Au

electrode in 10 mM surfactant at -0.2 and 0.6

for 5 s

Fig. 9: CA and EQCM data of PB coated Au

electrode in 10 mM surfactant at -0.2 and 0.6 V
for 20 s

(SAM) of cationic surfactant on PB modified surface

by electrostatic attraction between positively charged

surfactant and cation deficient Prussian white. This

SAM can act as a template for nanostructure synthesis

and molecular recognition. It  can be formed by simply

switching to PB reduction potential. Further surface

probe microscopic investigations are required to

confirm our interpretation.
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INERT MATRIX FUELS: MATERIALS FOR FUTURISTIC

NUCLEAR REACTORS

V. Grover and A.K.Tyagi
Chemistry Division

A B S T R A C T

The development of uranium-free Inert Matrix Fuel (IMF) is of worldwide interest, as by using this approach, it
is possible to annihilate the large stock of plutonium. In these fuels, an inert matrix serves as a support for the
actinide phases, as does the non-fissile 238UO

2
 matrix for PuO

2
 in a typical fast breeder MOX fuel.  Inert matrix,

as suggested by it’s name, does not lead to the formation of any fissile material, after irradiation. This concept
is also being contemplated to prepare targets for minor actinides transmutation. Suitable system should include
an inert matrix component, a burnable poison, a suitable stabilizer and a fissile material. Considerable work
carried out in our group, in establishing phase relations in CeO

2
-ThO

2
-ZrO

2
, CeO

2
-Gd

2
O

3
-ZrO

2
, CeO

2
-Gd

2
O

3
-ThO

2

and CeO
2
-Dy

2
O

3
-ZrO

2
 systems, with relevance to Inert Matrix Fuels, has been discussed. Ceria is used as a

surrogate for plutonia. Certain silicates have also been explored with reference to the same.  Almost 500
compositions have been synthesized in these systems and characterized using various techniques like X-Ray
Diffraction, High temperature X-Ray Diffraction and EPMA (Electron Probe for Micro-Analysis). Phase relations
showed the presence of various monophasic and biphasic phase fields. Several interesting results like stabilization
of cubic gadolinia and metastable form of ThSiO

4
 could be observed.

Dr. (Ms.) V. Grover is the recipient of the IUPAC Young Chemist Programme Award – 2007

Dr. A.K.Tyagi is the recipient of IANCAS - Dr. Tarun Datta Memorial Award - 2007

Introduction

Inert matrix fuel is an innovative concept, for
developing materials that could be utilized to annihilate
plutonium and also minor actinides transmutation.
An inert matrix consists of the inert matrix
components, fissile component (Pu), suitable burnable
poison, a stabilizer or a fertile additive to improve the
neutronic characteristics of the fuel. The choice of
inert matrix depends on many criteria such as:
Compatibility with cladding and coolant, high thermal
conductivity, low thermal expansion, high melting
temperature, good heat capacity, good mechanical

properties, high irradiation stability. Also, in case of
heterogeneous diluents, fuel and diluent have to be
compatible and must have similar total vapor pressure
at any given temperature to prevent redistribution and
demixing because of the radial temperature gradient
along the fuel pin during irradiation. Hence, to design
an inert matrix, we have to consider  Choice of element
(low neutron absorption cross section), suitable
compound form of these elements (Oxides, carbides,
nitrides),  right kind of crystalline structure (fluorite,
perovskites, spinels, silicates, YAG etc.), Forms of inert
matrices viz. CERCER (ceramic-ceramic), CERMET
(ceramic – metal), Solid solution Pellet (SSP).

{                       }
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Our work on Inert Matrix Fuels

While proposing an inert matrix for plutonium
utilization, it is important to determine the phase
distribution and compatibility of PuO

2
 with the

suggested components of inert matrices. For this
purpose, various ternary phase relations have been
studied by our group, on systems like CeO

2
-ThO

2
-ZrO

2
,

C e O
2
- G d

2
O

3
- T h O

2
, C e O

2
- G d

2
O

3
- Z r O

2
,

CeO
2
-Dy

2
O

3
-ZrO

2
, with components having relevance

to inert matrix fuels. CeO
2
 was used as surrogate for

PuO
2 
. ZrO

2 
was included to act as the host material

for holding the actinide phase because it has got high
mechanical strength, chemically inert and a very low
absorption cross-section for neutrons and it can be
stabilized by rare earth oxides (like Er, Ho, Eu, Gd, Dy
... Y), which are potential burnable poisons, in a single
phase cubic structure. Thoria being a very stable oxide
(chemically inert), is also a potential host. The inclusion
of thoria is likely to improve the neutron economy
and in situ produced U-233 would increase the burn
up of the inert matrix based fuel. Higher melting point
and higher thermal conductivity of ThO

2
 will also

enhance the safety margin of the core. The other
motivations for using thorium are enhancement of
cycle proliferation-resistance due to reduced plutonium
production and economic benefits from reducing the
initial enrichment needs. About 500 compositions were
prepared by mixing the reactants and firing them at
1200oC, 1300oC and 1400oC with intermittent
grindings under slow cooled conditions. The samples
were characterized by various techniques like XRD
(X-Ray diffraction), HTXRD (High Temperature X-Ray
diffraction) and EPMA (Electron Probe for Micro
analysis).

CeO
2
-ThO

2
-ZrO

2
 system

This was an interesting phase relation, wherein ThO
2

and CeO
2  
formed complete solid solution whereas only

5 mol% of ZrO
2
 was taken up by ThO

2
. Also, in the

Ce
1-x

Zr
x
O

2
 series (0.0 ≤ x ≤ 1.0), about 20 mol % ZrO

2

is soluble in ceria and then a nearly single-phasic

t-ZrO
2
 was obtained at the nominal composition

Ce
0.20

Zr
0.80

O
2
. An important observation is the absence

of the cubic zirconia phase. Thus suitable aliovalent
substitution is needed to stabilize the cubic zirconia.
In pseudo-ternary systems, ZrO

2
-Th

0.5
Ce

0.5
O

2
, CeO

2
-

Th
0.5

Zr
0.5

O
2
 and ThO

2
-Zr

0.5
Ce

0.5
O

2
 and the corresponding

opposite apex were chosen as the end members. Only
10 mol % zirconia in the ZrO

2
-Th

0.5
Ce

0.5
O

2 
system was

found to get incorporated in the lattice of Th
0.5

Ce
0.5

O
2
.

The CeO
2
-Th

0.5
Zr

0.5
O

2
 system has a two-phase region,

consisting of the cubic solid solution of ceria in thoria
and m-ZrO

2 
upto the x = 0.30. Beyond that, small

amount of t-ZrO
2
 also appears resulting in the triphasic

field. The lattice parameter surprisingly increases in
the compositions with x = 0.70 which can be attributed
to the opposite effects of the incorporation of Th4+

and Zr4+ into CeO
2
 lattice.

 
In ThO

2
-Zr

0.5
Ce

0.5
O

2
 system,

the end member Ce
0.5

Zr
0.5

O
2
, consists of a cubic solid

solution and t-ZrO
2
. The m-ZrO

2
 phase appears from

Ce
0.40

Zr
0.40

Th
0.20

O
2
, to Ce

0.15
Zr

0.15
Th

0.70
O

2
 giving a

triphasic field. The pseudo-ternary phase relation is
shown in the Fig. 1a wherein a cubic solid solution
phase field and a biphasic field could be delineated
unequivocally. Several specimens of CeO

2
-ThO

2
-ZrO

2

systems were subjected to detailed electron probe
microanalysis (EPMA) after quenching. Based on the
volume fraction of both the phases and microstructural
evidences in these bulk compositions and phase
relations at 14000C, Fig. 1(b) gives the isotherm of
the CeO

2
-ThO

2
ZrO

2
 system at 14000C. Also, a number

of single phasic compositions with fluorite-type
structure were identified and their lattice thermal
expansion was investigated in the temperature range
293 to 1473 K by HTXRD.

CeO
2
-RE

2
O

3
-ZrO

2
 system (RE: Gd, Dy)

The ternary phase relation established in CeO
2
-Gd

2
O

3
-

ZrO
2
 and CeO

2
-Dy

2
O

3
-ZrO

2
 systems are shown

respectively in Fig. 2 and Fig. 3. In case of
Ce

1-x
RE

x
O

2x/2
 system, for both the rare earths, the phase

relations are characterized by presence of a single-
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Fig. 1(a):  Ternary phase relations in CeO
2
-ThO

2
-ZrO

2

system

phasic fluorite-type phase field and a single-phasic C-
type cubic phase field. The lattice parameter of F-type
solid solutions increases on incorporation of RE3+

whereas the lattice parameter of C-type phase shows
an increase on incorporation of Ce4+. Also, since the
ionic size difference between Dy3+(0.94 Å) and
Ce4+(0.91 Å) is less than as compared to that between
Gd3+ (0.98 Å) and Ce4+ (0.91 Å), there is a steeper
increase in lattice parameter of F-type solid solution
in CeO

2
–Gd

2
O

3
 as compared to the CeO

2
–Dy

2
O

3
 series

whereas the lattice parameter of the C-type solid

Fig. 1(b): Isotherm of CeO
2
-ThO

2
-ZrO

2
  at 1400oC

solution in the latter
 
shows greater variation than in

former. Another interesting observation was the
stabilization of C-type gadolinia upto much higher
temperatures. The structural analysis was done on
anion-rich Gd

2
O

3
 i.e., Gd

1-x
Ce

x
O

1.5+x/2
 (x = 0.20 and

0.40). These are isostructural with C-type rare earth
oxides, with excess anions required for charge balance.
The Zr

1-x
RE

x
O

2-x/2
 series was characterized by a very

wide homogeneity range of rare earth-stabilized-
zirconia from 15 mol% GdO

1.5
 to 40 mol% in case of

Gd3+ and upto 60 mol% in case of Dy3+. In case of
Gd3+,  x = 0.5 and 0.6 compositions were pyrochlores.
Coming to (Zr

0.5
RE

0.5
)
1-x

Ce
x
O

1.75+x/4
 system, (Zr

0.5
Gd

0.5
)
1-

x
Ce

x
O

1.75+x/4
; (x=0.1 to 0.6) were found to have broad

peaks in their XRD patterns, due to the presence of a
F-type lattice with another unidentified (presumably
F-type) lattice. In case of Dy3+, the compositions with
x= 0.1 and 0.15 are single phasic F-type solid solution
and beyond that till x=0.5 broad peaks like Gd3+ were
observed. The lattice parameters increase with increase
in ceria content due to increase in average cationic
radius. The conversion of pyrochlore to fluorite type
phase for Gd3+ can be attributed to the fact that Ce4+

prefers 8-fold coordination in oxides rather than
octahedral coordination. In (Ce

0.8
Zr

0.2
)
x
RE

1-x
O

1.5+x/2

series, in case of Gd3+, this series shows a two phase
region viz. an F-type phase field till 50 mol% GdO

1.5

and C-type phase field beyond that. In case of Dy3+

though, a biphasic phase field containing two fluorite
type solid solutions is observed till 30 mol% doping
of (Ce

0.8
Zr

0.2
)O

2
 into DyO

1.5
. In (Zr

0.5
Ce

0.5
)
1-x

Gd
x
O

2-x/2

series, on doping GdO
1.5

 in (Zr
0.5

Ce
0.5

)O
2
, a monophasic

fluorite-type phase is stabilized which could be
explained by stabilization of zirconia which then forms
a solid solution with ceria. Also, broad peaks for
compositions containing 30 to 60 mol% GdO

1.5

indicate a biphasic region comprising of an anion
deficient F-type and anion-excess C-type lattice. Now,
in the next series (Ce

0.5
Gd

0.5
)
1-x

Zr
x
O

1.75+x/4
, when ZrO

2

was doped into Ce
0.5

Gd
0.5

O
1.75

 (C-type), it got
converted to a F-type lattice which is probably due to
incorporation of excess anions accompanied by Zr4+

substitution which disrupts the ordering of 0.5
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vacancies in fluorite-type basis cell of GdO
1.5

 and hence
converts it into a defect fluorite structure in which all
the three cations, Gd3+, Zr4+ and Ce4+, are statistically
distributed.

CeO
2
-Gd

2
O

3
-ThO

2
 system

In this system XRD data revealed the presence of
different phase regions namely, cubic fluorite-type solid
solution, C-type solid solution and the biphasic regions

Fig. 2:  Ternary phase relations in CeO
2
-Gd

2
O

3
-ZrO

2

system

Fig. 3:  Ternary phase relations in CeO
2
-Dy

2
O

3
-ZrO

2

system

containing C and F-type solid solutions and two
F-type solid solutions. In Th

1-x
Gd

x
O

2-x/2
 system, ThO

2

takes upto 30 mol% GdO
1.5

.
 
In (Gd

0.5
Th

0.5
)
1-x

Ce
x
O

1.75+x/

4
 system, (Gd

0.5
Th

0.5
)O

1.75
 and CeO

2 
 are soluble

throughout the entire range. In (Ce
0.5

Th
0.5

)
1-x

Gd
x
O

2-x/2

system, GdO
1.5

 dissolves upto 40 mol%  in

(Ce
0.5

Th
0.5

)O
2
 lattice giving an F-type lattice and beyond

that splits into an F-type phase and a C-type phase

with decrease in amount of F-type phase with

increasing GdO
1.5

. Lattice parameters trends are a

compromise between contraction of the lattice due

to oxygen ion vacancies and the expansion due to

ionic size. In (Ce
0.5

Gd
0.5

)
1-x

Th
x
O

2-x/2
, substitution of ThO

2

in (Ce
0.5

Gd
0.5

)O
1.75

 leads to filling up of oxygen

vacancies and the loss of ordering and hence F-type

lattice is observed for x = 0.2 to 0.5. Beyond that,

further nominal compositions are biphasic which can

be explained on the basis of partial immiscibility of

ThO
2
 and Gd

2
O

3
. This ternary phase relation is depicted

in Fig. 4. EPMA studies were done on some of the

representative biphasic nominal compositions which

could clearly delineate the compositions of two phases

corresponding to each of these nominal compositions.

Silicates with zircon structure have a high-potential
from the point of view of inert matrix fuel because of
their high melting point and the highly stable structure.
Two series of compositions with the general formula
M

1-x
Ce

x
SiO

4
 (M = Th, Zr; x = 0.0–0.5; 1.0) were

studied by powder XRD. A striking observation was
the stabilization of tetragonal modification of ThSiO

4
,

which is metastable, by 10 mol% ceria substitution.
There was no solubility of ceria in zircon (ZrSiO

4
)

lattice. The average linear thermal expansion coefficient
(293–1123 K) of ZrSiO

4
, ThSiO

4
 and Th

0.9
Ce

0.1
SiO

4 
are

4.65×10"6, 4.97×10"6 and 5.14×10"6 K”1, respectively.

Conclusions

Tremendous R & D work has been devoted to the
transmutation of Pu and minor actinides by applying
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Fig. 4:  Ternary phase relations in CeO
2
-Gd

2
O

3
-ThO

2

system

inert matrix fuel (IMF) concept. Our group has been
engaged in developing phase relations in systems
pertaining to inert matrix fuels. The systems showed
the presence of various monophasic and biphasic phase
fields comprising of Fluorite-type, C-type, tetragonal
and monoclinic phases. Suitable single-phasic
compositions were chosen and their thermal expansion
properties have been studies. Thermal expansion
behavior of these single-phasic ceria bearing
compositions can be used to simulate the
corresponding compositions containing plutonia.
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CHLORINE DETERMINATION IN (U,PU)C FUEL BY

TOTAL REFLECTION X-RAY FLUORESCENCE

SPECTROMETRY

Nand Lal Misra, Sangita Dhara, Khush Dev Singh Mudher and  Suresh K. Aggarwal
Fuel Chemistry Division

and

Uday Kumar Thakur, Dipti Shah, R.M. Sawant and K.L. Ramakumar
Radio Analytical Chemistry Section, Radiochemistry & Isotope Group

A B S T R A C T

A Total Reflection X-ray Fluorescence (TXRF) method, for the determination of chlorine in (U,Pu)C has been

developed. The method involves calibration of the instrument with standard solutions and validation of TXRF

determination of chlorine, using synthetic standard solutions. Cl K
a 
line excited with W L

a
 source was used, for

TXRF determinations of chlorine. Chlorine present in trace amounts in (U,Pu)C samples was first separated by

pyrohydrolysis. The evolved chlorine, in the form of HCl, was collected in 5 μM NaOH solution. This solution

was analyzed for chlorine by Total Reflection X-ray Fluorescence Spectrometry, using cobalt as an internal

standard.  The TXRF detection limit of chlorine was found to be 3.6 pg with sample size of 30  μL. In order to

assess the applicability of TXRF method for chlorine determinations in other nuclear materials, one U
3
O

8
 trace

element standard was also analyzed for chlorine, in a similar way. The precision of the method was found to be

25% (1s) at ng level in most of the cases.

Introduction

Quality control of nuclear materials such as nuclear

fuels, structural materials, cladding etc. for the

presence of trace elements, is an important step from

the point of view of efficient and safe operation of a

nuclear reactor [1,2]. The amount of chorine which

can be tolerated in nuclear fuels and structural materials

is quite low, because of it’s corrosive nature and

separation of phases. Presently chlorine in these

materials is determined by Ion Chromatography (IC)

and Spectrophotometry [1-2] after it’s separation from

the main matrix by pyrohydrolysis, involving heating

of the sample at 900°C in flow of moist argon and

This paper was adjudged as the Best among the Poster Presentations at the Symposium on

Nuclear and Radiochemistry (NUCAR 2007) held at M.S. University of Baroda, Vadodara

from Feb. 14 -17, 2007{                      }
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absorbing the liberated chlorine, in the form of HCl in

acetate buffer. TXRF is being increasingly used as a

trace elemental analytical technique, for metals as well

as non-metals alike, in different scientific areas [3].

This technique was previously standardized for trace

determination of metals in uranium and thorium oxides

[4-5].  In this paper, we report studies carried out to

assess the applicability of TXRF for the determination

of chlorine in (U,Pu)C fuel.

Experimental

For TXRF measurements, an ITAL Structures Total

Reflection X-ray fluorescence Spectrometer TX-2000

was  used.  Cl Kα 
 line  excited  by  W Lα 

 characteristic

X-rays obtained from a W-Mo dual target tube

operated at 40 kV and 30 mA was used, for chlorine

determination. The W Lα line was monochromatized

using a W-C multilayer. A Si(Li) detector with a

resolution of 139 eV  (FWHM) for Mn Kα(5.39 keV)

was used, for detection and measurement of X-ray

intensities. For IC measurements, a Dionex DX-500

ion chromatography system consisting of an IP-20

isocratic pump, a self regenerator suppressor in external

recycle mode and an ED-40 conductivity detector with

a conductivity cell and DS-3 stabilizer was used, for

obtaining the chromatograms. Separation of the anions

was achieved with an analytical column (Dionex,

Ion Pac, AS 18, 250x4 mm) coupled with a guard

column (AGIX8, 50 x4 mm).

