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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.

References

1. Kant, C. R., et al Plant Molecular Biology 57:

1-11.

2. Rajanikant, et al FEBS J  273: 1497-1506.



DR. HOMI BHABHA CENTENARY YEAR

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

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
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TELLURIUM THIN FILMS BASED

GAS SENSOR

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



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

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.
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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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LASER SEPARATION OF SULPHUR – 33  ISOTOPE :

A NOVEL TWO-STAGE APPROACH

P. Mathi, D.N. Joshi, P.K. Sahoo,
A.K. Nayak and V. Parthasarathy
Laser & Plasma Technology Division

and

M.N. Deo
High Pressure Physics Division

and

S.K. Sarkar
Radiation & Photochemistry Division

This paper won the Best Poster Presentation Award at the National Symposium

on Radiation & Photochemistry (NSRP–2007), held at the National Centre for Ultra-fast Processes,

University of Madras, Chennai, during January 29–31, 2007

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
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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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CALIBRATION OF AERODYNAMIC AND OPTICAL

PARTICLE SIZING INSTRUMENTS WITH THE

ELECTRICAL MOBILITY SIZER

Arshad Khan, P.S. Kothalkar, B.K. Sapra and Y.S. Mayya
Environmental Assessment Division

This paper received the 2nd  Prize in the Poster presentation category

at the Indian Aerosol Science & Technology Assoc. (IASTA-2007) conference, organized

at the National Physical Laboratory, New Delhi, during November 14-16, 2007

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

{               }
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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  ~1m / 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
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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



DR. HOMI BHABHA CENTENARY YEAR

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

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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