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Experimental

Mylar polymer film of 25m thickness and 1.39g/cm?
density was irradiated by 100 MeV *Cl| beam
(7°x107 ions/cm?) at BARC-TIFR pelletron accelerator
facility. The ion-irradiated film was etched with 6N
NaOH solution for 45 minutes. DBS was carried out
in unirradiated, ion-irradiated and etched Mylar using
slow positron beam in positron energy range of 200
eV to 10 keV. From 511 keV photo peak, S-parameter
was calculated by taking ratio of integrated counts in
the region of 511= .75 keV to the counts in the region
of 511+7.67 keV. The S-E curve were fitted to VEPFIT
to evaluate the diffusion length of positrons/Ps.
3y/ 2yratio was also calculated from the spectra.

Results and Discussion

The S-E and 3y/ 2yratio curve obtained from DBS of
unirradiated, ion-irradiated and etched Mylar films are
shown in Fig.1 and Fig. 2 respectively. In Fig.1,
S-parameter increases as a function of positron energy
upto 1.5 keV in all three samples and then remains
the same throughout the bulk.® The increase in
S parameter indicates the enhancement in trapping of
positrons, p-Ps annihilation and pickoff annihilation
fraction as a function of positron implantation depth.
The diffusion length of positrons / Ps in unirradiated,
ion-irradiated and etched Mylar was found to be
342 +93nm, 3.4+ .5nmand 4.3 = .5nm. In
case of ion-irradiated Mylar, S remains higher as
compared to unirradiated Mylar, which may be due
to formation of free volumes and free radicals,
responsible for more Ps formation and trapping of
positrons/Ps. Due to more trapping of positrons/ Ps
inion-irradiated polymer, diffusion length of positrons
/ Ps reduces and reemission of positrons / Ps to the
surface decreases, where they annihilate in three
photons and 3y/ 2y value at low positron energies
for ion-irradiated Mylar is lower as compared to
unirradiated, as shown in Fig. 3. The higher

184 | ISSUE NO. 297

S-parameter of ion-irradiated Mylar having similar
3y/ 2y ratio to unirradiated Mylar can be explained
due to formation of free volumes and free radicals
where most of the 0-Ps undergo pick-off annihilation,
through two photon annihilation mode.

The ion-irradiated Mylar was etched with 6N NaOH,
for enlargement of the free volumes, as it dissolves
the broken chains and removes the free radicals also.
At lower energies of positrons, S-parameter of etched
Mylar is lower as compared to unirradiated and ion-
irradiated Mylar, but 3y/ 2yratio for etched Mylar is

Fig. 2: S-parameter vs positron energy (shown upto
6 keV); Solid line shows fitting using VEPFIT
higher as compared to two other cases. In this case
the diffusion length of positrons / Ps is longer than
that of ion-irradiated ones as discussed before. These
observations can be explained as a result of reemission
of positrons/Ps after trapping which indicates that,
the etching of ion-irradiated Mylar has increased the
interconnectivity of the free volumes. In Fig. 3, a cross
over in 3y/ 2y ratio occurs around 90 nm, below the
surface after that ion-irradiated and etched Mylar has
the similar decreasing trend having lower 3/ 2y ratio,
than unirradiated Mylar. This can be an implication of
change in microstructure from larger free volume to
smaller free volumes” and etching for 45 minutes has
not enlarged the free volumes at this depth.
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ABSTRACT