The TXRF spectrometer was calibrated using a Merck

ICP multielement standard solution IV and synthetic

standard solution of chlorine, prepared by dissolving

NaCl in 5 mM NaOH solution. Similarly the method

was validated by analyzing NaCl solutions, having

chlorine concentrations in 125 to 4000 ng/mL range,

using a cobalt single element internal standard

solution. For TXRF determinations of chlorine in (U,Pu)C

samples, different amounts of these samples, as shown

in Table 1, were pyrohydrolyzed at 900°C. An all quartz

pyrohydrolysis set up consisting of two concentric

tubes was used. The outer tube has an inlet and serves

as a preheater for (Ar/O
2
) + H

2
O gas used for

pyrohydrolysis. The inner tube houses the sample boat

and is attached to the gas outlet which is cooled by a

condenser. The condensates consisting of liberated

chlorine were collected in 5 mM aqueous solution of

NaOH in polypropylene bottles and were made up to

25 mL. 200 μL of cobalt internal standard (990 ng/

mL) was mixed with one mL of this solution. Two

aliquots of 30 μ L (10 μL x 3) of such solutions were

deposited on quartz sample supports, by drying under

an IR lamp. These sample supports were loaded in

TXRF spectrometer sample chamber and the TXRF

spectra were recorded in duplicate, for each sample,

for a live time of 2000 s. These samples were also

analyzed for chlorine content by ion chromatography.

In order to assess the applicability of TXRF for chlorine

determination in other nuclear materials, one U
3
O

8 
trace

element standard was also analyzed in a similar way.

Results and Discussion

Determination of chlorine by normal XRF technique is

difficult, due to it’s comparatively low fluorescence

yield and matrix effects. Total Reflection X-ray

Fluorescence spectrometry has a good potential for

it’s determination, due to negligible matrix effects and

better detection efficiency. However, TXRF

determinations require drying of the sample on

a sample support and in similar studies made earlier,

we observed that even slight acidic nature of the

solution drives out chlorine in the form of HCl while

drying the sample on quartz carrier and the TXRF

spectrum did not show the presence of chlorine.

In order to avoid such losses of chlorine, we prepared

the chlorine samples in slightly alkaline medium,

instead of using Milli-Q water. The TXRF determined

concentrations of synthetic chlorine standards

were found to be within 15% of the expected

concentrations,  in most of the cases, with a precision

of 15 % (1σ for n=4).  A comparison of the expected

and TXRF determined concentrations of such synthetic
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standards is shown in Fig. 1. The TXRF spectrum of

the NaOH solution containing liberated chlorine from

a (U,Pu)C-3 sample using cobalt internal standard is

shown in Fig. 2.  It can be seen that the Cl Kα, peak is

quite strong and well separated from Ar Kα 
peak from

the atmosphere. The TXRF and IC results are shown in

Table 1 and have a good agreement. From these results,

it can be concluded that TXRF spectrometry has good

potential for determination of chlorine in nuclear

samples. Also it can be seen that S Kα 
peak is also

clearly visible in the spectrum, indicating that this

technique can be used for sulfur determination also

after similar studies.

Fig. 1: Comparison of TXRF determined and
expected chlorine concentrations in synthetic
standards

Fig. 2: TXRF spectrum of processed (U,Pu)C-3
sample

Table 1: Comparison of TXRF and IC determinations
of chlorine

$: The evolved Cl was collected in 5 mM NaOH

made up to 25 mL

*: TXRF determined Conc. of chlorine in solution (ng/mL)

# : IC determined Conc. of chlorine in solution (ng/mL).

Conclusion

Total reflection X-ray Fluorescence Spectrometry can

be used for the determination of chlorine at ultratrace

levels in (U,Pu)C and other nuclear materials. However,

before using this technique for such trace

determination on a routine basis, more studies are

required for better sample preparation to avoid loss of

chlorine.
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UPTAKE OF RHODAMINE 6G DYE BY

BOROSILICATE GLASSES

This paper received the Best Poster Award at the DAE Solid State Physics Symposium,

held at Mysore, from Dec. 27-31, 2007

Introduction

Effluents from industries like dye manufacturing,

textile, paper and pulp are highly coloured and

considerable research has been done, for the removal

of these coloured products. Adsorption process is an

attractive treatment, especially if the adsorbent is

inexpensive and readily available like wood, coir pith

etc [1]. Borosilicate glasses behave as ion exchangers

and this property is made use of, extensively, in various

applications, including nuclear industries. Synthetic dyes

are major industrial pollutants and water contaminants.

Due to their complex structure, most of the dyes are

resistant to biodegradation. Therefore, the release of

these chemicals into the aqueous stream should be

avoided. So the uptake or removal from the aqueous

streams becomes important.

A B S T R A C T

Sodium boroaluminosilicate glass samples with different B
2
O

3
 to Na

2
O mole ratio (0.23 and 9.8) were prepared,

by the conventional melt-quench method and their uptake of Rhodamine 6G dye from aqueous solution was

investigated. The experimental conditions were optimized to get maximum uptake and was found to be

2.5 mmol of dye,  per gram of the glass sample. Based on 29Si and 11B MAS NMR studies, it has been confirmed

that the increased concentration of Si-O- Na+ and BO
4

- Na+ linkages in the glass with B
2
O

3
 to Na

2
O mole ratio

0.23, is responsible for the increase in it’s uptake of the dye.

Jayshree Ramkumar, S. Chandramouleeswaran and P.V. Ravindran
Analytical Chemistry Division

and

V. Sudarsan and R.K.Vatsa
Chemistry Division

and

V.K. Shrikhande and G.P. Kothiyal
Technical Physics & Prototype Engineering Division

and

T. Mukherjee
Chemistry Group

{                     }



    171  I   F O U N D E R ’ S  D AY  S P E C I A L  I S SUE

In this paper, the use of boroaluminosilicate glass for

removal of dye from aqueous solution has been tried.

The uptake of dye by two borosilicate glasses with

different concentrations of Na
2
O and B

2
O

3 
has been

studied, as a function of various experimental

parameters such as contact time, pH and amount of

adsorbent.

Experimental

Two glass samples BS1 [(Na
2
O)

0.22
 (B

2
O

3
)
0.05

 (SiO
2
)
0.69

(Al
2
O

3
)
0.011

 (K
2
O)

0.029
] (B

2
O

3
/Na

2
O = 0.23) and BS2

[(Na
2
O)

0.025
 (B

2
O

3
)
0.245

 (SiO
2
)
0.69

 (Al
2
O

3
)
0.011

 (K
2
O)

0.029
]

( B
2
O

3
/Na

2
O=9.8) were prepared, by the conventional

melt-quench method from reagent grade SiO
2
, H

3
BO

3
,

Al
2
O

3
, NaNO

3
 and KNO

3
 at 1400-1500°C. 29Si and 11B

MAS NMR spectra were recorded using Bruker Avance

DPX 300 machine with a spinning speed of 5kHz.

The uptake studies were carried out in batch mode.

10 ml of aqueous dye solution of known concentration

at a particular pH was equilibrated, with a weighed

amount of glass sample for different periods of time.

The concentration of dye left behind in solution after

equilibration was determined.

Results and Discussion

The effect of contact time on the uptake of dye is

shown in Fig. 1. It is seen that a period of 6h is

optimum and this was used for further studies. It is

seen from the figure, that the uptake of the dye by

BS1 is much higher than that of BS2.

Since this is an ion exchange of the dye, which is

cationic in nature, it was expected that the pH of the

external solution would have an effect on the uptake.

The variation in the uptake with pH is shown in

Fig. 2.

It is seen that at lower and much higher pH, the uptake

is low and the optimum was around pH of 6. Hence

pH was maintained at 6 for all further studies. At lower

pH, the dye undergoes chemical degradation to a

lactone structure and at higher pH the dye exists in

it’s neutral or anionic form. Both these changes result

in low uptake at the two extreme ends of the pH.

Fig. 2: Effect of pH

* represent spinning side bands

Fig. 1: Effect of contact time

The effect of the amount of adsorbent on the uptake

was studied, by varying  the mass of glass, in the

range of 0.02 to 0.2 g. The results are shown in

Fig. 3. It is observed that about 0.1 g of glass was

sufficient to bring about maximum uptake.
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Conclusions

It is seen that BS1 has good affinity for the dye and

the uptake is high at a pH of 6 using 0.1g of glass and

equilibrating for 6h. Increase in concentration of Si-O-

Na+ and BO
4

- Na+ linkages in the glass is responsible

for the improved uptake of dye for the glass with B
2
O

3

/Na
2
O ratio 0.23.
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Fig. 3: Effect of amount of adsorbent

Fig. 4: MAS NMR patterns of BS1 and BS2.

* represent spinning side bands

The difference in ion exchange behaviour of BS1 and

BS2 samples could be due to the difference in structure

of the two glasses. The ion exchange behaviour of

glasses is attributed to the presence of nonbridging

oxygen atoms present in the silicon network. The

difference in the number of non-bridging oxygen

atoms present is revealed by structural elucidation by

11B and 29Si MAS NMR studies.

From 29Si MAS NMR patterns (Fig. 4a), it is seen that

for BS1, the ratio of Q3 (Si-O-) and Q4 (SiO
4
) units of

silicon is 60:40, whereas in BS2, it is 25:75. From 11B

MAS NMR patterns (Fig. 4b), it is seen that BS1

contains only one sharp peak, around –22 ppm,

characteristic of the tetrahedral (BO
4
)- units, whereas,

for BS2 in addition to the sharp peak at –22ppm, a

broad peak characteristic of trigonally coordinated

(BO
3
) units is observed [2]. From 11B and 29Si MAS

NMR studies, it is established that Si-O--Na+ and B-O-

Na+ are more in BS1 as compared to BS2. This explains

the higher exchange capacity of BS1 as compared

to BS2.
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DEVELOPMENT OF AUTOMATED REMOTE

OPERATED INSIDE DIAMETER MEASUREMENT

SYSTEM FOR PRESSURE TUBE OF INDIAN

PRESSURIZED HEAVY WATER REACTOR

Introduction

Precise measurement of the diametrical creep of a

pressure tube is necessary. The pressure tubes in

operating PHWRs are highly radioactive components.

Conventional two or three point micrometers are not

suitable for measurement of the inside diameters of

these saggy pressure tubes, due to unavailability of

straight-line access, to the bore of a pressure tube

and excessive exposure of the operating personnel, to

radiation environment. Therefore, design and

development of remote-operated, pressure tube Inside

Diameter (ID) measurement system, was felt necessary,

to precisely measure  the bore size of saggy, highly

radioactive pressure tubes, located in coolant channels

of operating PHWRs. The system designed and

developed indigenously, uses a hydraulically actuated

micrometer, which is controlled through a PC-based

control system, to measure the inside diameter of a

pressure tube, remotely, from a distance of 100 meters.

The system is designed for accuracy of 50 microns in

the range of inside diameter variation between 82 mm

to 86 mm. The system has been successfully tested in

full-scale mock-up at reactor site.

The paper describes details of design of the software

and hardware modules of the system, assembly and

integration of system modules, testing and it’s

performance evaluation.

Working Principle

The system is based on the principle of conventional

3-point micrometer with a tapered piston rod, instead

of tapered screw for ease in remotization. The tapered

piston rod, as shown in Fig. 1, is operated with the

This paper won the Best Poster Presentation Award and the  Dr. N.G. Patel Prize at the

12th National Seminar on Physics and Technology of Sensors (NSPTS-12),

held at Mumbai, during March 7-9, 2007.

A B S T R A C T

Pressure tubes of Indian Pressurized Heavy Water Reactors (PHWRs) are made from zirconium alloy. The service

life of a pressure tube is affected, due to various degrading mechanisms such as corrosion and hydriding,

dimensional deformations, changes in mechanical properties and service-induced flaws. Hence, these degrading

mechanisms are to be monitored as a part of in-service inspection, to estimate the service life of pressure tubes.

{                    }
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help of a stepper motor driven pressurizing unit.

Displacement and pressure feedbacks are obtained with

incremental encoder and pressure transmitter

respectively.

As the lead screw nut of pressurizing unit is rotated

by the stepper motor, the pressurizing piston moves

forward, resulting in same movement of inspection

head piston. The angle of tapered piston is arranged

such that, one rotation of the inspection head piston

creates a change of 0.5 mm in probe leg diameter.

Fig. 1: Inspection head

Fig. 2: Schematic arrangement of RIM system

Fig. 3: Inspection head for ID measurement system

Incompressible fluid displacement principle has been

used, to generate movement of radial legs of inspection

head.

Displaced volume = A
1 
*

 
d

1
 = A

2
  * d

2

So, d
2
 = (A

1  
* 

 
d

1
) / A

2

Where,

A
1
 and A

2
 are areas of the pressurizer and inspection

head cylinders respectively.

d
1 
= Movement created in the pressurizer piston by

stepper motor

d
2
  = Movement generated in the inspection head

piston.

Hence,

Change in diameter of radial leg = 2 * d
2 
* tanθ,

where “tanθ” is slope of the conical portion of

inspection head.

System Description

A computerized system has been developed, to

acquire, control and process various parameters of all

the sub-modules of this system. This system mainly

consists of an inspection head and a pressurizing unit

connected by a hydraulic hose as shown in Fig. 2.

The inspection head, as shown in Fig. 3, is to be loaded

in the tube for measurement of it’s inside diameter.

The pressurizing unit actuates the inspection head

during measurement, through the connecting hose.

Thus, the inspection head acts as a slave to the

pressurizing unit.
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The raw data of the system pressure and displacement

of the tool-tip is generated, from output of the pressure

transmitter and incremental encoder mounted on

motor shaft. A PC-based data acquisition system, as

shown in Fig. 4, has been developed, to process this

data on internal diameter estimation. The pressure is

measured using a precise pressure transmitter and

transmitter data is acquired in analogue format (4 to

20 mA), by an industrial PC port. In addition to this,

pressure data is also available on local display unit.

The system software controls motion of the lead screw

in pre-defined sequence, using a geared stepper motor

coupled with a quadrature encoder. PC add-on-cards

are used, to interface all the feedback and control

signals to the computer. Manual control panels are

also used, for controlling motor operation in manual

mode. Over travel limit switch and over-pressure

switches are hard-wired in manual control panel circuit

for safe operation of the system. Digital lines from PC

add-on-cards are connected to manual panel, via solid-

state relay board, for controlled motor operation. The

components of the control unit are shown in Fig. 4

and the on-line graph of pressure vs tool-tip diameter

is shown in Fig. 6.

The lead screw nut is rotated in step incremental mode,

until a slightly higher torque is felt. The torque is

monitored in terms of pressure reading, which is noted

continuously for movement of radial legs. Change in

slope of pressure rise gives the point of contact as

shown in Fig. 5. Radial movement as measured with

the help of encoder is converted into diameter by

appropriate calibration.

A computer controlled lead-screw drive has also  been

developed, for positioning of the inspection head in

the coolant channel. This drive is mounted on an X-

drive, for alignment of the inspection head, to various

coolant channels.

 A two-tier mechanism is provided, for withdrawal of

the radial legs. Withdrawal is normally actuated by

the springs at the radial legs. In case of failure of these

Fig. 4: Schematic arrangement of control system

Fig. 5: Schematic of stepper motor arrangement

springs, another spring (axial spring) with higher spring

force ensures the withdrawal of radial legs, through

an axial guide.
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Hardware Description

The system is designed around a computer as a central

control element. It mainly consists of stepper motor

control arrangement, for creating a piston motion in

the pressurizer system and pressure signal conditioner

for conditioning the pressure signal i.e. 4 to 20 mA

and to generate an Ethernet interface with the

computer. Stepper motor has been used for simple

and accurate control of angle of rotation and rotation

speed. Stepper motor control arrangement consists of

geared stepper motor for higher torque, quadrature

encoder to keep track of motor motion and a controller

to control various process sequences. Further, the

stepper motor is pulsed at lower pps(pulse per sec) to

keep motor in high torque region. The controller box,

as shown in Fig. 5, houses an indexer for outputting

the pulse and direction commands to the drive, motor

power supply to power the motors and optically-

isolated digital input and output lines and a micro-

stepping drive, which translates the pulse and direction

commands from the indexer to actual motor

movement. The motor steps resolution has been

increased to 2000 steps/rev from 200 steps/rev by this

Fig. 6a: On-line graph of pressure vs tool-tip diameter



    179  I   F O U N D E R ’ S  D AY  S P E C I A L  I S SUE

micro-stepping unit for fine control. Pressure

conditioning unit converts current signal to voltage

and then to standard unit of pressure. It generates

software alarms when pressure is out of range and

cut-off motor motion in case pressure shoots up above

safe limit. It is connected to computer by a crossover

twisted pair 10BaseT cable. The computer

communicates with pressure conditioner unit with

client-server methodology (IEEE802.3 10Base T) in

which pressure conditioner is server. Once the server

is connected, pressure and alarm information are

updated at client at a sufficiently fast rate.

Software Description

The user programmes of computer control, for probe

motion with all the safety interlocks and data

acquisition, are written in Microsoft Visual Basic Ver.

6.0.

The pressure data acquired through the  computer is

processed, using a software differentiator as shown in

Fig. 6a and Fig. 6b. First and second derivative of

system pressure, with respect to the tool-tip

displacement, will help to fine tune the contact point.

Double differentiation with error correction gives the

internal diameter of tube at location of measurement.

Measured ID at different axial locations is used, to

generate ID profile of tube. This software is compatible

with all Windows-based operating systems. The data

received from sensors is conditioned and preserved in

Excel file format, for future reference and is coupled

with a computational code, for on-line internal

diameter measurement.

Fig. 6b: Software processing steps of pressure signal
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Safety Features

This system has a number of built-in

designed safety features, against any

malfunction and for safe withdrawal of

inspection head from the channel, in case

of component failure. The important

safety features are listed below:

A two-tier mechanism is provided for

withdrawal of the radial legs. Withdrawal

is normally actuated by the springs at the

radial legs. In case of failure of these

springs, another spring (axial spring) with

higher spring force ensures the withdrawal of radial

legs, through the axial guide. Also, before every

operation, as part of normal operational procedure,

full withdrawal of the radial legs is checked and

confirmed, by actuating the inspection head.

The over-pressure safety interlocks are provided in the

software and in pressure conditioner alarm, which

automatically stops the stepper motor in case of any

alarm. In addition to that, an over-pressure relief valve

is also installed, to protect the system components

against accidental over-pressurization.

A torque-limiting coupling is installed between the

lead-screw drive shaft and the motor shaft. This

coupling will protect the inspection head and pressure

tube, from any damage in case of jamming inside the

channel.

Results and Conclusion

The internal diameter measurement system for the

pressure tube of Indian Pressurized Heavy Water Reactor

has been designed and developed as shown in Fig. 7.

A large number of mockup trials have been carried

out, to confirm accuracy of measurement and to check

for the compatibility of the system with the handling

system. The trials were carried out at coolant channel

Fig. 7: Control station for ID measurement system

mockup facility at Hall-7, BARC and at the mock-up

facility at KAPS, Kakrapara (Guj.) under wet channel

conditions. The total control system with all it’s

feedback elements, inspection head and pressurizing

unit, performed satisfactorily during the trials.  The

required accuracy of measurement of inside diameter

of pressure tube was verified. The inside diameter of

the mockup pressure tube was earlier measured in dry

condition, with the help of three-point micrometer

for verification. Necessary changes are being made in

the system, so that, it can be deployed in the reactor

for measurement of internal diameter of tubes.
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Passive Valve development for the Advanced Heavy Water Reactor.
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ELECTROCHEMICAL STUDIES OF

UO
2

2+ IN 1-OCTYL 3-METHYLIMIDAZOLIUM

HEXAFLUOROPHOSPHATE (OMIMPF
6
) ROOM

TEMPERATURE IONIC LIQUID

Introduction

Room Temperature Ionic Liquids (RTILs) are composed

of large organic cations and weakly coordinating

inorganic anions [1]. A series of hydrophobic and

hydrophilic RTILs are known [2]. Hydrophobic   RTILs

are of particular interest due to their water stability,

relatively low viscosity and good electrochemical

stability [3-5].  However, it has been reported

that PF-

6
 based RTIL undergoes degradation, when used

in liquid / liquid separation from higher acidic aqueous

phases [5].