Potential applications of silica aerogels such as super-insulating fillers in windows, solar energy devices and ICF
targets, require aerogel objects in prescribed shapes and sizes and there is a need for encasing them for safe
handling, due to their fragile nature. Conventional method of casting of aerogels is time-consuming and it
requires pre-volume shrinkage of alcogels, which is not reproducible and it suffers from difficulties in handling
of delicate alcogels. We have developed a method for casting of aerogel objects directly into metallic moulds,
which results in zero volume shrinkage, good optical transparency and reproducibility in terms of density and
monolithy. Detailed studies have been conducted to understand the effect of additives like dimethylformamide
(DMF) and silica powder on volume shrinkage, optical transparency and surface area of retrieved aerogels.
DMF/TEOS molar ratio was varied from 0 to 0.8 in steps of 0.2 and silica powder/TEOS molar ratio was varied
from 0.04 to 0.12 in steps of 0.04. With precursors TEOS: EtOH: water (0.001M citric acid): DMF: silica
powder (added at sol state) at optimal molar ratio of 1: 5: 7:0.6:0.04, respectively, we have obtained aerogel
objects with zero volume shrinkage, good optical transparency (90%) and of 50 mm diameter and 10 mm thick
size, encased in aluminium ring.

Introduction

Silica aerogels are extremely porous and being tested in double-walled window applications
transparent materials, consisting of > 95% air and and solar energy systems, for super thermal
< 5% silicon dioxide. Due to their high porosity  insulation. Recently, silica aerogels have found
and large surface area (1600 m?g) [1] they are  application as inertial confinement fusion targets [5].
used as catalyst supports [2] and containers for  For these potential technological applications,
liquid rocket propellants [3]. Because of their low  sjlica aerogels are required in prescribed shapes and
refractive indices (1 .01 to 11) aerogels are suitable sizes and there is also a need for encasing them
for detection of Cerenkov radiations [4]. They are  for safe handling, due to their fragile nature.
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Silica aerogel are conventionally produced, by using
tetramethoxysilane (TMOS) precursor. One of the
authors, P.B. Wagh has demonstrated that, silica
aerogels can be obtained from tetraethoxysilnae
(TEOS), which is less toxic as well as cheaper precursor
but observed 15 % volume shrinkage and low optical
transparency of 60% [6]. Because of large shrinkage,
these materials are casted in approximate shapes and
then dried separately.

Experimental Method

Silica alcogels were prepared by hydrolysis and
polycondensation of EtOH-diluted TEOS, in the
presence of catalyst. The preparation of alcosol was
started with molar ratios of precursors; TEOS precursor:
ethanol (EtOH) solvent: water (0.001M catalyst) as
1:5:7, respectively, which was found to give minimum
shrinkage of 15% in TEOS aerogels [6]. This molar
ratio resulted in monolithic but volume-shrinked and
semi-transparent (60%) aerogels. To achieve zero
volume shrinkage and transparent TEOS aerogels, we
examined the effect of addition of DMF as Drying
Control Chemical Additive (DCCA) and silica powder
in the sol state. The DMF/TEOS molar ratio (A) was
varied from 0 to 0.8 in steps of 0.2 and silica powder/
TEOS molar ratio (B) was varied from 0.04 t0 0.12 in
steps of 0.04. Precursors chemicals were stirred in a
100 ml beaker and resulting sols were transferred to
moulds. After gelation, the mould was placed in a
3-liter volume capacity pressure vessel and an
additional 300 ml of ethanol was poured in the
pressure vessel. After 3 hours of aging, alcogels were
supercritically dried in an autoclave to obtain aerogels.

Densities of aerogel samples were measured, by known
dimensions and weights. The percentage of porosity
(P%) was obtained from the values of bulk (p,) and
skeletal (p,) densities (2.2 g/ cm?) using the relation,
P% = (1-p,/p,) x100. Optical transparency of aerogel
samples (1cm thick) was measured, at a wavelength
of 900 nm, using a Perkin-Elmer spectrophotometer.
Surface area of aerogel samples was measured, using
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multiple point nitrogen gas adsorption BET surface
analyzer (Model ASAP 2000).