Therefore, it was thought worthwhile to study

the effect of the degraded products, on the

Electrochemical Window (EW) of (OmimPF
6
).  Studies

were also carried out to optimize conditions

for extraction of UO
2

2+ to investigate it’s redox

behaviour in OmimPF
6
 and to determine the  number

of electrons involved in the redox chemistry. The

Chronoamperometric technique of evaluating n

without knowing the diffusion coefficient, D, was

devised by Kakihana et al [6] and has been used in the

present work [7]. The number of electrons involved

was determined from the values of the slope and

intercept of the Cottrell plot. The results of these studies

are presented in this paper.

Experimental

All voltammetric experiments were performed with CH-

instrument-model 400A. All chemicals used were of

high purity. All reagents were prepared in Millipore

water. An electrochemical mini cell (capacity ~1mL)

with three electrodes was used. A platinum rod

(1.5 mm dia) and a graphite rod (1.5mm dia) immersed

in the solution as a quasi reference electrode and as

auxiliary electrode respectively were used. The working

electrode was Glassy carbon microelectrode

(10 mm dia). Uranium solution was prepared by

dissolving nuclear grade uranium oxide powder in dilute

HNO
3
. The ionic liquid procured from Acros organics

(USA) was used without purification. CMPO was

supplied by the Bio-Organic Division, BARC in pure

J. V. Kamat, N. Gopinath, K.V. Lohithakshan and S. K. Aggarwal
Fuel Chemistry Division

This paper was awarded the Second Prize for Poster Presentation at the
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held at  Shimla, during March 10-15, 2007{                       }
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form  (98%). Cyclic voltammetry (CV) was performed

in the quiescent solution. Dissolved oxygen was

removed by bubbling high pure nitrogen gas into the

solution.

Electrochemical window of OmimPF
6

The test solution (0.2 mL) of OmimPF
6
 was transferred

into the cell. Cyclic Voltammetry  (CV) was performed

by scanning the potential of working electrode from

+3 V to –3 V at a scan rate of 20 mV s-1.

Electrochemical window of OmimPF
6
 in the

presence of CMPO

CV for 0.2M CMPO in OmimPF
6 
was performed, by

scanning the potential of working electrode from +3V

to –3V at a scan rate of 20 mV s-1.

Stability of OmimPF
6
 in contact with HNO

3

OmimPF
6
 was equilibrated in varying concentrations

of nitric acid (0.5, 1, 2 and  5 M) and   0.2 mL of it

was subjected to CV studies.

Electrochemistry of UO
2

2+in OmimPF
6

U (VI) [1.4mM] was quantitatively   extracted from

0.5M HNO
3
 in OmimPF

6
 phase by employing CMPO

as complexing agent. 0.2 mL was subjected to CV, by

scanning the potential of electrode from +2 V to -2 V

at a scan rate of 20 mVs-1.

Evaluation of ‘n’ number of electrons involved in

the redox reaction

Chronoamperometry was performed for UO
2

2+

extracted from 0.5 M nitric acid by 0.2 M CMPO/

OmimPF
6
, by applying an initial potential –0.4 V at

which no faradaic reaction is occurring, then stepping

the potential to a value of –1.4 V at which the

electrochemical reaction takes place, current was

measured throughout the experiment.

Results and Discussion

The results of studies of EW carried out are shown in

Fig.1. The cyclic voltammogram of OmimPF
6

demonstrates, that electrochemical window of the

OmimPF
6 
  spans the potential range from –2.5 V to

+1.8 V, indicating an electrochemical window of

4.3 V.

Voltammogram in the presence of CMPO is shown in

Fig. 2. From the figure it can be concluded that the

presence of CMPO did not have any effect on the

electrochemical window of OmimPF
6
.

Fig. 2: C V of 0.2mL of OmimPF
6
  / 0.2 M CMPO

Scan rate : 20 mVs-1

Fig.1: C V of 0.2 mL of OmimPF
6 

: Scan rate :
20 mVs-1
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Cyclic voltammogram of   UO
2

2+ extracted from 0.5M

HNO
3
   in OmimPF6 phase by employing CMPO as

complexing agent shows (Fig. 3) a cathodic   peak at

-1.1V, which can be attributed   to reduction of UO
2

2+

and corresponding oxidation peak at +0.68 V.

The result of Chronoamperometry studies for evaluation

of number of electrons involved in the redox reaction

is shown in Fig. 4.  Cottrell plot, i vs t-1/2  exhibited

Fig. 3: CV of equilibrated 0.2 M CMPO/ of
OmimPF

6
 with (0.5, 1, 2, 5 MHNO

3
)

Scan rate : 20 mVs-1

Fig. 4: CV of 1.4 mM uranium extracted

from 0.2M CMPO / of OmimPF
6
 0.5 M nitric acid

scan rate: 20 mVs-1

Fig. 5: Cottrell plot of the current for 1.4 mM

uranium extracted from 0.5 M nitric acid by 0.2 M

CMPO/ of OmimPF
6

The result of effect of HNO
3
 on the stability of OmimPF

6

is shown in Fig. 3. It can be seen that the cathodic

peak at –0.55 V in contact with (1, 2 & 5 M) HNO
3

appeared. This peak corresponds to degraded product

of OmimPF
6
, which limits the EW of RTIL. Further it

can be seen that the peak disappears with 0.5M

HNO
3
.This suggests 0.5M HNO

3
 is ideally suited for

liquid/liquid extraction studies.

linearity. Inserting the value of slope (s) and intercept

(p) in eq., n (1-et) = s 2/pFa3c where, a = electrode

radius C= concentration of electroactive species F=

Faraday constant, we obtain number of electrons n

for redox reaction.  A value of 1.96 for  n was obtained.

This value confirms that UO
2

2+ undergoes a single step,

two-electron reduction to UO
2
.

Conclusion

The degraded product of OmimPF
6
 formed when

equilibrated with acids, is electroactive and decreased

the cathodic limit of OmimPF
6
 from   -2.5V to –0.55V.

However equilibration with 0.5M, HNO
3
 did not yield

any degraded RTIL product and hence, suitable for

liquid-liquid extraction studies. The value of 1.96 for

n, confirms that UO
2

2+ is reduced to UO
2
.
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{                             }

A B S T R A C T

A simple sample preparation and simultaneous analysis method, to determine uranium and plutonium from

dissolver solution, employing the technique of Isotope Dilution Mass spectrometry has been demonstrated. The

method used co-elusion of Uranium and Plutonium from anion exchanger column, after initial elution of major

part of uranium in 1:5 HNO
3
,  in order to reduce the initial U/Pu ratio from 1000 to about 100-200 in the

co-eluted fraction. Due to the availability of variable multi-collector system, different Faraday cups were adjusted,

to collect the different ion intensities corresponding to the different masses, during the simultaneous analysis of

Uranium and Plutonium, loaded on Re double filament assembly.. 233U and PR grade Plutonium were used as

spikes, to determine Uranium and Plutonium from dissolver solution of irradiated fuel, from a research reactor.

The possibility of getting the isotopic composition of uranium from the simultaneous analysis of co-eluted

purified fraction of U and Pu from spiked aliquots is also explained.

Introduction

The determination of isotopic composition and

concentration of uranium and plutonium from the

dissolver solution of spent fuel, requires their chemical

separation and purification from fission products and

from each other, using anion exchange purification

procedure. Conventionally, U and Pu purified fractions

from unspiked and spiked aliquots, are analyzed

separately for the same. Due to the more or less similar

evaporation and ionization characteristics of U and Pu

in the ionization source and the availability of variable

multi-collector detector systems, it was decided to

analyze U and Pu simultaneously from the same

filament loading. 233U and power grade Pu are used as

spikes for IDMS. Absence of 233U in the dissolver

solution, made it possible even to calculate the isotopic

composition of U, from different atom ratios obtained

This paper secured the 2nd Place in the Innovative Research Presentation Session
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by collecting all intensities, due to different masses of

U at different collectors, during the simultaneous

analysis of U and Pu from purified fraction of their

spiked aliquot. Simultaneous analysis of uranium and

plutonium from a same filament loading is reported

in literature (2). Mass spectrometric analysis of uranium

and plutonium after directly loading the dissolver

solution having high burn up (U/Pu=300) on the

filament, has also been reported (1). But in dissolver

solution where U/Pu ratio is very high, (about 1000),

it is not possible to analyze uranium and plutonium

simultaneously, due to the presence of large amounts

of uranium. Further, the direct loading of the dissolver

solution on the filament, may pose the problem of

contamination of  the ion source, due to the presence

of the large amounts of fission products associated

with it. In this work, we have demonstrated an efficient

technique for the simultaneous analysis of uranium

and plutonium from low as well as high burn up

dissolver solution samples. For this, the conventional

ion-exchange procedure for purifying U and Pu has

been modified, to elute them together from spiked

aliquots, with reduction in U/Pu ratio. Also the

possibility of obtaining uranium isotopic composition

from the analysis of these purified fractions of U and

Pu has been explained, with reference to the

determination of 235U / 238U atom ratio due to

adjustment problems particularly of  cup no. 9 due to

tear and wear problems.

Experimental

Three real dissolver solutions from research reactor fuel

were taken for the present work. From each dissolver

solution sample, three aliquot, one for isotopic

composition and two for IDMS were taken. In aliquots

for IDMS, appropriate amounts of 233Pu and 233U  were

added as spikes. Samples were treated twice with conc.

HNO
3 
and dried, to assure complete homogenization

of sample and spike. Plutonium is converted to

tetravalent state by treating with H
2
O

2 
in 1:5 HNO

3
.

After drying, residue was taken in 1:1 HNO
3 
and loaded

onto Dowex 1X8 (200-400 mesh), nitrate form resin

using 1:1HNO
3 
as the loading solution. The Column

was  washed twice with two column volumes of 1:1

HNO
3
 to elute the Am and fission products. After that,

two column volume of 1:5M HNO
3 
was added to elute

the major fraction of uranium which reduced the

uranium-to-plutonium ratio on the column. The

remaining uranium, retained on the column, was

eluted along with plutonium in 10 column volumes

of 1:50 HNO
3
. This eluted solution was dried and re-

dissolved in about 1M HNO
3 
(about100-200 λ). From

this, about 5λ solution was loaded on rhenium double

filament assembly for mass spectrometric analysis

Table 1: Arrangement of Faraday Cups w. r. to various isotopes of U and Pu.
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Results and Discussion

It was found that if the U/Pu ratio in the dissolver

solution was reduced to about 100-200, by using

modified anion exchange, procedure demonstrated in

the present work, it is possible to analyze uranium

and plutonium simultaneously with expected precision

and accuracy. The data from three dissolver solution

samples from irradiated research reactor fuel is

presented in Table 2. This saves the time required to

sample preparation, mass spectrometric analysis and

reduces the cost of analysis as compared to their

separate analysis. It also enhances each other’s

ionization efficiency with added ion current stability

during  simultaneous analysis, predicting the possibility

of analyzing still lower amounts of plutonium to be

loaded on the filament. In addition to this, isotopic

composition of U can be calculated, from the different

isotopic ratios from the analysis of the purified fraction

of U and Pu from the spiked aliquot and knowing the

isotopic composition of 233U spike. 235U /  238U atom

ratios for these samples obtained from spiked samples

and that obtained by analyzing U from purified

fractions of uranium from unspiked aliquots is

presented in Table 3 and there exists good agreement

between the two. The overall precision and accuracy

of better than 0.3% can be achieved, for the

determination of uranium and plutonium

concentrations in irradiated fuel samples, if sufficient

care is taken.

Table 2: Concentration data for U and Pu from simultaneous analysis of U and Pu

employing Thermal Ionization Mass Spectrometer,

model MAT-261. Arrangement of Faraday cups used

in the present work for different isotopes is given in

Table 1. For determining U/Pu ratio in eluted solution,

after washing with 1:5 M HNO
3, 

two unspiked aliquots

of sample 1 and 2 were treated in the same way as

real samples and in them U and Pu conc. was

determined using ID-TIMS.
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* in 250λ original dissolver solution, 5 ml HNO
3
 was added and sent for mass spectrometric analysis

* (5/3R
Corr

)
Sa 

= (5/3R
ob

)
Sa 

– (5/3R)
Sp 

and *(8/3R
Corr

)
Sa

= (8/ 3R
ob

)
Sa 

– (8/3R)
Sp

* (5/8R
Cal

)
Sa 

= (5/3R
Corr

)
Sa 

/ (8/3R
Corr

)
Sa

* (5/3R)
Sp 

= 235U/233U atom ratio in spike

i.e 0.00008

* (8/3R)
Sp 

= 238U/233U atom ratio in spike

i.e 0.00134

Table 3: Comparison of 235U/238U atom ratio calculated from spiked sample data and that obtained by

analyzing purified fractions of pure Uranium
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COMPARATIVE ANALYSIS OF DIFFERENT

METHODS OF FIXATION OF UNICELLULAR

CYANOBACTERIA FOR TRANSMISSION

ELECTRON MICROSCOPY

Rachna Agarwal and Jayashree Krishna Sainis
Molecular Biology Division

and

Michael Melzer
Institute of Plant Genetics and Crop Plant Research

Gatersleben, Germany.

A B S T R A C T

Cells of cyanobacteria were fixed using chemical fixative, with progressive lowering of temperature and cryo

fixation, with high pressure and progressive increase in temperature. The high pressure freezing employed yeast

cells as the cryoprotectant. No chemical fixatives were used. Although the inherent contrast of the cells fixed

with high pressure was low as compared to chemically fixed cells, the samples retained intracellular organization

and good immuno-reactivity.

This paper was awarded the Best Poster Award at the National Conference

for Microscopy and Allied Sciences-2007 organized by the Electron Microscopy Society of India

and held at New Delhi, between Nov. 26-28, 2007

Introduction

Sample fixation represents a critical step in the

preparation of biological specimens, for Transmission

Electron Microscopy (TEM). An ideal method should

preserve the structure closest to in vivo. Traditional

TEM techniques employ chemical cross linkers like

gluteraldehyde and paraformaldehyde as fixatives. These

methods apparently result in preservation of intracellular

structures but also result in some fixation artifacts due

to extensive protein cross linking. The serial dehydration

and infiltration is also carried out at room temperatures,

which further aggravates the artifacts. The advent of

cryo-techniques such as cryo-fixation and cryo

substitution have solved these problems to some

extent. Currently cryo-fixation techniques like High

Pressure Freezing and Metal Mirror Freezing are being

used, in combination with chemical cross linkers, to

achieve maximum preservation of the internal

structure. Cryo fixation alone without the use of

chemical crosslinkers has been rarely described.  We

report here the use of yeast cells and hexadecene as

cryo- protectant during high pressure freezing of

unicellular cyanobacteria. This method resulted in the

effective preservation of internal structure as well as

chemical reactivity of the epitopes as shown by

immuno-electron microscopy.

{                       }
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Materials and Methods

Chemical fixation

Log Phase cells of both the Cyanobacteria viz.

Synechococcus (7942) and Synechocystis (6803) were

harvested and fixed with 0.5% gluteraldehyde and

2 % paraformaldehyde in 0.05M cacodylate buffer

pH 7.2 for 1h followed by 0.5% OsO
4
 for 1 h at RT.

The samples were serially dehydrated in graded

ethanol, followed by propylene oxide at RT, infiltrated

with and embedded in low viscosity resin  for 48h at

60°C.

Automatic freeze substitution

Cells were fixed as described above and serially

dehydrated with progressive lowering of temperature

form 4°C to -35°C,  infilterated with HM20 resin at

low temperature and UV polymerized for 48h at -35°C.

High pressure freezing

Log phase cells were taken in micro capillary tubes,

coated with yeast cell paste or hexadecene or both

and put between aluminium planchets. The cells were

quickly frozen in a Leica high pressure freezer 2100

psi and freeze substituted with 100% acetone at

low temperature from -90°C to +20°C over 7 days.

The samples were infiltrated with LR-white resin and

embedded in the same resin.

Sectioning and staining

70 nm thin sections were cut with Leica ultamicrotome,

stained using 2% Uranyl acetate for 30 min. and viewed

Fig.1: Transmission electron micrographs of unicellular Cyanobacteria

A) Chemically fixed Synechococcus 7942 in low viscosity resin
B) Chemically fixed and PLT dehydrated Synechococcus 7942  in HM20 resin

C) HPF fixed Synechococcus 7942 in LR white resin

D) Chemically fixed Synechocystis 6803 in low viscosity resin
E) Chemically fixed and PLT dehydrated Synechocystis 6803 in HM20 resin  and

F) HPF fixed Synechocystis 6803 in LR white resin

A B C

D E F
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under Tecnai G2 Sphera Transmission Electron

Microscope at 120 KeV.

Results and Discussion

Fig. 1 shows the ultrastructure of cells fixed by

chemical preservatives and by high pressure fixation.

As seen in Fig. 1 (A, B, D and E), chemically fixed

cells showed the typical ultra structure. The thylakoids

had even diameter throughout and thylakoid lumen

was  visible. However, plasma membrane was seen to

be receded from the outer envelope and the contrast

was comparatively high probably due to extensive

protein cross linking. This leads to formation of large

complexes that take up large quantities of stain leading

to higher contrast. Extensive linking resulted in loss of

reactivity of the epitopes  as seen by immunolabeling.

In contrast, in cryo fixed cells, the thylakoid

membranes appeared uneven in diameter and  the

luminal space was barely  visible. The contrast was

weaker probably due to non availability of protein

aggregates. The plasma membrane and outer envelope

were preserved and looked pressed against each other,

which may be closer to the situation in vivo. Antibody

reactivity data showed that epitopes were available in

HPF fixed cells.

Recently transmission electron microscopy of

cyanobacteria (cryo fixed in conjunction with chemical

fixatives)  was used  for 3-D tomography (1, 2).  The

use of yeast as cryo-protectant not only preserves the

structure in a better way, but also retains the immuno

reactivity of the antigenic sites in our studies . 3-D

tomography of these samples may  reveal more

accurate intracellular details.
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ISOLATION AND FUNCTIONAL CHARACTERIZATION

OF OSRAD51, A RECOMBINASE FROM RICE

This paper was awarded the Best Poster Award

at the DAE-BRNS Life Science Symposium-2007 (LSS-2007)

held at during December 5-7, 2007

Double Strand Breaks (DSBs) in DNA are introduced

by errors in replication, action of endonucleases,

programmed DNA breaks during development,

exposure to chemicals, ionizing radiation and reactive

oxygen species. These DSBs are repaired by two main

pathways viz; Homologous Recombination (HR) and

Non-Homologous End Joining (NHEJ).

In Homologous Recombination (HR) pathway,

nucleolytic processing at double strand breaks

generate  the  single strand overhangs, which in turn

invade the duplex partner in a process called strand

exchange. In the subsequent step, branch migration

followed by resolution of Holliday junction takes place,

to generate the repaired DNA molecules. In this process

no genetic information is lost. Hence, the process

is conservative. In Non Homologous End Joining

(NHEJ) pathway, after processing the double strand

breaks, direct joining of ends generates the repaired

DNA molecule with the loss of genetic

information. Several proteins encoded by genes in

the RAD52 epistasis group, are important for

Homologous Recombination dependent repair. These

include RAD51, RAD52, RAD54, RAD55, RAD57 and

RAD59. The RAD51, a homologue of E. coli RecA is

an important member of the group of proteins,

required for HR pathway.

OsRad51 over-expression, purification and

MALDI-TOF analysis

cDNA corresponding to OsRad51 protein was isolated

from cDNA library of  rice flowers (Oryza sativa, Indica

cultivar group) and cloned into pET28a expression

vector. The protein, over expressed in E. coli BL21

(DE3), was present in the inclusion bodies. The hexa-

histidine tagged OsRad51 protein was purified under

denaturing conditions and refolded by stepwise dialysis

as described previously (Kant et al, 2005). Purified

protein could be detected by an anti-histidine antibody

on western blotting. MALDI-TOF analysis of purified

protein confirmed it’s identity as a member of Rad51

group of proteins. OsRad51 could bind single and

double stranded DNA, however it showed higher

affinity for single stranded DNA. Transmission Electron

Microscopy (TEM) studies of OsRad51-DNA complexes

showed, that this protein forms ring-like structures and

binds DNA to form helical filaments.

Renaturation activity of OsRad51 by FRET

Renaturation of OsRad51 was done by fluorescence

resonance energy transfer assays, according to the

procedure mentioned in Rajanikant et al (2006) and

as depicted in Fig. 2.

C. Rajani Kant and Jayashree K. Sainis
Molecular Biology Division

{                }
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Briefly the assay involved the two complementary

single strands Phi-C and Phi-W (55 nucleotide length)

labeled with rhodamine and fluorescein at

3’and 5’ end respectively. 27.5 μM of fluorescein

labeled Phi-W was presynapsed with OsRad51 in

assay buffer. After 5.0 min incubation at 37 0C,

27.5 μM of Phi-C labeled with rhodamine was added

to the reaction mixture. Decrease in the fluorescein

Fig. 1: A graphical representation depicting the different steps of homologous
recombination and non-homologous end joining pathways of DSB repair

Fig. 2: Schematic representation of OsRad51 mediated renaturation assay by FRET

emission intensity was measured at 522nm, after

excitation at 490 nm due to FRET, as a result of

renaturation mediated pairing of complementary

single strands, to form duplex DNA. Duplex

formation led to decrease in the distance between

fluorescein and rhodamine dyes and resulted in FRET,

which in turn decreased the fluorescein  emission

intensity at 522 nm.
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in the absence of ATP. Thus purified OsRad51 protein

was found to promote renaturation of complementary

ssDNA molecules by FRET assays. This activity is a

prerequisite for recombination function during

homologous recombination. The formation of duplex

DNA molecules was found to increase with increase

in protein concentration. Renaturation activity of

OsRad51 is well in consensus with hRad51 and

Fig. 3: OsRad51 mediated renaturation assay by

FRET. 1: OsRad51 with Fluorescein carrying strand,
2: Fluorescein and Rhodamine carrying strands

without OsRad51, 3: Fluorescein and Rhodamine

carrying strands with OsRad51

Fig. 4: Schematic representation of OsRad51

mediated strand exchange assay by FRET

Fig. 5: OsRad51 concentration dependent strand

exchange reaction mediated by OsRad51.
Excitation:490nm,Emission: 522 mm. 1) No protein,

2) 1.0 μμμμμM , 3) 2.0 μμμμμM, 4) 3.0 μμμμμM, and 5) 6.0 μμμμμM of

OsRad51 protein

Fig. 3 shows the renaturation of complementary single

strands promoted by OsRad51, monitored using  FRET

promoted the strand exchange activity even in the

absence of ATP.

OsDmc1 proteins. FRET assays also revealed that  in

the presence of ATP. OsRad51 mediated strand

exchange reaction. Renaturation and strand exchange

reactions were homology dependent.

assays in real time. Renaturation activity  was promoted

by OsRad51 in the presence of ATP.

Strand exchange assay of OsRad51 by FRET

Strand exchange assay of OsRad51 was done according

to the procedure mentioned by Rajanikant et al (2006)

and as shown in Fig. 4.

Briefly 27.5 μM of unlabeled Phi-C was incubated with

OsRad51 protein in the assay buffer at 37 0C for 15

min. Reaction was started by adding 27.5 μM of FRET

paired duplex. Increase in fluorescein emission intensity

due to the strand exchange mediated loss of FRET,

was monitored at 522nm. FRET assays revealed

OsRad51 mediated strand exchange reaction, in a

protein concentration dependent manner (Fig. 5).

Renaturation and strand exchange reactions

were  homology sequence dependent. Interestingly

OsRad51 promoted the strand exchange activity even
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This is the first report on in vitro biochemical properties

of a crop plant recombinase, OsRad51. Genetic

improvement of crop plants has been executed for

many centuries using classical breeding procedures

and selecting the offspring for desired trait. Hyper

homologous recombination mutants over-expressing

the homologous recombination proteins may improve

the gene targeting frequency. Recently, efficient gene

targeting strategy involving homologous recombination

was demonstrated for rice. Understanding the

biochemistry of homologous recombination in rice

About the Authors
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will further improve the knowledge of gene targeting.
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GAS SENSING PROPERTIES OF

POLYPYRROLE THIN FILMS

This paper was awarded the Best Poster Award at

the DAE Solid State Physics Symposium held at Mysore University,

Mysore, during Dec. 26-31, 2007.

Introduction

In recent years conducting polymers, such as,

polypyrrole, polyaniline and polythiophene have been

studied as gas sensing materials, essentially, due to

their operation at room temperature and easy sensor

element processing [1-4]. Among various conducting

polymers, polypyrrole has an edge due to it’s chemical

stability against atmospheric conditions and ease of

synthesis by electrochemical and chemical methods.

In addition to this, the morphology of polypyrrole can

be easily tailored to nanowires, nanotubes and coral

like structures by optimizing the synthesis parameters

[2-4]. Polypyrrole has been reported for ammonia gas

sensing applications, however the sensed

concentrations are very high (>100 ppm) [7]. It is

known that the toxic limit of ammonia is 25 ppm in

air and therefore the polypyrrole based sensors should

sense the gas concentrations well below this limit.

Experimental

In the present experiments, pyrrole monomer was

distilled prior to use. Analytical grade ammonium

per-sulphate APS, (Loba Chemie) was used as oxidizing

agent. The chemical polymerization was conducted

in a beaker by mixing 0.1M aqueous solution of

pyrrole and 0.1 M APS in 1:1 ratio by volume. The

films of polypyrrole were in-situ deposited simply by

keeping a glass substrate (size 5 mm x 5 mm) at the

Aditee Joshi and S.A. Gangal
University of Pune

and

N. Padma, D.K. Aswal and S.K. Gupta
Technical Physics and Prototype Engineering Division

A B S T R A C T

Polypyrrole thin films were in-situ synthesized by chemical polymerization.  The morphological studies showed

formation of uniform granular structure with average grain size of 0.6 μm. Fourier transform infrared spectroscopy

revealed formation of polypyrrole. The polypyrrole films were investigated for the sensing behaviour of  NH
3
,

H
2
S and NO. It has been observed that these films are selective for ammonia gas and the sensitivity exhibited a

linear response in the range of  4-25 ppm. These studies show that polypyrrole films can be used as room

temperature ammonia sensors.

{                  }
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bottom of the beaker. The polymerization was

conducted for a period of three hours. After removal

of the films, they were washed with distilled water

and dried at room temperature. The morphology of

the polypyrrole films was examined using Scanning

Electron Microscope (SEM) (Vega, MV 2300/T40,

Tescan).  Chemical structure was examined by FTIR

measurement (FT-8400 spectrophotometer, Shimadzu)

using KBr cell. In order to measure the gas response,

the resistance of the films was measured with and

without gases. For resistance measurement, two gold

electrodes, separated by 1mm, were deposited on

polypyrrole film and copper wires were attached using

silver paint.  In order to record the response of the

films to various gases, the film was mounted in 250cc

container  and  the  known  gas  (NH
3
, H

2
S or NO)  of

particular concentration was injected through a

syringe. These measurements were carried out at room

temperature.

Results and Discussion

A typical SEM image of a polypyrrole thin film is

shown in Fig. 1. The film has a uniform granular

morphology and the average grain size is ~0.6 μm.

The uniform granular morphology is considered good

for gas sensing applications.

The FTIR spectrum, as shown in Fig. 2, corresponds

to the polypyrrole.  The characteristic peaks at 1558.4

cm-1 and 1487 cm-1 correspond to the fundamental

vibration  of  pyrrole  ring,  whereas  peaks  at

1685.7 cm-1 and 1315.4 cm-1 represent to respectively,

C=N and C-N bonds [6]. The peaks observed in the

present work match well with the ones available in

the literature confirming the formation of polypyrrole.

Typical gas response curves of polypyrrole films for

40 ppm concentrations of NH
3
, H

2
S and NO are shown

in Fig. 3.  The sensitivity is defined as

Sensitivity (%) = I (R
gas

- R
air

) / R
air 
I X 100.

It is seen that the sensitivity of NH
3
 (40 ppm), H

2
S

(40 ppm) and NO (40 ppm) are respectively 20%, 6%

and 2.5%. A high sensitivity for ammonia indicates

that the polypyrrole films are selective for this gas.

Moreover, the response (2min) and recovery (30 min)

times are very small for ammonia. The higher sensitivity

towards NH
3
 than NO, H

2
S, can be explained, on the

basis of different interactions between sensing film

and adsorbed gas. Polypyrrole is a p-type material and

Fig. 1: SEM image of polypyrrole film

Fig. 2: FTIR spectrum of polypyrrole. The inset shows
the structure of the pyrrole monomer
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 when it interacts with NH
3
, there is reduction in charge

carrier density. This results in decreasing the

conductivity of material and film resistance increases.

In comparison with this, interaction between

polypyrrole film and other gases is less than NH
3 
,

thereby, showing less sensitivity and response/recovery

rate.

We have further investigated the NH
3
 response of the

polypyrrole films in the 4-25 ppm. (Fig. 4)  It is seen

that the sensitivity increases linearly (0.4% / ppm) with

the NH
3
 concentration, suggesting their suitability to

be used as ammonia sensor.

Conclusion

We have in-situ synthesized polypyrrole thin films

during the polymerization process. The films had a

uniform granular morphology. These films were found

to be selective for ammonia gas and the sensitivity

exhibited a linear response in the range of 4-25 ppm.

These studies show that polypyrrole films can be used

as room temperature ammonia sensors.

Fig. 3: Gas response curves of Polypyrrole

Fig. 4: Sensitivity as a function of ammonia gas

References

1. Qaisar Ameer and Samuel B. Adeloju, Sens.&

Actu. B106 (2005) 541-552.

2. Kumaran Ramanathan , et. al., J. Am. Chem.

Soc. 127 (2005) 496-497.

3. H.Yan, et. al., Nanotechnology. 17(2006)

3446-3450.

4. M.Penza,et. al., Sens.& Actu. B 40 (1997) 205-

209.

5. H.K. Jun, et.al., Sens. & Actu. B, 96(2003) 576-

581.

6. Kavita Arora, et. al., Biosens. Bioelectro.

21(2006)1777-1783.

7. Huiling Tai,et. al., Int..J.Environ.Anal.Chem

87(2007)539-551.



    239  I   F O U N D E R ’ S  D AY  S P E C I A L  I S SUE

About the Authors

Dr. S.K. Gupta joined BARC in 1975 and is presently Head of  the Thin Films Devices

Section in TPPED. Over the years, he has worked on space quality silicon solar cells, high

temperature superconductor thin films and single crystals, gas sensors and thermoelectric

materials. He has carried out extensive studies on vortex dynamics in superconductors. He

is a member of the National Academy of Sciences, India.

Dr. D.K. Aswal joined the Technical Physics and Prototype Engineering Division through

30th Batch of Training School. He has made several contributions in the field of thin/thick

films and single crystals of various high temperature superconductors and colossal

magnetoresistive materials. He has investigated various properties of magnesium-di-boride

Ms. N. Padma joined the Technical Physics and Prototype Engineering Division, BARC, in

1989 after graduating from the 32nd Batch of Training School.  She obtained her M.Sc. in

Physics from the University of Madras. Over the years she has worked on Mass Spectrometry

and related instrumentation. Her present interest is preparation and studies of junction

devices using organic materials.



DR. HOMI BHABHA CENTENARY YEAR

240  I  I S S U E  N O .  2 9 7  I  O C T O B E R  2 0 0 8

TELLURIUM THIN FILMS BASED

GAS SENSOR

Shashwati Sen, V. Bhandarkar, K. P. Muthe,
S. K. Gupta and J. V. Yakhmi

Technical Physics and Prototype Engineering Division

A B S T R A C T

The use of Tellurium thin films as toxic gas sensors is investigated. The resistance of these films was found to

increase reversibly on exposure to reducing gases, while the opposite effect was observed on exposure to

oxidizing gases. The sensitivity as well as the selectivity of these films, with respect to different gases has been

studied. The effect of various deposition parameters, film substrates on the film microstructure and their response

towards gases has been discussed. The effect of operating temperature, gas concentration on the sensitivity,

response and recovery has been reported.

This paper was awarded the Best Poster Award at the  12th National Seminar on

Physics and Technology of Sensors (NSPTS-12) held at BARC, Mumbai during March 5-7, 2007

Introduction

In recent years, efforts have been made to develop of

sensors operable at lower temperatures, as this ensures

the operation of  low cost, low-power, reliable and

small-size devices. Recently it has been reported that

Tellurium (Te) can be used as a room temperature gas

senor, for detection of NO
2
 [1], CO and propylamine

[2]. Tellurium is an elemental semiconductor with an

energy gap of 0.34 eV. It’s thin films show p-type

conduction due to lattice defects acting as acceptors.

We have studied the gas sensing properties of Te thin

films, deposited by thermal evaporation. Sensitivity

towards different gases has been studied, as well as

the effect of different deposition parameters on the

sensitivity of these films, has been investigated.

Experimental Details

Thin films have been typically deposited by thermal

evaporation technique, using molybdenum or tantalum

boat at a vacuum of better than 10-5 Torr. Deposition

is carried out at the rate of ~ 0.5 to 10 nm/s to yield

films of thickness 200 nm, by using quartz crystal

thickness monitor. The films have been deposited at

different substrate temperatures between 77-373 K and

on different substrates like sapphire, polycrystalline

Al
2
O

3 
(alumina) and glass. Metal contacts to the films

are prepared, by vacuum deposition of thin Au films

and attaching thin metal wires by soldering or use of

silver paint. For sensitivity measurements, the film was

loaded in an airtight housing having a volume of 250

cc as shown in Fig. 1. A measured quantity of the gas

was taken from a canister, containing gas at 1000

ppm concentration, using a syringe and introduced in

the housing so as to yield the desired gas

concentration. A Keithley 2700 multimeter (Integra

series) was used, to monitor the resistance of the films.

The response and recovery of the films, exposed to

different gas concentrations were obtained, by plotting

{                       }
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Fig. 2: SEM micrographs of Te film deposited on

polycrystalline alumina substrates at temperatures
of (a) 77, (b) 300, (c) 323 and (d) 373K.

Fig. 3: SEM images of Te films deposited at     373K

on (a) glass, (b) polycrystalline alumina (c) sapphire
substrates and (d) X-ray diffraction (XRD) patterns

of Te films deposited on alumina substrates at

temperatures of (a) 77, (b) 300, (c) 323 and
(d) 373 K and films deposited at 373 K on (e) glass

and (f) sapphire substrates. The peaks marked (*)

are attributed to alumina

their resistance as a function of time. The gas response

(ρ) is defined as aag RRRr /.100 −= , where Rα

and Rγ are resistances of the film in air and test gas

respectively. Sensitivity  S is defined by S = r/C, where

C is the gas concentration. Surface morphology of

the films was studied, using a Scanning Electron

Microscope (SEM) VEGA MV2300T/40, while their

structural information was obtained using an X-ray

diffractometer employing a Cu Kαradiation source.

Results and Discussion

The morphology of Tellurium films deposited on

alumina substrate at various substrate temperatures,

between 77-373 K, are shown in Fig. 2. We can

observe a change in microstructure, from amorphous

to polycrystalline, accompanied by grain growth with

increasing temperatures. Films deposited at 77 K are

smooth and do not show presence of any grains

indicating their amorphous nature, where as, films

deposited at 373 K show grain growth in the form of

dendrites, with an average size of ~ 800 x 155 nm2.

Results of SEM study are supported by corresponding

XRD patterns of these films shown in Fig. 3(d). Films

deposited at 77 K show very small Te peaks, indicating

their predominantly amorphous nature. As the

deposition temperature is increased, structural

Fig. 1:  Stainless steel chamber for testing response

of gases with coupling for sensor housing and

rubber gasket for injection of gas using syringe
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The gas sensitivity of these films was measured at

various temperatures for various gases like NH
3
, H

2
S,

NO
2
 etc. Response of Te films is found to reduce with

increase in temperature for both oxidizing and reducing

gases and at T~ 373 K the sensitivity drops to

negligibly low values (< 10 %) for all the gases as

shown in Fig. 4. Thus all further studies have been

done at room temperature.

Fig. 4: Temperature (T) depedence of response (r)

of tellurium films deposited at 373 K on
polycrystalline alumina substrates measured on

exposure to (a) 5 ppm of H
2
S and (b) 100 ppm of

NH
3
.

evolution is found to occur yielding polycrystalline

films, characterized by an increase in intensity of Te

peaks. The effect of substrate crystallinity on

microstructure of films has been investigated, by in-

situ deposition of films on amorphous (glass),

polycrystalline (alumina) and single crystal (sapphire)

substrates, held at 373 K. SEM micrographs of films

prepared on the three substrates are shown in Figs. 3

(a - c). All these films showed dendritic growth with

smallest grain size on glass substrates. While the grain

size is similar for films on sapphire and alumina

substrates, coalescence of grains on sapphire has

reduced sharp grain boundaries.

The response of films on exposure to H
2
S gas, as

function of concentration is shown in Fig. 5. It is seen

that the film is able to detect less than 0.1 ppm of

H
2
S. The sensitivity has been found to decrease with

increase in gas concentration. Similar results have been

reported for other gases [3].

Sensitivity of Te sensors at 10 ppm concentration of

different gases is compared in Fig. 6.  It is seen that

films are most sensitive to H
2
S and have a good

response to NO
2
, while they have no response to CO

and hydrogen gases.

Fig. 5: Response (a) and sensitivity (b) of tellurium
films deposited on alumina substrates at 373 K as

a function of H
2
S gas concentration

Response of the films deposited at different

temperatures on exposure to H
2
S is shown in Fig. 7 as
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increase at low deposition temperatures), excess

charges (holes) generated on interaction with gases

are trapped on defect centres, leading to a reduced

change in conductivity (hence, sensitivity). This also

leads to slower response time for films, deposited at

lower substrate temperature.

Response of Te films deposited at 373K on glass,

sapphire and polycrystalline alumina to H
2
S, as function

of concentration, are shown in Fig. 8. It is observed

that the films deposited on glass substrate show

maximum sensitivity while those on sapphire show

minimum sensitivity. It is observed that time required

for response and recovery times for a given gas, for

films deposited on different substrates, are relatively

similar despite large differences in their sensitivities.

This is understandable, as smaller grain size for films

on glass substrates provides large effective surface area

for gas-film interaction, thereby improving it’s gas

sensitivity. Coalescence of Te grains on sapphire,

reduces grain boundary area that reduces gas

sensitivity.

Thus we observe that the best response is shown by

Te films, deposited at 373 K on glass substrates. This

is because they have smaller grain size and less defect

density.

Mechanism of detection of gases with Te films is not

fully understood and we discuss here proposed models.

The p-type conductance in Te, arises from the presence

of crystallographic defects, resulting in the formation

of additional acceptor centers [5]. XPS and Raman

Fig. 6: Bar graph representing the response of

typical Te films towards 10 ppm of different gases

Fig. 7: Sensitivity of films deposited on

polycrystalline alumina substrates at substrate
temperatures of 77, 300, 323 and 373 K as a

function of H
2
S gas concentration. Inset shows

response-recovery characteristics of above films on
exposure to 1 ppm H

2
S gas

function of a concentration. It is seen that the film

sensitivity increases with deposition temperature.