Results and Discussion

Effect of DMF/TEOS molar ratio (A)

The pore sizes in the aerogels can be controlled by
adding an organic solvent, called a Drying Control
Chemical Additive (DCCA) to the sol. Formamide,
Dimethylformamide, Glycerol and Acetonitrile are some
of the DCCAs that have been used, for making
xerogels [7]. DMF is known to decrease the hydrolysis
rate and enhance polymerization [8] that helps in
maintaining uniformity of the pores. Controlling the
uniformity of pore size, optical transparency of the
aerogels can be improved. \We have examined the effect
of DMF/TEQS molar ratio, on the optical transparency
and volume shrinkage. The molar ratio of DMF/TEOS
(A) was varied from 0 to 0.8 within step of 0.2. The
effect of DMF/TEOS molar ratio (A) on physical
properties of aerogels is tabulated in Table 1. It has
been found that ‘A values between 0 and 0.6 resulted
in lowering of density of aerogels from 0.23 to 0.20
g/cm? and reduced volume shrinkage from 15% to
5%. It may be due to increase in porosity because of
enhancement of polymerization but as it controls
the formation of smaller particles, ultimately the
surface area was also found to be decreased
(for A=0.6, surface area = 795 m?/g). For ‘A’ values
from 0 to 0.6, the optical transmission- increases up
1092 % and for A= 0.8, optical transparency decreases
to 85 %. Increase of optical transparency up to 92 %
may be due to uniformity of both pore and particle
size, on the other hand decrease in optical transparency
for higher A values (= 0.8) may be due to formation
of larger size SiO, particles and irregular pores, as a
result of enhanced polymerization reaction.

Effect of silica powder/TEOS molar ratio (B)

To strengthen thessilica network and prevent volume
shrinkage, we added nanosized silica powder directly
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Table 1: Effect of DMF / TEOS Molar ratio and additives (silica
powder as binder) on the physical properties of aerogels

be due to uniform pore size
distribution.

Casting of aerogel objects

siliza powder TEOS (B)
| =00

|7 | DNEFITEOS (A =00

silica pewden TEDS
1B ]2

LUN b

67

[Sr. [ DMF/TEDS Molar Bull  [Specific [ % of [ % of o of optical
: N ratin ami silica powder! 1N.‘I!litri wirface pornsity | volame trumsmiiiance . .
TEOS molar rat {gem') | area by shrinkage | a1 wavelengh Conventional casting process needs
| BET of Hiinm i
:m;:d pre-volume shrinkage as well as
L . . .
[T |DMETEOSIAM=0 | 023 | %15 T T e handling of delicate alcogels, which
T | DRMFTEDS Ay 12 i3 | AW W % R results in damage of samples at
3 | DAMFAEDS (A0 | 020 | 78 s [ i alcogel stage only. Hence, to
1| DMFTEDS (A 0 020 ErT] TLH o R overcome this problem, alcogels
% [ DNIFTEQS (A)=00 miz | el [ T were casted directly in the mould and
sillca powdern TEDS 0
[ (B =0 placed in an autoclave for
& | DMETEGS (A =06 014 0

| supercritical drying. As the mould has
to be put in an autoclave and
subjected to critical temperature and
pressure condition of solvent, it
should withstand such high

e

in asol. Silica powder/TEOS molar ratio (B) was varied
from 0.04 to 0.12, for fixed value of A= 0.6. The
externally added silica powder acts as binder for SiO,
particles formed due to hydrolysis and condensation
reaction and helps to prevent volume shrinkage of
resulted aerogels. Table 1 indicates the effect of silica
powder/TEOS molar ratios, on the physical properties
of resulted aerogel. For B=0.04 resulted in low density
(p =0.12 g/cm?) of aerogels, where added silica
powder is counterbalanced, by reduction in volume
shrinkage as compared to aerogels obtained without
addition of silica powder (p=0.20 g/cm?). For increase
in B values from 0.04 to 0.12 resulted in an increase
in the density of aerogels from 0.12 to 0.17 g/cm?.
This is because, physical addition of excess silica
powder, resulted in an increase in mass of resulted
aerogels, but does not contribute towards lowering of
the shrinkage. Transparency was found to be drastically
decreased from 90 % to 50 % with increase in B values
from 0.04 to 0.12, which might be due to non-uniform
size of SiO, particles and non-uniform pore size
distribution, due to agglomeration of added silica
powder. On the other hand, for B = 0.04 resulted in
optically transparent (~ 90 %) aerogels which might
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temperature and pressure. For
ethanol, critical temperature and pressure are 240°C
and 63 bars, respectively. Hence, aluminium ring was
chosen to cast aerogels for demonstration. Top and
bottom SS plates and sandwiched aluminium ring were
highly polished (surface finish < 16 microns) to prevent
leakage of sol as well as to prevent sticking of aerogels
to metal surfaces. The aerogels with zero volume
shrinkage and confined in the metal rings are shown
in Fig. 1.