Similar results are also obtained on exposure to other

gases. Response and recovery characteristics of the

films, deposited at different temperatures on exposure

to 1 ppm H
2
S, are shown in the inset of Fig. 7. The

response time is seen to increase by a factor of 7

(from 2 mins to 14 mins), while the recovery times

were found to be much less affected, as the deposition

temperature of the films was decreased from 373 to

77 K.

Increase in sensitivity at higher deposition temperatures,

is attributed to low defect density in the films at higher

temperatures [4]. In the presence of defects (which
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Te thin films were investigated, for their sensitivity

towards different gases. These films were found to

show maximum sensitivity at room temperature and

the response was maximum for H
2
S. Effect of

deposition temperature, substrate microstructure on

Fig. 8: Response of films deposited at 373 K on
glass

spectroscopy data show, that on exposure to

atmosphere, physisorption and chemical interaction

of oxygen with the surface, takes place [6]. Adsorbed

oxygen easily traps electrons leading to an increase in

hole concentration. The film may be considered as a

polycrystalline structure, consisting of p-type Te grains

with significant fraction of chemisorbed (TeO
2
) and

physisorbed oxygen over the film surface and in the

intergrain region. This induces a surface charge and a

corresponding energy band, bending in the

semiconductor Te film, resulting in increased hole

density in intergrain as well as intragrain region. On

exposure to a reducing gas such as H
2
S or NH

3
,

bending of bands at the surface is reduced, leading to

reduced hole density and increased resistivity. Exposure

to an oxidizing gas such as NO
2
,  results in enhanced

oxidation of the film surface, leading to a further

increase in the hole concentration, accompanied by a

decrease in it’s resistivity.

Conclusions

the gas sensitivity of Te films has also been investigated.

Films deposited at 373 K on glass substrates showed

maximum sensitivity towards gases such as H
2
S and

NO
2
. It is seen that improvement in gas sensitivity

arises from (a) reduction in defect density within Te

grains as seen from films deposited at higher deposition

temperatures and (b) from decrease in the grain size

as observed for films deposited on amorphous (glass)

substrates.
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ELECTROMAGNETIC DESIGN OF DTL CAVITY

FOR LEHIPA

Shweta Roy, Rajni Pande, S.V.L.S. Rao and P. Singh
Nuclear Physics Division

A B S T R A C T

This paper describes the electromagnetic design of the Drift Tube Linac (DTL). The 2D design of DTL cavities has

been done, using SUPERFISH in order to tune them to the operating frequency of 352.21 MHz with maximum

shunt impedance. In order to incorporate the features that break the 2D symmetry, the 3D electromagnetic field

simulations have been done using CST Microwave Studio code. The tuner and vacuum port have been modeled

and their effect on the resonant frequency has been studied.

Introduction

A 20 MeV, 30 mA proton linac, LEHIPA [1,2] is being

built at BARC as part of our ADS programme. This

system will consist of a 3 MeV RFQ, followed by an

Alvarez Drift Tube Linac to accelerate the beam from

3-20 MeV. The operating frequency of the linac is

352.21 MHz. The electromagnetic design of the DTL

has been done, using SUPERFISH [3] and CST Microwave

Studio [4] codes. In the following sections, details of

these studies are given.

Cavity Design

The DTL cavity was designed using SUPERFISH code

with the aim to maximize the shunt impedance and

to avoid voltage breakdown by keeping the peak

surface electric field below 0.8 Kilpatrick. In addition

to  this, quadrupoles are housed inside the drift tubes

in the DTL for focusing the beam. Hence the drift

tubes must be large enough to have space for placing

the quadrupoles inside. To design the DTL cavity first,

the cavity diameter was optimized. The idea was to

use the same tank diameter for all the DTL tanks i.e.

in the entire energy range from 3-20 MeV for ease of

fabrication. The effect of varying tank diameter on the

various figure of merits of the cavity viz. effective shunt

impedance, the peak surface electric field, power

dissipation etc. at different energies was studied. As

can be seen from Fig.1, the effective shunt impedance

is maximum for a tank diameter of 52 cm for energies

of 3-20 MeV. Hence, the optimum diameter is chosen

to be 52 cm for the entire energy range. The other

DTL parameters were also optimized using SUPERFISH.

This paper was awarded the Best Poster Paper Prize at the DAE-BRNS-PSI Symposium

on Ion Beam Technology and Applications (SIBTA-2007)

held at BARC, Mumbai during September 19-21, 2007{                       }
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The structure parameters of the DTL are listed in Table

1. The total length of the DTL is 12.5 m and it is

planned to make it in four tanks. The focusing lattice

is FFDD in all the four tanks as the quadrupole

gradients required for focusing with FFDD is much

smaller as compared to that with FD lattice [5]. The

RF power dissipation is ~1.1 MW and the beam

power is 0.51 MW.

Three-Dimensional (3-D) Cavity Design

In order to include features that break the 2D symmetry

(tuners, vacuum ports, post couplers etc.) a 3D design

of the DTL tank was done, using CST Microwave

Studio. The first DTL tank consists of 36 cells and

accelerates the beam from 3 MeV to 6.85 MeV. In

order to simplify the simulation model, the geometry

of the centre cell together with drift tube no. 18 was

used. Three cells of this geometry have been modeled

in CST Microwave Studio and the frequency of the

accelerating mode (TM
010

) is 352.12 MHz. Fig. 3

shows the electric and magnetic fields in a DTL tank

with 3 cells.

The peak surface electric fields were also calculated

and are shown in Fig. 4. It is found, that the maximum

surface electric fields were on the outer surface of the

drift tubes.

Tuner

Slug tuners are used, to provide frequency adjustment

to the RF cavity. The tuners are cylindrical rods which

when pushed inside the DTL cavity decrease the

Fig. 1: Effective shunt impedance vs cavity diameter

Table 1: Cavity parameters of DTL

Fig. 2. DTL half cell
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magnetic volume of the cavity. This leads to a decrease

in the inductance and hence an increase in the

resonant frequency. According to Slater’s perturbation

theorem [6] the frequency shift is given by,

where, dV is the change in cavity volume, V is the

volume of the cavity without perturbation, E and H

are the unperturbed electric and magnetic field

amplitudes.

It is planned to put 6 slug tuners in each tank. In the

simulation, one tuner is modeled and the frequency

shift due to all the tuners is obtained, by multiplying

the shift due to one tuner with the number of tuners.

The CST MWS model of a tuner is shown in Fig. 5.

Fig. 3: (a) Electric field in the DTL
          (b) Magnetic field in the DTL

Fig. 4: Peak surface electric fields in the DTL

Fig. 5: A 3-cell model of a DTL cavity with tuner

The effects of tuner depth and tuner diameter on the

resonant frequency have been studied and are shown

in Figs. 6 and 7 respectively. As the tuner is penetrated

deeper into the cavity, the resonant frequency rises

linearly, because the magnetic field is large at the

location where the tuners are pushed in [7]. The rise

becomes slow as the tuner is penetrated deeper, since

they now start reducing the electric volume as well. If

the tuner is pushed further down, the electric field

starts dominating over the magnetic field and the net

result is a drop in the resonant frequency.  The tuning

range using all the 6 tuners is estimated to be 2.28

MHz for a tuner diameter of 12 cm and a depth of

11 cm.
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Vacuum Port

The operating pressure for the DTL will be in the range

of 10-7 Torr. The primary requirement of DTL vacuum

systems, is to provide sufficient pumping, to overcome

the surface out gassing and maintain the operating

pressure. In order to achieve this vacuum, pumping

ports are provided on the tank walls. The apertures of

the vacuum pumping ports are slotted [8] in order to

attenuate the RF power leaking out of the port and

also to reduce the surface currents at the port corners,

thus reducing the heat dissipation at these locations.

The slot orientation is in the same direction as the RF

currents. Two pumping ports will be provided in one

Fig. 6: Variation of frequency with tuner depth

Fig. 7: Variation of frequency with tuner radius Fig. 8: DTL model showing a vacuum port

tank. A 5 slot configuration will be used for each port,

with a slot dimension of 14 cm x 1.8 cm and the

spacing between two slots will be 1 cm. The

conductance of each port is about 1400 l/s. A vacuum

port modeled in CST Microwave Studio is shown in

Fig. 8. The frequency shift due to the port openings is

found to be 13.39 kHz, which is negligible. This is

expected because the ports provide very small openings

on the tank, as compared to the tank volume.

Post Coupler

The DTL operates in the zero mode in which the electric

field direction is the same in all the accelerating gaps.

In this mode the electric field distribution is very

sensitive to even small frequency perturbations in the

cells. The p/2 mode on the other hand, is the most

stable mode of operation for any cell-coupled

accelerating structure. However as the π/2 mode is

very inefficient for acceleration, we can try to change

the slope of dispersion curve at the location of the

zero mode, by introducing a 2nd resonator band which

is then coupled to the TM01 band of the DTL. This

can be done, by inserting short cylinders called

post couplers in the horizontal plane, corresponding
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to the drift tube centres. The post couplers were

modeled in CST Microwave Studio as shown in Fig.

9. In order to simplify the simulation model, the

geometry of the centre cell along with drift tube 18

was used. Since it is too time consuming to simulate

the entire tank, the model was limited to nine identical

DTL cells with 4 post couplers representing almost

one-fourth of the first tank.

interpolate the post coupler length for different radii

as summarized in Table 2.

Fig. 9: DTL model showing the post couplers

Fig. 10: TE mode frequency as a function of post
coupler length and radius

Table 2: Post coupler length for different radii

To find the post coupler (TE) mode, the boundary

condition at the left and right wall was set to ideal

magnetic, in simulation. For optimum stabilization,

the highest post coupler mode frequency should be

as close to the resonant frequency of the DTL as

possible. The post coupler stem represents an

inductance while the gap between the post and the

drift tube represents a capacitance. Both elements

represent a resonant circuit whose frequency depends

on the length and the radius of the post coupler. In

order to achieve stabilization, the post coupler length

and radius have to be chosen such that, the highest

post coupler mode frequency is close to DTL resonant

frequency of 352.21 MHz. The post coupler mode

frequency as a function of post coupler length and

radius is shown in Fig.10. From this figure, we can

Another technique will be used, to find the optimum

radius for the posts, which gives the best stabilization

against frequency errors in the cells. For this purpose,

the tilt sensitivity technique is used, which is usually

employed to study post coupler stabilization with

mechanical models. These studies are in progress.

Summary and Conclusions

The cavity design for the DTL has been accomplished.

The length of the DTL (3-20 MeV) is 12.5 m and it

will be made in four tanks. There will be 6 tuners and

2 vacuum ports in each tank. One post coupler will
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be provided at every third cell of the DTL tank for field

stability. Based on these studies, a 3-D CAD model of

a 1 m long DTL tank has been made (Fig.11). The

fabrication of prototype DTL tank has been initiated,

to validate these simulations.

Acknowledgement

We thank Dr. V.C. Sahni, Dr. S. Kailas and Dr. R.K.

Choudhury for their keen interest in this work. We

also thank Piyush Jain and S.C.L. Srivastava for useful

discussions.

References

1. P. Singh et al, Accelerator development in India

for ADS programme,

Ramana - J. Phys., 68, 331 (2007).

2. T. Basak et al, Physics Design of a Low Energy

High Intensity Proton Accelerator, BARC/2004/

I/007.

Fig.11: CAD model of 1 m long DTL

3. J.H.Billen & L.M.Young, POISSON SUPERFISH,

LA-UR-96-1834, L.A.N.L.

4. CST Microwave Studio software.

5. T. Basak et al, Comparison of FD and FFDD

lattices for DTL, roc. Ind. Particle Accelerator

Conf., Mar. 1-4, 2005, VECC, Kolkata,

page174.

6. J.C. Slater, Microwave Electronics, D. Van

Nostrand, Princeton, N.J., 1950,  pp. 80-81.

7. Thomas P. Wangler, Principles of RF Linear

Accelerators, John Wiley and sons, Inc., 1998,

pp. 162-163.

8. J. D. Bernardin et al, Spallation Neutron Source,

Drift Tube Linac Vacuum System Final Design

Report, (SNS-104020400-DE0001-R00).



DR. HOMI BHABHA CENTENARY YEAR

252  I  I S S U E  N O .  2 9 7  I  O C T O B E R  2 0 0 8

About the Authors

Ms. Shweta Roy is working in the Nuclear Physics Division, BARC since 2003. She is from

the 46th Batch of BARC Training School. She did her Masters in Physics from IIT, Delhi. Ms.

Shweta Roy is involved in Physics Studies of the 20 MeV High Intensity Proton Accelerator

being developed for ADS Programme.

Ms. Rajni Pande is from the second batch of RRCAT Training School and is working in the

Nuclear Physics Division since 2002. She did her M.Sc. in Physics from Lucknow University.

Ms. Rajni Pande is involved in Physics Studies of the 20 MeV High Intensity Proton Accelerator

being developed for ADS Programme.

Mr. S.V.L.S. Rao did his Masters in Physics from University of Hyderabad in 2000 and

joined the Nuclear Physics Division in 2001 after a one year Orientation programme at

BARC. Mr. Rao is presently involved in development of High Current Accelerator for ADS.

Dr. Pitamber Singh, a graduate of the 19th Batch of BARC Training School, joined the

Nuclear Physics Division, BARC in 1976. He received his Ph.D. degree in Physics from

Mumbai University in 1983. In addition to participating in design and building the first 2

MV Tandem Accelerator in India and a Recoil Mass Separator for detection of heavy recoiled

ions, he has made an outstanding contribution in setting up the 6 MV Folded Tandem Ion

Accelerator (FOTIA) facility at BARC. He was conferred the DAE Technical Excellence Award

for the year 2000, for his excellent contributions towards indigenous development of

accelerator technology in the country. He is a life member of “The National Academy of

Sciences, India”. Dr. Singh is working on the development of High Intensity Proton Accelerators for the ADS

programme of DAE. He has more than 250 publications to his credit. Presently, he is Head, FOTIA Section of the

Nuclear Physics Division, BARC and Professor at the Homi Bhabha National Institute, Mumbai.



    253  I   F O U N D E R ’ S  D AY  S P E C I A L  I S SUE

FEASIBILITY OF ANN-BASED ALGORITHMS FOR

IMPROVING THE SENSITIVITY OF

TACTIC IMAGING TELESCOPE

V.K. Dhar, A.K. Tickoo, M.K. Koul and R. Koul
Astrophysical Sciences Division

and

B.P. Dubey
Electronics & Instrumentation Services Division

A B S T R A C T

The  sensitivity  of a  Cherenkov  imaging  telescope,  is strongly dependent  on the rejection of  the cosmic-ray

background events.  Some of the methods which  have been  used to achieve this segregation include methods

like   Supercuts,  Maximum  likelihood classifier, Kernel methods, Fractals Wavelets, Factorial Moments, Random

Forest etc.  While  the segregation  potential of neural network  classifier  has been  investigated in the past  with

modest  results, a detailed study  using  some  recently  incorporated popular algorithms in ANN (e.g.  Conjugate

Gradient methods,  Radial Basis function algorithm, Simulated  Annealing  technique, Levenberg-Marquardt

algorithm  etc.)  has not  been done so  far.  The main purpose of this paper  is  to study the gamma / hadron

segregation potential of these algorithms, by applying  them to the Monte Carlo simulated data for the TACTIC

imaging telescope.   The  results suggest  that  the algorithms based on Higer order neurons  and Levenberg-

Marquardt  method  are superior  to  the widely used Dynamic Supercuts  procedure,  for rejecting  the

unwanted  hadronic  background

This paper was given the Best Poster Award at the  25th meeting of the Astronomical Society of India,

held at Osmania University, Hyderabad, during February 7-9, 2007.

Introduction

Gamma-ray photons  in the TeV energy range

( 0.1-50 TeV ), to which  we shall  confine  our attention

here, are expected  to come from a wide  variety of

cosmic objects from both,  within  and outside  the

Milky Way Galaxy.  Studying  this radiation in detail

can yield  valuable and quite often, unique  information

about the unusual astrophysical  environment

characterizing  these sources, as also on the intervening

intergalactic  space [1].  While this  promise of the

cosmic TeV -ray probe has been appreciated for  quite

long,  it was the landmark development of the imaging

technique and the principle of stereoscopic imaging,

proposed by Whipple [2] and the HEGRA groups,[3]

respectively, that revolutionized the field of

ground-based very high-energy-ray astronomy. In

this  technique, the spatial  distribution of the photons

in the image plane (called the Cherenkov image)

is recorded by using a closed-packed array of fast

{                       }
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photomultiplier tubes (also called the  Imaging

Camera  with individual PMT’s  as it’s pixels).  Detailed

Monte-Carlo  simulation  studies  have shown,  that

the Cherenkov images  resulting  from  γ-ray  showers

from  a  point source are compact and roughly elliptical

in shape,  with their  major axis pointing  towards  the

source  position in the focal plane camera. On the

contrary, Cherenkov  images resulting  from  cosmic

ray showers are broader in size, irregular in  their shape

and are randomly  oriented in the focal plane due to

their  isotropic nature. By examining  these subtle

details of simulated γ-ray and cosmic - ray generated

Cherenkov images using moment analysis techniques

and applying  them to the actual data,  it  becomes

possible  to effectively segregate  the two event  types,

with a high degree of efficiency. Modern  atmospheric

Cherenkov telescopes, utilizing the  imaging technique,

allow the removal of more than  99.5 % of the cosmic-

ray background, yielding an unprecedented  sensitivity

in the TeV energy  range.

Simulation  work, pioneered by  Hillas [4],  has  led

to the development and successful usage of  several

image parameters  and  the  so called Supercuts

method.   Although  the efficiency of  this  gamma/

hadron event classification  methodology, has been

confirmed  by the detection of several  gamma-ray

sources  by various  independent groups including us,

this technique is still considered to be one

dimensional. While  the  idea  of applying  ANN to

imaging  telescope  data  was  attempted   for the first

time  by  Reynolds and Fegan [5] with  moderate

success,  primarily  because  of the  inherent  limitations

in the Backpropagation algorithm, the main aim of

the   present work  is to investigate  the  potential  of

using  some recently developed ANN algorithms, for

rejecting  the unwanted  hadronic  background.

Brief   description of   the   ANN  algorithms

used   in  the preset work

An Artificial Neural Network (ANN) is an

interconnected group of artificial neurons, that uses a

mathematical model for information processing  to

accomplish a variety of tasks. In more practical terms,

an ANN  is a  non-linear data modeling tool, which

can be used to model complex relationships between

inputs and outputs or to find patterns in the data.

The  feed-forward ANN  is  the simplest  configuration

and  is constructed using layers where all nodes in a

given layer are connected to all nodes in a subsequent

layer.  The  network  requires  at  least two layers, an

input layer and an output layer.  In  addition to this,

the network can include any number of hidden layers

with any number of hidden nodes in each layer. The

signal from the input vector propagates through the

network layer by layer till the output layer is reached.

The output vector  represents the predicted output of

the ANN and has a node  for each variable that is

being  predicted.

Depending upon the architecture in which the

individual neurons are connected, there can be several

possible ANN configurations. While algorithms like

Standard backpropagation and Resilient backpropation

come under the category of Local search algorithms,

Conjugate Gradient methods, Levenberg-Marquardt

algorithm,  Radial basis function and Simulated

Annealing Technique belong to the  category of  Global

search algorithm. Hybrid algorithm category

constitutes models like Higher order neurons and

Neuro-fuzzy systems. A brief description of these ANN

algorithms is  presented below.

The Standard Backpropagation network  [6],

schematically  shown in  Fig. 1,   is the most thoroughly

investigated ANN algorithm. Backpropagation using

gradient descent often converges very slowly. The

success  of this algorithm in solving   large-scale

problems, critically  depends on user-specified learning

rate and momentum parameters and there are no

standard guidelines  for  choosing  these  parameters.

The  Resilient backpropagation(RProp)  algorithm was

proposed by Reidmiller [7], to expedite the learning

of a backpropagation algorithm. Unlike the standard
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Backpropagation algorithm, RProp uses only partial

derivative signs to adjust weight coefficients.

In gradient-based  algorithms, it is difficult to obtain a

unique set of optimal parameters, due to the existence

of multiple local optima. The presence of these local

minima, hampers the search for global minimum

because these  algorithms frequently get trapped in

local minima regions and hence, incorrectly identify

local minimum as the global minimum.  The conjugate

gradient algorithm uses the gradient to compute a

search direction and then  a line search algorithm is

used,  to find the optimal step size along a line in the

search direction. The Levenberg  algorithm  [8]

involves the use of “blending” between the steepest

descent method employed by the backpropagation

algorithm and the quadratic rule employed in

conjugate algorithms. The original Levenberg

algorithm was improved further by Marquardt, resulting

in the Lavenberg-Marquardt algorthm, by incorporating

the information about the local curvature, hence

forcing to move  further in the direction, in which the

gradient is smaller in order to get around the classic

“error valley”. Radial Basis Functions  are powerful

techniques  for  interpolation  in multidimensional

space and  in artificial neural networks they  are utilized

as activation functions. Simulated annealing is a

generic probabilistic algorithm for the global

optimization problem, namely locating a good

approximation to the global optimum  of a given

function in a large search space.

Higher order neuron model is the one which includes

the quadratic and higher order basis functions in

addition to the linear basis functions to reduce the

learning complexity.  Neuro-fuzzy systems  refer to

hybrids of artificial neural networks and fuzzy logic

which  result  in a hybrid intelligent system which

synergizes these two techniques, by combining the

human-like reasoning style of fuzzy systems with the

learning and connectionist structure of neural

networks.

TACTIC  Telescope  and  Simulation Methodology

for data generation

The  TACTIC (TeV Atmospheric Cherenkov

Telescope with Imaging  Camera)  γ -ray

telescope has been in operation at Mt. Abu

( 24.60 N,  72.7 0E, 1300 m asl), India, for the last

several years,  to  study  TeV gamma ray emission

from celestial sources. The  telescope   uses a  tessellated

light-collector of  area  ~9.5 m2  which  is  capable

of tracking a celestial source across the sky.

The telescope deploys

a 349-pixe imaging camera,

with a uniform pixel

resolution  of ~0.30  and  a

~ 6 0  x  60  field-of-view, to

take a fast snapshot of the

atmospheric Cherenkov

events produced by an

incoming cosmic ray particle

or a γ-ray photon with an

energy above  ~1TeV.  The

photograph of the TACTIC

imaging  telescope is shown

in Fig. 2.

Fig.1: A schematic representation of backpropagation network
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each pixel after folding in the relevant optical

characteristics of the mirrors and the spectral response

of the photomultiplier tube,  is  then subjected to

noise injection, trigger condition check and image

cleaning.  Finally, the clean Cherenkov images are

characterized by calculating their standard image

parameters like LENGTH, WIDTH, DISTANCE, ALPHA

(α), SIZE and   FRAC2  [5].   Geometrical  interpretation

and  physical  significance  of   these   image  parameters

is  depicted  in  Fig. 3.

Fig. 4  shows the distributions of the image parameters

LENGTH, WIDTH, DISTANCE and α for simulated

protons and  gamma-rays  recorded by the telescope.

Training the ANN algorithms

Training the ANN means iteratively minimizing the error

between the desired output and the ANN generated

The back-end signal processing hardware of the

telescope is based on medium channel density  NIM

and CAMAC  modules, developed inhouse. The data

acquisition and control system of the telescope has

been designed around a network of PCs running the

QNX (version 4.25) real-time operating system.

The triggered events are digitized by CAMAC- based

12-bit Charge to Digital Converters (CDC) which have

a full scale range of 600 pC. The telescope has a

pointing and  tracking accuracy of better than

~3 arc-minutes.  Operating at  a  gamma-ray  threshold

energy of ~1.2 TeV, the telescope records a  cosmic

ray event rate of  ~2.0 Hz at a typical zenith angle of

15 0. The telescope has a 5ó sensitivity of detecting

the  standard  gamma-ray candle Crab Nebula in

~25 hours of observation time  and has so far

detected   γ -ray emission from the Crab Nebula, Mrk

421 and Mrk 501.  Other  details   regarding  the

description  of the  telescope  subsystems  and  the

results  obtained on various candidate  ã-ray sources

are discussed   [9-14].

We have used  the CORSIKA (version 5.6211) air

shower simulation code  [15], for  studying   the

gamma / hadron  discrimination  efficiency  of   various

ANN   algorithms.  The  first  part  of  simulation

work   comprised  generating the air showers induced

by different primaries and recording the relevant raw

Cherenkov data (data base generation). Folding in the

light collector characteristics and PMT detector

response was performed in the second part.  The

simulated data-base for γ-ray showers used  about

34000 showers in the energy range 0.2 - 20 TeV  with

an impact parameter of 5-250 m. These showers have

been generated at 5 different zenith angles ( θ= 50,

15 0, 25 0, 35 0 and  45 0).  A data-base of  about

39000 proton initiated  showers, in the energy range

0.4-40 TeV, in a field of view of 60 x 60  around  the

pointing direction of the telescope, were  used  for

studying  the  gamma / hadron separation capability

of the  telescope. The Cherenkov  photon data-base,

consisting  of number of photoelectrons registered by

Fig. 2: Photograph of the 349-pixel TACTIC imaging

telescope, Mt. Abu
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value, with respect to the network weights. Clearly,

in order for the network to yield appropriate outputs

for given inputs, the weights must be set to suitable

values. This is done by ‘training’ the network  on a set

of  input vectors, for which the ideal outputs (targets)

are already known.

Using the simulated data generated above, we have

chosen 6 image parameters, for  training    the  ANN

to distinguish between the gamma-ray  and the proton

showers.  These  6 parameters   are :  SIZE (S),  LENGTH

(L), WIDTH  (W), DISTANCE (D),   CONCENTRATION

(F2) and the Zenith angle ().   The  simulated data-

base was  divided  into  2 parts  so that   one  part can

be  used  for training and the other  for  testing  the

Fig. 3: Definitions of Cherenkov image parameters L,W,D,M and Alpha used for discriminating between
the gamma-ray and the hadron showers

ANN configuration. The training file contains about

14000 gamma-ray  and 12000 proton events.  The

remaining 30000 gamma-ray and proton events

comprise the test data file. Each of the  ANN

algorithms   is trained on a similar configuration viz

6:20:1 i.e. 6  nodes in  the input layer  with  each

node  corresponding to one  image parameter,  one

node  in the  hidden layer with 20 neurons  and one

node  in the  output layer,  which is designated as 0.1

or 0.9 depending upon whether the event is  a gamma-

ray  or a proton event.  The BIKAS (BARC - IIT Kanpur

ANN Simulator) ANN package and MATLAB neural

net packages have been used, to study the various

ANN algorithms.
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the   inherent fluctuations in the

shower development  process on

event to event basis. The

gamma / hadron  event selection

is done, by classifying an event

as a gamma-ray if the

corresponding ANN output (η)

is  less than a predefined cut-off

value (η
cut

  ). If the ANN  output

(η) is  greater than η
cut 

, the

event is classified as a proton

initiated shower. representative

example of the frequency

distributions of the gamma-ray

and proton retention factors,

denoted by fγ  and f
p
  respectively

is shown in Fig. 5.

Once the event is classified as

gamma or proton  on the basis

of its ‘η’ parameter, the event is

then subjected to α-cut.  The event is finally accepted

to be gamma-ray like if and  only if  the event satisfies

the   conditions of η≤ η
cut  

 and α ≤150. In order to

find the optimum value  of  η
cut

  for each  algorithm

separately  we  have   varied  η
cut

  from 0.10  to  0.85

in  steps  of  0.05 and  
 
evaluated fγ , fp,

  Quality Factor

(QF =fγ /√f
p
) and QF √ fγ 

. The  optimized η
cut

  is  then

found  out    by   selecting  fγ and f
p,
in a manner for

which QF √ f
ã
  is maximum. The  significance of

maximizing  the quantity  QF √ fγ 
 is that  the signal

recovery time (T
min

) is  related   to it  by T
min

 α1/

(QF 2  fγ 
).

Table 1 summarizes  the   performance  of   various

ANN  algorithms  and  their  comparison   with  the

Supercuts  event selection methodology.  The

optimized  Supercuts  selection criteria  for  accepting

an event as a gamma-ray like are the  following :

0.110 ≤ LENGTH ≤ 0.350;   0.060 ≤ WIDTH ≤  0.170 ;

0.310 ≤ DISTANCE ≤ 1.330 ;  SIZE  ≥ 50  pe;  α ≤150

and F2 ≥ 0.35. It  is quite  evident  from the  table

that  out  of a total of  8 different  ANN  algorithms

Fig. 4: Comparison of image parameter distributions from the Monte
Carlo simulated data for proton and γγγγγ-ray events

In all the ANN algorithms discussed above, the training

is continued till the RMS error between the expected

and the ANN generated value reaches a plateau and

does not decrease further.  About ~15000 iterations

were generally sufficient to train the ANN on various

algorithms, however in certain cases, training had to

be “early-stopped” to avoid overfitting. The   minimum

RMS  error obtained for  Backpropagation  and

Levenberg,  at the end  of the training  session, turned

out to be  ~0.037 and  ~0.021 respectively.

Results and Discussion

A test data base, consisting of a mixture of about

30000 gamma-ray  and cosmic ray events is used,

to study the event classification capability

of the ANN algorithms. When presented with

the test data, instead  of ANN yielding the desired

output as either 0.1or  0.9, the ANN output is found

to lie in the range 0.1 to 0.9. This behaviour

is quite expected on account of differences in the

training and test data  set, which   arise   because  of
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studied  here, 5 ANN algorithms  yield

superior  performance as compared to

the Supercuts  procedure.  Amongst

the   5  ANN  algorithms,  it  is found

that   Levenberg-Marquardt  method

(f ~ 70.85 % , f
p
 ~ 0.88 %,

QF~ 7.5)  and   Higher order neurons

(f~ 58.21 % , f
p
 ~ 0.63 %,  QF~7.2)

and  are  the  best  and  hence  need

to be  seriously  considered  for

improving the performance  of the

TACTIC  imaging   telescope.

Conclusions

The  main objective of the   present

work  is  to investigate  the  potential

of  using  some  recently  developed

ANN  algorithms,   for   improving  the

sensitivity  of TACTIC  imaging  telescope.  The  results

of  our simulation  study  suggest,  that   the  ANN

algorithms  based on  Levenberg-Marquardt  method

and Higher Order Neurons  are superior  to  the widely

Fig. 6: Frequency distribution of gamma-acceptance (f) and

proton acceptance factors (f
p
) for Backpropagation and

Levenberg ANN algorithms

used Supercuts procedure,  for rejecting  the  unwanted

cosmic ray background. These algorithms yield the

best  combination  of  f and QF  f   as  compared to

that of the Supercuts method. The  effectiveness  of

these   algorithms,  by

applying  them to the

actual  data collected

by the TACTIC

telescope,  is  however

still   in  progress.

Table 1: Performance of Supercuts event selection methodology and it’s

comparison with the  ANN algorithms
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Due to the utilization of different spikes used in IDAS

and IDMS experiments, which are also calibrated by

different physico-chemical techniques, it is not possible

to directly correlate the precision and accuracy of the

values obtained by the two techniques. It will always

be worthwhile to develop a methodology and use the

same spike for comparing the results obtained by

different laboratories and operating personnel.

In this paper, feasibility considerations are studied for

the possibility of using a single spike for the

determination of Pu concentration in the Pu sample.

It is  shown  here  that  238Pu  spike  with  activity  ratio

around 20 (atom ratio 2 to 3) is useful as a spike, for

both IDAS as well as IDMS experiments simultaneously.

The results of this study are presented in this paper.

This paper was awarded  the Second Place in the Poster  Session

at the 12th Symposium-cum-Workshop on Mass spectrometry,

held at Goa during March 25-30, 2007

For IDMS, spike solutions which are highly enriched

in 244Pu or 242Pu and which are minor isotopes in the

samples, are used. Due to the non-availability of 244Pu

or 242Pu spikes, one can also use 240Pu as a spike for

the determination of Pu concentration. Since the energy

of the alpha particles emitted by 240Pu, is close to that

emitted by 239Pu, it cannot be used as a spike for IDAS

experiments.

In IDAS, 238Pu is used as a spike and the change in the
238Pu/(239Pu + 240Pu) alpha activity ratio is used, for the

determination of the concentration of Pu in the sample.

Due to ubiquitous isobaric interference of 238U in Pu

samples, one cannot use 238Pu as a spike in IDMS,

unless a suitable methodology is employed

for accounting for this isobaric interference.

E X T E N D E D  A B S T R A C T

Determination of concentration of Plutonium is required, due to its strategic importance as well as for nuclear

material accounting. Since Pu is highly radiotoxic, it’s determination in a variety of environmental matrices is

extremely necessary. Isotope dilution techniques are usually preferred, since the quantitative separation of the

element of interest is not warranted for and hence can be employed for complex matrices such as those

encountered in environmental samples. Two isotopic dilution techniques employed for the determination of Pu

concentration are: Isotope Dilution Mass Spectrometry (IDMS) and Isotope Dilution Alpha Spectrometry (IDAS).

D. Alamelu and S.K. Aggarwal
Mass Spectrometry Section, Fuel Chemistry Division

238PU SPIKE FOR THE DETERMINATION OF

CONCENTRATION OF PU BY ISOTOPE

DILUTION TECHNIQUES – FEASIBILITY ANALYSIS

{                }
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PULSE RADIOLYSIS STUDIES OF 3-HYDROXYBENZYL

ALCOHOL

S.B. Dhiman and D.B. Naik

Radiation and Photochemistry Division

A B S T R A C T

Pulse radiolysis studies of 3-hydroxybenzyl alcohol (3-HBA) were carried out at various pHs. At pH 6.8 OH-

radicals were found to react with 3-HBA ( k = 2 x 109 dm3 mol-1 s-1 ) giving an species having absorption

maximum at 340 nm, which decayed by unimolecular process (k
1
=1.5 x 105 s-1) to another transient species

having absorption maxima at 290 and two closely lying peaks at 390 and 410 nm. Latter time window spectrum

is assigned to phenoxyl radicals by comparing spectrum of the species formed in reaction of N
3

. radicals with

3-HBA. At pH 6.8, decay of OH adduct as well as formation rate of phenoxyl radicals were found to

increase with buffer ion concentrations. At pH 6.8, in addition to adduct species, OH radicals were

found to abstract H-atoms from –CH
2
OH group giving reducing radicals. At pH 1, reaction of OH radicals

(k = 4 x 109 dm3 mol-1 s--1) with 3-HBA, exclusively gives phenoxyl radical as confirmed by the formation of

identical species in the reaction with Cl
2

.- radicals. At pH 13.3, where 3-HBA exists in anionic form, reaction of

O.- radicals was found to give a mixture of phenoxyl radicals and reducing radicals by H-abstraction from

–CH
2
OH group.  H-atoms also reacted with 3-HBA (k = 3 x 109 dm3 mol-1 s-1 giving the transient species

(
max

 = 330 nm) which were capable of reducing methylviolgen quantitatively, suggesting that H-atoms also

abstract H-atom from –CH
2
OH group 3-HBA.

This paper was awarded the Best Poster Presentation Award at the National Symposium

on Radiation and Photochemistry (NSRP-2007) held at the National Centre for Ultrafast Processes,

University of Madras, Chennai, during January 29-31, 2007

Introduction

There have been reports that hydroxybenzyl alcohols

(HBA) that are biologically important molecules, are

very good free radical scavengers.1,2 However there

are no studies on kinetic and mechanism of their free

radical induced oxidation activities. Reactions of OH

radicals give adduct species, which in turn decay to

phenoxyl radicals depending on the nature of

substitution.3 Due to the presence of phenolic OH

group and–CH2OH group in HBA, reactions of hydroxyl

radical with HBA, can take place either by addition

pathway, one electron oxidation as well as H-atom

abstraction. In connection with earlier studies carried

out on radiolytic reactions of 2-hydroxybenzyl alcohol

and 4-hydroxybenzyl alcohol, studies on their isomer

viz. 3-hydroxybenzyl alcohol (3-HBA) were carried out,

to have structure-reactivity relationships. We have

characterized the transient species formed at various

pHs in the reactions with of .OH/O.- radicals with

{                       }
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3-HBA-based on spectral characteristics and comparison

with phenoxyl radicals generated exclusively with

specific oxidants such as N3. and a suitable reaction

mechanism is given in this paper.

Experimental

3-hydroxybenzyl alcohol (3-HBA) was obtained from

Fluka Co and was used as such. Solutions were

prepared using water from Millipore A-10 system

having conductivity less than 0.1 S/cm. Gases such

as N
2
, O

2
 and N

2
O used for saturating the solutions

were of IOLAR/Instrument grade from Indian Oxygen

Ltd. pH of the solutions were adjusted using NaOH,

HClO
4
, KH

2
PO

4
 and Na

2
HPO

4
 at appropriate

concentrations. Details of the pulse radiolysis set up

are  described  elsewhere.   4,5 50 ns pulses of 7-MeV

electrons from linear electron accelerator were used

for irradiation and the pulse dose was about 15 Gy.

Pulse dosimetry was performed by using 0.01 mol

dm-3 potassium thiocyanate solution, using a value of

21520 for (G.e) for (SCN)
2

-. per 100 eV at 500 nm.6

Results and Discussion

Reactions of OH radicals with 3-HBA were studied

at pH 6.8. Time resolved absorption spectra of

the transient species formed on pulse radiolysis

of N
2
O saturated 1 x 10-3 mol dm-3 3-HBA solution at

pH 6.8 is given in Fig. 1. As can be seen from Fig. 1,

the initial species has absorption maximum at

340 nm, which decayed by unimolecular process

(k
1 
= 1.5 x 105 s-1) to give a species having absorption

maxima at 290 and two closely lying peaks at 390

and 410 nm. Rate constant for the reaction of

OH radicals with 3-HBA was determined to be

2 x 109 dm3 mol-1 s-1 by following the build up of

transient absorption at 340 nm.

Absorption spectrum of the transient species formed

in the reaction of N
3

. radicals with 3-HBA was recorded

in N
2
O saturated 3-HBA solutions, containing 0.02 mol

dm-3 NaN
3
 and the same is given in Fig. 2.

Spectrum in Fig. 2 matches quite well with latter time

window spectrum in Fig. 1. Thus it can be concluded

that initial 3-HBA-OH adducts formed decay to give

phenoxyl radicals of 3-HBA. Some proportion of OH

radicals can react with 3-HBA by H-abstraction from

Fig. 1: Time resolved absorption spectra of the

transient species formed on pulse radiolysis of N
2
O

saturated 1 x 10-3 mol dm-3 solutions of 3-HBA at

pH 6.8.

Fig. 2: Absorption spectra of the transient

species formed on pulse radiolysis of N
2
O saturated

1 x 10-3 mol dm-3 solutions of 3-HBA at pH 6.8

containing 0.02 mol dm-3 NaN
3
.
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–CH
2
OH group giving radicals containing –C.HOH

species which are reducing radicals. The yield of these

radicals was determined by measuring the yield of

methyl viologen radical cation which has strong

absorption at 395 and 600 nm. It was estimated that

28% of the OH radicals react by H-abstraction from –

CH
2
OH groups.

At pH 6.8, experiments were carried out to investigate

the dependence of decay rate of OH adducts on buffer

concentrations. Equimolar concentrations of KH
2
PO

4

and Na
2
HPO

4
 in the range 0.0005 mol dm-3 to

0.2 mol dm-3 were used. It was found that both the

decay rate as well as rate of formation of phenoxyl

radicals increases with buffer ion concentrations. Rate

constant for the formation of phenoxyl radical varied

from 4.2 x 104   s-1 at 0.001 M to 2.9 x 105 s-1 at 0.04

mol dm-3 buffer ion concentration. In Fig. 3, absorption

traces obtained at 340 nm at different buffer ion

concentrations are given. Traces showing the build-

up of transient absorption at 410 nm due to phenoxyl

radicals of 3-HBA are given in Fig. 4.

These traces clearly show that increase in the rate of

formation with buffer is initially more pronounced and

after certain concentration it reaches a plateau value.

By making use of these traces, first order rate constant

values were determined and the same are plotted

against buffer ion concentration in Fig. 5.

At pH 1, in O
2
 satuarated solution reaction of OH

radicals with 3-HBA radiolysis directly gave phenoxyl

radicals.(Fig. 6). Spectra of the species formed was

Fig. 3: Absorption traces obtained at 340 nm in

N
2
O saturated 1 x 10-3 mol dm-3 3-HBA solution at

various buffer ion concentations

Fig. 4: Absorption traces obtained at 410 nm in
N

2
O saturated 1 x 10-3 mol dm-3 3-HBA solution at

various buffer ion concentations

Fig. 5: Plot of first order rate constant for the

formation of phenoxyl radical at 410 nm versus the
buffer ion concentration

identical with that formed  in  the  reaction  of  Cl
2

.-

radicals with 3-HBA at pH 1. This showed that due to
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Fig. 6: Absorption spectrum of the transient species

formed on pulse radiolysis of O
2
 saturated 1 x 10-3

mol dm-3 solutions of 4-HBA at pH 1

Scheme 1: Reaction pathways in reaction of OH radicals with 3-HBA at different pHs

higher reduction potential of OH radicals at pH 1 as

compared to that at pH 6.8, it is able to oxidise

3-HBA quantitatively.

3-HBA has pKa 9.5 above which it exists in the

deprotonated form. Reactions of OH radicals with 3-

HBA were investiagtd at pH 10.5, with the aim to

estimate the different pathways. Absorption spectrum

of the transient species indicated, that there is direct

formation of phenoxyl radicals. Electron transfer to

methyl viologen showed that nearly 28% of the OH

radicals abstract H-atom from –CH2OH group. Based

on these observations, following Scheme 1 has been

assigned for the reaction of OH radicals with 3-HBA

at pHs 1, 6.8 and 10.5.
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Conclusions

Present study shows that hydroxyl radicals react with

3-hydroxybenzyl alcohol mainly by adduct formation

reaction. Subsequent decay of the adduct to phenoxyl,

depends very much on the phosphate buffer ion

concentrations. Both with neutral and anionic forms

of HBA, OH radical reaction give equal proportion of

adduct as well as reducing radicals formed on H-atom

abstraction from –CH
2
OH group.
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PERFORMANCE CHARACTERISTICS OF

REMOTELY TUNABLE, HIGH REPETITION RATE,

COPPER VAPOUR LASER PUMPED SINGLE

LONGITUDINAL MODE DYE LASER

Sunita Singh, G. Sridhar, V. S. Rawat, N.O. Kawade,  A.S. Rawat,
S. K. Mishra and L. M. Gantayet
Laser & Plasma Technology Division

A B S T R A C T

We report the performance characteristics of grazing incidence grating, single longitudinal mode pulsed dye

laser, pumped by 6 kHz Copper Vapour Laser developed indigenously in our lab. The linewidth and energy

conversion efficiency obtained are ~375MHz and 2.3 % respectively with an ASE of 0.027 %.

Introduction

Pulsed tunable, high repetition rate (>6kHz), single

longitudinal mode dye lasers are of interest to atomic

laser isotope separation, trace analysis and precision

nonlinear laser spectroscopy. For certain applications,

mode hop free scanning over a wide wavelength range

is required. Various resonator configurations have been

reported in literature to obtain single longitudinal mode

pulsed dye laser. In this paper, we report the

performance characteristics of a remotely tunable

grazing incidence grating, single longitudinal mode

pulsed dye laser, pumped by 6 KHz Copper Vapour

Laser (CVL), developed in our lab. Mode hop free

scanning over 70GHz is reported.

Single Longitudinal Mode (SLM) Dye laser

The SLM GIG dye laser developed in our lab, is a short

cavity laser (length ~5 cm) based on the design of

This paper was adjudged as one of the Best Poster papers at the DAE-BRNS National

Laser Symposium (NLS-07) in the category “Physics and Technology of Lasers”,

held at M. S. University, Vadodara during December 17-20-2007

Littman. The cavity comprises an indigenously

designed flow through dye cell (5 mm x 1 mm cross

section), high reflectivity (R > 99 %) end mirror, GIG

grating (2400 lines/mm groove density) and a tuning

mirror (R>99 %). The output of the dye laser was

obtained from the zeroth order of the grating.

The axis of rotation of the tuning mirror, passes through

a geometrically located point, known as pivot point.

The surface planes of the tuning mirror, end mirror

and grating intersect on this pivot point (Fig. 1).

The emission wavelength of the laser is determined

by the relation,

mλ = d (Sin θ
i
 + Sin θ

d
)                     (1)

Where m is order, d is groove density, θ
i
 incidence

angle, θ
d
 diffraction angle, l is the wavelength. The

cavity wavelength Nλ/2 = AB + BC (cavity length),

{                    }
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Fig. 1: Schematic of cavity configuration

Fig. 2: Schematic of the SLM dye laser

where N is the longitudinal mode index number.

AB = L Sin θ
i
, BC = L Sin θ

d

Nλ/2 = L (Sin θ
i
 + Sin θ

d
)                                (2)

From equation (1) & (2)

N = 2mL/d                                            (3)

Equation (3) indicates that the longitudinal index

number (N) does not depend on the diffraction angle

θ
d
 and lasing wavelength λ and hence does not change,

while rotating the tuning mirror. This implies

that there will not be any mode hop while

tuning the laser, if we match the cavity

pivot point carefully.

The end mirror was fixed with epoxy

adhesive to a PieZoelectric Transducer (PZT)

stack, which provides a maximum

displacement of 10mm at a drive voltage

of 1 kV. The tuning mirror is fixed on a

two-stage rotational table with coarse and

fine tuning mechanisms. The first stage

provides coarse movement with a minimum

resolution of 25.92 arc-sec with a stepper motor of

50,000 micro-steps per revolution. The second stage

is used for fine motion. It gives a minimum resolution

of 0.0014 arc-sec. A 20 μm PZT with a drive voltage

of 1 kV was used in series with a motorized mike at

the tuning arm of length 100 mm.

A part of the SLM laser beam was used for beam

diagnostics such as linewidth, wavelength and ASE

measurement. The schematic of the laser is shown in

Fig. 2.



    309  I   F O U N D E R ’ S  D AY  S P E C I A L  I S S U E

Single Longitudinal Mode Selection

The SLM cavity is a short one, so that, the longitudinal

mode spacing exceeds the single pass bandwidth of

the laser. The cavity length of 50 mm gives a cavity

mode spacing of 3 GHz. Grating is kept at an angle of

incidence of 89 0  to provide high dispersion for the

laser.

The single pass line width of the grating mirror pair is

given by

        (4)

The single pass line width is calculated to be 1.5 GHz

for grating length l=62.5 mm. Since the single pass

line width is half of the mode spacing, single

longitudinal mode is selected by the cavity. For SLM

mode operation, single transverse mode is achieved

by the focal spot of pump beam, as it acts as an

aperture for filtering higher order modes. The size of

the focal spot should be optimum for SLM operation.

Too small a spot size increases the diffraction losses

and a larger spot size leads to multimode operation.

Experimental results

The SLM dye laser (Fig. 3) was longitudinally

pumped with green component of the CVL

beam. The green component (510.6 nm) of

copper vapour laser operating at 6 kHz

repetition rate, was focused into the gain

medium with plano convex lens of focal

length 200 mm. The size of the local spot in

the gain medium is ~160 micrometers. The

flow velocity of ethanol (2.55 m/sec) is

sufficient to clear the flow with flow clearance

ratio 2.5. The regions of concern are those

with higher shear near the liquid solid

interface where the average velocity varies

from zero at the wall to the free stream

velocity at some distance. We have carried

out detailed computational fluid dynamics simulation,

to design and fabricate flow through cells for the SLM

dye laser, resulting in higher flow velocities without

vortices and low pressure drop.

The linewidth of the laser spectrum was measured with

Fabry Perot etalon of FSR 7.5 GHz and CCD camera.

The Fabry Perot  spectrum of SLM dye laser is shown

in Fig. 4. The line width was reduced from 850 MHz

to 510 MHz by increasing the incidence angle of

grating from 88.5 0 to 89.05 0. The SLM dye laser

wavelength was tuned using central stepper motor

and PZT, attached to tuning mirror through a 100 mm

mechanical arm. Tuning range of SLM laser was varied

between 556.4 nm to 568.5 nm using commercial

wavelength meter. The smaller tuning range of 12 nm

for SLM dye laser results from the GIG configuration

with 89 0  angle of incidence, which leads to high loss

in the cavity. At this grating angle, the diffraction

efficiency in the first order is around 1%, which is

close to the efficiency of laser. Using a grating with

higher diffraction efficiency will lead to higher energy

conversion efficiency of SLM dye laser.

The Amplified Spontaneous Emission (ASE) was

measured with monochromator grating and

Fig. 3: Remotely tunable, wall mounted SLM dye laser
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photodiode. The ASE was reduced from 0.5 % to

0.027 % by increasing the angle between pump beam

and dye laser beam to 4.7 0. Since the laser beam is

obtained from the zeroth order of grating, the angle

between the dye laser axis and pump beam axis is a

critical parameter for minimization of ASE.

The FWHM of the SLM dye laser pulse was measured

to be 20 ns for pump pulse duration of 30 nsec. The

dye laser beam divergence was measured to be 0.648

mrad. SLM laser output of 16 mW was obtained with

an efficiency of 1.6 %. The CVL beam size was

telescopically reduced from 40 mm to 10 mm. The

CVL beam was spatially filtered using a pinhole of

diameter 700 μm. The SLM dye laser efficiency was

improved from 1.6 % to 2.3 % with an increased

output power of 95 mW at 3.8W CVL green beam.

Beyond this pump power, a second mode appeared

on and off as expected from spatial-hole burning effect.

The experimental results are tabulated in Table1.

Mode Hop Free Wavelength scanning of

SLM dye laser

SLM dye laser was remotely tuned with the 20 μm

PZT fixed on the tuning mirror arm by applying a slowly

varying voltage (ramp) from 0 – 1kV. The input signal

was generated from the computer and fed to the high

voltage amplifier of the PZT. The high voltage signal

was fed to the PZT at the tuning mirror. Using this

technique, mode hop free tuning over a wavelength

range from 559.75556 nm to 559.74642 nm (~ 70

GHz) was achieved. Laser wavelength meter and FP

etalon fringes monitored the mode hop free tuning of

the SLM dye laser. The cavity mode spacing is 3 GHz

(~ 3 pm) for 5 cm cavity length. While tuning the

SLM laser, the sudden jump of 3 GHz (Cavity FSR) in

the wavelength was not detected in the wavelength

meter, indicating mode hop free tuning.

Fig. 4:  Fabry Perot spectrum of SLM dye laser

Table 1: Performance characteristics of SLM dye
laser

Fig. 5: Single shot fringes from fast CCD camera
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Conclusion

A compact, short cavity, remotely tunable, high

repetition rate grazing incidence grating single

longitudinal mode dye laser with mode hop free

scanning over 70 GHz has been developed. The average

and single pulse bandwidths achieved were 375 MHz

and 315 MHz respectively.
Fig. 6: Intensity pattern of interferogram for single
pulse
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Single pulse Spectrum
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The element sulphur has four stable isotopes with the

natural abundance 32 S : 33 S : 34 S : 36 S = 95.0 : 0.76 :

4.22 : 0.014 % respectively. Sulphur depleted in it’s

S – 32 content and enriched in S – 33 and S – 34

isotopes, is used as target material in a nuclear reactor

for producing phosphorous – 33 (P-33), an important

radioisotope in many biological applications. The ν
3

absorption features of the two prominent
 
isotopic

variants 32SF
6 
and 34SF

6 
are separated by an isotope shift

of 17 cm-1. However, the isotopic shift of minor

isotopic species 33SF
6 

is only 8.5 cm–1 from 32SF
6
.

Therefore, a considerable overlap occurs between the

absorption bands of these species and the spectral

features are not clearly resolved at room temperature.

For such a reason, a high degree of enrichment in

S – 33 can only be obtained, by a two-stage, InfraRed

Multiple Photon Dissociation (IRMPD) process.

In stage 1, 32SF
6
 is targeted and dissociated selectively,

using a pulsed CO
2 
laser tuned at an appropriate

wavelength.

32SF
6
  ⎯⎯→ 32SF

5
  +  F   ⎯⎯→ Products

The residual material is enriched in S –34 and S – 33

isotopes as compared to the initial natural abundance

levels. In stage 2 of the process, recovered material

can be selectively dissociated with respect to 34SF
6
, so

that the residual SF
6
 is further enriched in S – 33

isotopes.

34SF
6
  ⎯⎯→ 34SF

5
  +  F   ⎯⎯→ Products

Our studies on the IRMPD of natural SF
6
 at room

temperature with suitable scavengers showed, that it

was possible to isolate residual SF
6
 enriched in both

S – 33 and S – 34 after stage 1 photolysis. However,

at room temperature, the vibrational – rotational

transitions of polyatomic molecules, spread out over

a large frequency range, owing to the rotational

structure and hot bands. This resulted in poor selectivity

for both excitation and dissociation of the targeted

species, leading to about 50 % loss of 33SF
6
. By cooling

the substrate gas during photolysis, these effects can

{                       }
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Photolysis of natural SF
6
 at ~ 0.3 Torr

was done by 10 P (18) line in stage 1

and the residual, enriched sample was

further irradiated in the same cell, in

stage 2, at an appropriate laser

wavelength with 100 ns tail free

pulses. Further, we incorporated an

isolation valve between the cell and

the scavenger trap. This feature was

very useful in controlling the exposure

of the photolysed material to a

scavenger, during the run as and

be minimized to obtain better process

selectivity. Therefore, successive

stages of photolysis involving IR MPD

of  SF
6
  were  carried  out at – 78 0C.

In the initial runs, 32SF
6
 was

dissociated first using 10 P (18) line

of the CO
2
 laser, followed by 34SF

6

removal using 10 P (38) or 10 P(40)

line. Our efforts to obtain a final

residual SF
6
 highly enriched in 33SF

6

were not successful, as we ended up

burning it completely during stage 2

removal of 34SF
6
. From this important

observation we realized, that it would

be advantageous to selectively

dissociate 33SF
6
 in stage 2 rather than

removing 34SF
6
. Such an approach has

two advantages, viz.,

(i) the inherent loss of S – 33

associated with the excitation of 34SF
6

using a red – shifted absorption

frequency will be reduced

(ii) the line 10 P (26) required for 33

SF
6
 dissociation has better laser

efficiency than 10 P (38) used for 34SF
6

removal.

Photolysis results at - 78 oC:  Stage1; Selective S-32 removal,
Residual SF

6 

 composition

Photolysis results at - 78 oC : Stage 2 ; Selective S-33 removal in
residual SF

6
 from stage 1., 33S:34S =  92 : 8 % in the photo product

SO
2
F

2



    315  I   F O U N D E R ’ S  D AY  S P E C I A L  I S S U E

without any additional effort. During  stage 2

photolysis with 10 P (26) line in the same cell, scavenger

trap was kept isolated so that,  formation of the end

product SO
2
F

2
 highly enriched in S – 33 was facilitated.

It can be seen from the figures, that there was an

appreciable dissociation for 33SF
6
 while 34SF

6 
remained

nearly unaffected. The relative percentage composition

of 33S: 34S in the final product was estimated to be

92 : 8 % (see Figs.).
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when required. In the first stage, for example, all the

volatile photoproducts like SOF
2
 / SOF

4
 / SO

2
F

2
 were

allowed to react with NaOH / trigol scavenger during

the run and the only end product remaining in the

gas phase was residual enriched SF
6
. This novel idea

helped in closing the chemical cycle between the two

stages of irradiation as we could readily deploy the

photoproduct (the residual SF
6
 enriched in the minor

isotopes) from stage 1 as feed material in stage 2,
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Introduction

Particle sizing instruments are based on various

principles which segregate the aerosol particles

according to their size. Based on the classification

technique, each instrument has a specified and limited

size range. This study is aimed at comparing the size

distributions obtained from various instruments in the

overlapping size ranges, so as to assess their ability to

generate continuous distributions in the entire particle

size range (10 nm to 30 μm) (Peters et al 1993). In

the present study, BARC developed PASS-LP (Sanjay et

al, 2005) and GRIMM 1.108 Optical Particle Counter

were compared with the GRIMM Scanning Mobility

Particle Sizer (SMPS). The 11 stage Cascade Impactor

has seven stages operating at normal pressure and

four at low pressure (150 mm Hg). The operational

flow rate is 10 lpm with the minimum cut off diameter

of 0.1 μm. The GRIMM 1.108 Aerosol Spectrometer

works on the principle of light scattering and gives

number size distribution in 15 size channels from

0.3 μm to 20.0 μm. The GRIMM SMPS classifies

particles based on their electrical mobilities in an

applied field and hence can be regarded as a primary

calibration system. The instrument segregates particles

in 44 size channels ranging from 9.8 nm to 874 nm.

However, the comparisons need to be made with

caution, because while the impactor and the optical

counter give the aerodynamic diameter and the optical

diameter respectively, the SMPS estimates the mobility

diameter. This calls for appropriate conversions and

correction factors to be used, to arrive at near-accurate

comparisons.

Experimental Setup

The study consisted of two sets of experiments:

(1) Comparison of mass size distribution obtained from

LP Impactor with number size distribution from SMPS

and (2) Comparison of number size distribution from

SMPS with the same obtained from OPC.

Study 1

In this study, test particles used were NaCl aerosols,

generated by a compressed air nebulizer using

5 % salt solution. These were fed to a chamber of

volume 27 litres with sampling port arrangements.

For drying of generated aerosols, extra N
2
 gas was

continuously supplied @ 20 l min-1. Parallel sampling

was carried out with 11 stage LP-PASS impactor and

SMPS. To measure the total particulate concentration

inside the chamber, gross filter paper sample @10

lpm was taken. The mass-size distribution and the total
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mass concentration were estimated, by subjecting the

filter paper substrates of the impactor and the gross

sampler respectively to both gravimetry as well ionic

conductivity techniques. The overlapping size range

of the two instruments being compared was

0.1-0.75 μm.

Study 2

In the second study, particle number concentrations

obtained from the OPC were compared with those

obtained from the SMPS in the overlapping range

(0.3- 0.8 mm).  The aerosols used in this study were

ambient room aerosols and particles generated from

a UV source lamp.

Results and Discussion

Study 1

The total mass concentration measured by gravimetry

in all the 11 stages of the impactor (<21.3 μm) was

found to be 44.06 mg/m3, which was in good

agreement with 40.1 mg/m3 obtained from the gross

filter paper sample. Using conductivity measurements,

total concentrations were found to be 61.82 mg/m3

and 57.25 mg/m3 from impactor and grab sample

respectively. The Mass Median Diameters (MMDs)

estimated by gravimetry (with appropriate density

corrections for NaCl aerosols) and conductivity

measurements were found to be 1.14 μm (GSD= 3.2)

and 1.24 μm (GSD= 2.6) respectively [Fig. 1 (a)].

Although the concentrations estimated by conductivity

are 1.4 times higher than that estimated from

gravimetry, the impactor estimated masses are

consistent with the gross filter results  by both the

techniques.

The number concentrations obtained from the SMPS,

were converted to the mass size distributions,

assuming the density of NaCl particles as 2.16 gm/

cm3.  In case of the impactor data, care was taken to

convert the aerodynamic diameters, to the physical

diameters, using the density corrections so as to make

the data amenable to comparison with the SMPS data.

The SMPS data gave a Count Median Diameter (CMD)

of 0.064 μm with a GSD of 2.07 (in the sizes below

0.75 μm) which corresponds to a Mass Median

Diameter (MMD) of 0.33 μm. This is in close

agreement with the MMD value of 0.38 mm,

GSD=2.8) obtained by fitting the impactor data in

Fig.1(a):  Impactor based mass size distributions:
gravimetry and conductivity techniques

Fig.1(b): MMDs obtained from SMPS and low
pressure impactor in common size ranges
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the size range 0.77-0.06 μm to a lognormal

distribution. [Fig.1(b)].

Interestingly, the total masses in the common size

range (<0.75 μm) were also found to be fairly close;

10.42 mg/m3 from the impactor and 8.15 mg/m3 from

SMPS.

Study 2

The number size distributions obtained by SMPS and

OPC for ambient room aerosols in room environment

were compared with each other. The instruments show

good agreement in the common size channels

[Fig. 2 (a)]. Fig. 2(b): Number size distribution recorded by
SMPS and OPC for UV source generated aerosols

Conclusion

The experiments show that the size distributions

obtained by the indigenous impactor and SMPS

instruments, were in good agreement with each other.

Measurements also indicate good agreement between

SMPS and OPC in their overlapping size region.
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As a second test involving very high particle

concentrations, particles generated by UV source

(known to generate particles in the 15-20 nm range)

were used as test aerosols. In both the cases, the

continuity and the trends of the size distributions were

retained when the data from the two instruments was

plotted together. Also, the data points of the two

instruments in the overlapping size ranges were in

close proximity [Fig. 2(b)].

Fig. 2(a): Number size distribution recorded by
SMPS and OPC for ambient room aerosols
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HETEROGENEOUS GROWTH OF DIAMOND FILMS:

SOME KEY ISSUES RESOLVED

M. Roy
Chemistry Division

A B S T R A C T

Hot filament chemical vapour deposition technique, has been explored extensively, to solve few exciting problems

associated with the heterogeneous growth of diamond thin films on silicon single crystals. Nucleation density

was enhanced almost five orders of magnitude as compared to pristine silicon using novel slurry pre-treatment.

Diamond films were doped in-situ with boron, using a non-toxic boron source over a very wide range of boron

concentrations, starting from semiconducting to metallic domains. Formation of nanocrystalline diamond phase

at the film surface was detected, using surface enhanced resonance Raman spectroscopy and finally performance

of devices made from HFCVD diamond films were investigated, under different test conditions.

Dr. Roy is the recipient of the G.C. Jain Memorial MRSI

Best Thesis Award -2007

Introduction

Growing synthetic diamond today, is no big deal. But

when it comes to making of diamond films with

targeted and specialized applications, to exploit the

unique and extreme properties of diamond, a number

of serious and challenging issues, concerned with

morphology and texture of the deposits, their

mechanical, optical and electrical properties spring up,

demanding immediate attention. In this report, we

will discuss about some of the intriguing issues

pertaining to heterogeneous growth of diamond films

by Hot Filament Chemical Vapor Deposition (HFCVD)

technique.

HFCVD Technique for Diamond Thin Film

Deposition

HFCVD is the earliest and by far the most popular

technique, used for the deposition of diamond thin

films at sub-atmospheric pressures. It involves

precipitation of carbon onto suitable substrates from

the vapour state, under conditions where diamond is

thermodynamically unstable with respect to graphite

(see Fig. 1). Like any other CVD techniques for

producing diamond films, HFCVD requires activating

carbon containing precursor molecules present in the

gas phase, which in this case is usually a hot filament

made of refractory materials, such as tungsten,

rhenium or tantalum maintained at ~2100 °C.

The substrate is maintained at temperature in the range

600-900 °C, in order to have an optimized sticking of

the hot ad-atoms produced during gas-phase reaction

and at the same time prevent them from getting

transformed to graphite spontaneously, which usually

takes place above 1300 °C. The distance between the

substrate and the hot filament is usually kept constant

{               }



DR. HOMI BHABHA CENTENARY YEAR

336  I  I S S U E  N O .  2 9 7  I  O C T O B E R  2 0 0 8

at ~0.8 cm. Practically any carbon source such as

methane, propane, ethane and even oxygen-containing

organic materials including acetone, ethanol and

methanol could be used, in conjugation with hydrogen

for depositing diamond films. In fact, use of oxygen

containing carbon sources widens the temperature

range for diamond deposition. A wide range of

substrates like tungsten, tantalum, molybdenum,

zirconium, silicon, ceramics etc. have been used so

far, for depositing diamond. On most substrate

materials, except for diamond seeds, random

nucleation of diamond particles leads to the formation

of polycrystalline diamond films. The typical growth

rate  is  ~1m / h  and substrates as large as 0.5 m2

are reportedly known to have been coated, using this

technique. Other deposition parameters viz. total

chamber pressure, relative concentration of CH
4
 with

respect to H
2
 in the feed gas etc. are also required to

be optimized within a small window, for effective

deposition of quality diamond films. In general, higher

CH
4
: H

2
 ratio leads to higher growth rates, but poorer

diamond quality. The total chamber pressure is

maintained in the range 20-80 Torr, depending on the

reactor design, substrate temperature and CH
4
: H

2

ratio in the feed gas. Fig. 2 shows a schematic

representation of a typical HFCVD reactor. It is however

worthwhile to mention here, that the HFCVD

technique suffers from certain inherent limitations. The

hot filament constantly evaporates materials from it’s

surface that tend to contaminate the growing

diamond surface, thereby limiting the quality of the

film that can be grown by this technique.

This is in sharp contrast with the microwave CVD

reactors, wherein optically transparent high-purity

diamond films can be deposited at reasonably high

deposition rates. Few years back, a state-of-the art

MWCVD reactor (from Seiki, Japan) was installed in

the Chemistry Division, BARC. However, all the issues

that will be discussed subsequently in this report have

been resolved, based on experiments carried out using

a HFCVD reactor developed in-house.

Substrate Pre-Treatment

Some very recent and exciting applications of

polycrystalline diamond thin films such as X-ray

lithographic masks, Micro / Nano electro-mechanical

systems (MEMS/NEMS) etc., require the films to be

smooth, relatively defect and impurity free, continuous

even at sub-micron thickness and at the same time be

able to deposit on appropriate non-diamond substrates

such as silicon etc. But owing to it’s very high surface

energy, nucleation density of diamond on pristine

silicon is rather low ~104 particles / cm2 under

standard conditions of CVD deposition. This badly

affects the properties, morphology and homogeneity

of the deposited films, because it is only during the

nucleation stage that the density of diamond particles,

alignment of the crystallites and many such important

properties are determined. Therefore, in order to

improve such low nucleation, a variety of surface

Fig. 1: Pressure-temperature phase diagram of
carbon
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 pre-treatments are given to the substrates, such as

damaging the surface either by mechanical or

ultrasonic abrasion with diamond or other hard

powders, seeding with diamond grits, ion implantation,

applying bias etc. Of the different methods employed

for nucleation enhancement, ultrasonic pre-treatment

using diamond slurry is most commonly used because

of the ease of it’s application to substrates, having all

sorts of complex geometry and shape and also the

homogeneity in morphology of the films, obtained

upon deposition. It is reportedly known from  literature

that using a poly dispersed slurry composed of a

mixture of diamond and metal particles, it is possible

to attain very high nucleation densities and also

nanometer rough films. Following the same recipe,

we developed a novel slurry comprising of diamond

(particle size <0.2 μm) and zirconium metal particles

(particles size ~50 μm) dispersed in methanol and it

was used for the first time as an abrasive, to enhance

diamond nucleation on Si. Silicon substrates were first

treated with HF to remove native oxide layer, then

given the slurry pretreatment by ultra-sonication and

finally used for diamond deposition. Zirconium was

chosen because it forms a stable cubic carbide phase

with lattice constant, close to that of diamond and is

also an active catalyst with very high heats of

hydrogenation. Besides, zirconium being a high density

metal, it was presumed that hammering of the fine

diamond particles by coarse metal particles during

ultra-sonication, would lead to their sub-implantation

providing the necessary diamond seeds for effective

nucleation. Weight ratio of two particles was varied

to find out it’s effect on the properties of diamond

films grown on the pre-treated substrates.

Results and Discussion

It has been observed from the AFM topographies of

samples (Fig. 3) grown for ~20 min on Si pre-treated

with slurries comprising of different Zr: diamond ratio

that nucleation density of the order of 109 particles/

cm2 (one of the highest reported) could be easily

achieved in all the samples, which is five orders of

magnitude higher as compared to the untreated pristine

silicon substrate. It is to be noted that such high

nucleation density could be achieved, in spite of the

fact that the substrates were thoroughly cleaned by

sonicating in methanol following slurry treatment.

Moreover, for slurry containing Zr: diamond = 4, it

was possible to obtain a continuous film with surface

Fig. 2: Schematic representation of a typical HFCVD reactor



DR. HOMI BHABHA CENTENARY YEAR

338  I  I S S U E  N O .  2 9 7  I  O C T O B E R  2 0 0 8

Fig. 3: AFM topography of diamond films deposited
for ~20min after pre-treatment of the substrates
with mixed diamond slurries containing zirconium:
diamond weight ratio (a) 0.5, (b) 2 and (c) 4.

roughness below 15 nm just within 20 min of

deposition. The nucleation density of the samples has

been found to increase and their roughness decrease

monotonically, with increasing metal contribution in

the mixed slurry. This has been attributed primarily to

different inter-layer formation viz. ZrC for metal-rich

and SiC for diamond-rich slurry pretreatment. However,

one negative aspect of such slurry pre-treatment was

that, the concentration of non-diamond carbon in the

film increased, along with the number of grain-

boundaries, ensuing leakage current and inferior

electronic property due to damaged interface.

In-Situ Boron Doping Using Non-Toxic Precursor

To explore the feasibility of band gap engineering in

diamond films, by virtue of boron doping using a

non-toxic precursor was extremely challenging, both

from scientific and technical aspects. Diamond films

because of their unique properties, are promising

semiconductor materials for the new generation

electronic devices, that can operate at high

temperatures, in very severe chemical environment

and in radiation field. Doping of these films is

one of the key steps  in their fabrication. Moreover,

by suitably doping the films they can be made to

conduct electricity and hence, find tremendous

applications in the form of diamond-coated electrodes

with enhanced lifetime and stable characteristics, in

harsh chemical solutions. Boron is regularly used to

p-type dope diamond films. Due to it’s small covalent

radius, it is easily incorporated into the diamond lattice

such that it’s concentration in excess of 1020 / cm3 is

possible. But the activation energy for the boron

acceptors is quite high (~0.37eV) thereby limiting

the percentage of carrier conversion. Both ex-situ and

in-situ techniques have been used to dope diamond

films with boron. But the in-situ techniques are found

to be more effective in maintaining uniformity of the

doping profile. Usually, a boron source is added along

with the feed for diamond deposition. Gaseous boron

hydride (B
2
H

6
) is the most conventionally used reagent

for the process, but it is deadly poisonous even at
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ppm level. We used H
3
BO

3
 instead, which is non-toxic

in nature. H
3
BO

3
 was dissolved in CH

3
OH from where

vapours were transported along with feed gases,

allowing in-situ doping of diamond as it grew. CH
3
OH

was chosen as a solvent, since it produced highly

volatile ester upon reaction with boron according to

the equation given below:

3CH
3
OH + H

3
BO

3
 ↔ B (OCH

3
)
3
 +3H

2
O                 (i)

However, few fundamental questions regarding the

negative impact of oxygen on diamond films and the

feasibility of controlled and heavy boron doping by

this technique, needed to be answered. Besides, there

were difficulties related to vapour transport that were

eventually resolved, by devising a simple and unique

bubbler fitted with a needle valve that allowed

controlled and uninterrupted flow of vapours

containing boron precursors. A series of samples were

thus prepared with varying concentrations of H
3
BO

3

in CH
3
OH and analyzed.

growth of facets, that dictates different boron intake

levels in the samples. Boron concentration is also found

to vary along the film surface as is evident from the

concentric circular patches of ~0.5 cm diameter with

different contrasts.

Unintentional incorporation of oxygen during the

growth process however, induced compressive stress

in the films, that lowered diamond lattice constant

well below the ASTM values.

Nanocrystalline Diamond at Film Surface:

Detection by SERS

Opto-electronic properties of HFCVD grown diamond

films, are strongly influenced by the presence of

different allotropes of carbon. An important allotropic

modification is nanocrystalline diamond. It is optically

transparent, possesses smooth surfaces and displays

low coefficient of friction and low electron emission

threshold voltage. It has also been reported to exhibit

totally different dielectric properties as compared Fig. 4: Controlled boron doping

Results and Discussion

It could be successfully demonstrated from XPS,

Raman and XRD studies, that by using this technique,

controlled boron doping of diamond films is feasible

over a very wide range of boron concentrations,

starting from semiconducting to metallic domains (see

Fig. 4), with nearly 1% of carrier conversion. Variation

of boron concentration in the films with the molarity

of H
3
BO

3
 in the feed solution as shown in Fig. 4 clearly

demonstrates, the level of control that can be achieved

on boron doping, using this technique. Formation of

metallic phase at very high boron levels was confirmed

from the Fano-deformation of Raman signals (see Fig.

5) and negative / zero activation barriers in temperature

dependent I-V measurements (Fig. 6).

For the first time, cross-sectional Raman spectroscopy

was put forward as a simple and non-destructive

technique, for boron profiling in diamond films. The

technique was proposed as a complementary

technique to widely used Secondary Ion Mass

Spectrometry (SIMS) which apart from being

destructive in nature, requires stringent experimental

conditions such as ultrahigh vacuum, high voltage,

etc. and is often difficult to use, because of sample

inhomogeneities and matrix effect. A small spread in

the boron concentration is however observed, along

the cross-section of the films due to the uncontrolled
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to the cubic phase and drastically modifies the

optoelectronic properties of HFCVD grown films, if

present in it. Thus, extensive characterization of such

films is mandatory for the detection of all possible

carbon allotropes present in the film, before planning

for any specific application. For device applications,

the film surface plays a very crucial role as it forms the

interface between the metal and the film and hence,

it is of utmost importance to know the different phases

that constitute it, in order to exclude or exploit their

properties to the maximum possible extent.

SERS in Brief

Surface Enhanced Resonance Raman Spectroscopy

(SERS) is a state-of-the-art surface technique, that was

used for the first time, to investigate exclusively the

diamond thin film surface grown by HFCVD

technique. By this technique it is possible to amplify

Raman signals (often ~104–106 orders of magnitude)

preferentially from the near surface region of the

samples. The effect usually occurs at rough surfaces

of free electron metals, for a broad range of laser

exciting frequencies. Surface plasmons specific to rough

metal surfaces are believed to be responsible, for such

huge Raman amplification near the surface. Silver was

already known to produce SERS on a large number of

materials and hence was used for the present study.

Results and Discussion

For the first time it was found, that a nanocrystalline

diamond layer is invariably formed at the surface of

HFCVD grown diamond films. Phonon confinement

in these nano-sized crystals, resulted in asymmetric

broadening of the 1332 cm-1 diamond peak and

appearance of a new peak at ~1240 cm -1

corresponding to a feature in the phonon density of

states of diamond (Fig. 7). These features were

observed only after depositing silver on diamond films,

implying that signals are from film surface as a

consequence of Raman amplification by surface-

plasmons and are not from the bulk. The observations

Fig. 5: Raman spectra of boron doped samples

Fig. 6: I-V characteristics of boron doped samples
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 were further corroborated by high-resolution SEM

studies. Lack of coalescence among the crystallites

and constant exposure to reactive atmosphere, are

believed to have resulted in the formation of such

surface nanophase. Further studies were conducted

to investigate the formation dependence of such

nanocrystalline diamond phase on the feed gas

composition. It was found, that it’s concentration

increased with increase in CH
4
:H

2
 in the fed gas and

decreased on introducing small amount of O
2
 in the

same (Fig. 8).

Fabrication of Device: Performance under Test

Conditions

Metal-insulator-semiconductor type of structures was

fabricated on HFCVD grown diamond films. Prior to

metallization, the films were thoroughly cleaned using

standard ‘RCA cleaning technique’, which removed

the non-diamond carbon present in the films to a great

extent. Aluminum or silver gates were then evaporated

on top of the films and a coating of In-Ga paste was

applied at the back. Often aluminum was also used as

a back contact, instead of In-Ga paste. Fig. 9 gives a

schematic representation of a typical device used for

the study.

The devices so fabricated were then subjected to actual

performance tests. It was observed, that the devices

exhibited rectifying behaviour upon RCA cleaning as

against near Ohmic behavior prior to that. This could

be explained on the basis of large leakage current along

the grain boundaries and via conducting impurities

present in the as-grown diamond films. Removal of

the non-diamond graphitic stuff from the films by

RCA cleaning, made it to exhibit rectifying behaviour.

The RCA cleaned diamond films were then subjected

to H
2
-plasma treatment, to study it’s effect on the

performance of the device. It was found from

temperature-dependent current-voltage studies and

also from deep level transient spectroscopy, that the

plasma-treated samples exhibited homogeneous

distribution of highly conducting surface states, having

activation energy spread ~0.13 eV that dominated

the transport mechanism below 290 K (Fig. 10). The

surface states however vanished upon annealing the

Fig. 7: Raman spectra of a typical sample as a
function of silver deposition

Fig. 8 : Growth of nano-diamond phase as a function
of feed gas composition
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samples at ~800 °C under vacuum as a result of H
2
-

desorption.

Fig. 10: Temperature dependence of electrical
conductivity of the device after H

2
-plasma

treatment (D
H
) and vacuum annealing (D

A
)

Summary

It has been demonstrated that the hot filament

chemical vapour deposition technique could be

deployed successfully, to solve many advanced research

problems in the field of diamond deposition. Using

mixed slurry pre-treatment, diamond nucleation on

silicon could be enhanced to almost five orders of

magnitude, as compared to pristine silicon. P-type

boron doping of diamond films was carried out, using

a non-toxic solution of H
3
BO

3
 in CH

3
OH, that enabled

controlled doping over a wide range starting from

semiconducting to metallic domains. For the first time,

Fig. 9: Schematic diagram of a typical diamond
thin film device

presence of nanocrystalline diamond phase was

detected at the surface of HFCVD diamond films using

state-of-the-art Surface Enhanced Resonance Raman

Spectroscopy (SERS). Finally, devices were fabricated

from HFCVD diamond films and their performance

was tested under different thermal and chemical

treatments.
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