Conclusions

Zero volume shrinkage of retrieved aerogels is achieved,
by making use of DMF (as DCCA) and silica powder
additives. In a pressure vessel of 100 mm diameter
and 3-liter volume capacity and at optimal molar ratio
of the precursors TEOS: EtOH: H,O (0.001 M citric
acid): DMF: silica powder = 1:5:7:0.6:0.04,
respectively, we have obtained silica aerogel objects
of large size, up to 10 mm thick and of 50 mm
diameter and encased in a metallic ring. The resulting
aerogels are monolithic with zero volume shrinkage,
high optical transparency ~ 90 % (at A = 900 nm)
and low density of 0.12 g/ cm?.
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ABSTRACT

Sensitivities of hydrogen and chlorine in aqueous samples, with varying hydrogen concentration have been
measured. Sensitivities were found to vary with hydrogen concentration, indicating the effect of neutron scattering

in PGNAA. With increasing hydrogen concentration, sensitivities were observed to increase for samples with
small path length (0.5 cm) and decrease for the samples with large path length (2 cm). However, ratio of the
sensitivity of Cl to that of H was observed to be independent of H concentration

Introduction

Prompt Gamma ray Neutron Activation Analysis
(PGNAA) is a powerful on-line analytical technique,
for elemental analysis. It is suitable for elements with
large neutron absorption cross section and is commonly
used for the analysis of low Z elements which are not
amenable to conventional Neutron Activation Analysis
(NAA). The lower flux of thermal neutron beams as
compared to that in the reactor irradiation positions,
necessitates the use of larger sample quantities,
resulting in the large path length for the neutrons in
the sample. This results in significant perturbation of
the neutron flux inside the sample. For example, the

presence of elements with large neutron absorption
cross section such as Boron and Cadmium, results in
attenuation of the neutron flux. A correction method
has been suggested and is in use for the PGNAA of
the samples containing these elements [1] in significant
concentrations. Another matrix effect which can
perturb neutron flux and requires corrective measures,
is neutron scattering. This effect is more important for
the samples containing low Z elements, particularly
hydrogen. Hydrogenous matrix of the sample
significantly changes neutron flux and may result in
variation of the sensitivity of an element, in samples
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of different dimensions and hydrogen content [2-4].
Analysis of aqueous samples which contain hydrogen
as the bulk matrix element, is such an example. In
order to investigate the effect of neutron scattering in
the analysis of aqueous samples, sensitivities of
hydrogen and chlorine were measured, with varying
hydrogen content in the sample. The hydrogen content
of the agueous solution has been varied by adding
D,0Q in the aqueous solution, keeping the total volume
constant.

Experimental

Experiments were carried out at DHRUVA reactor,
BARC, Mumbai using diffracted neutron beam of
energy 0.018 eV. Fig. 1 shows a schematic of PGNAA
set up at the DHRUVA reactor. The neutron flux at the
position of irradiation was about 10° n.cm=2.s™.
Agqueous samples were suspended in the path of
neutron beam and prompt gamma-rays were
measured, using an HPGe detector kept at 90° with
respect to the beam. The detector was connected to

an 8k-channel analyzer, to acquire the gamma-ray
spectrum. The detector was surrounded by lead to
shield from the emanating gamma-rays, from the
capture of scattered neutrons. The detector was
covered with boron carbide, to minimize the exposure
of the detector to the scattered neutrons.

Sensitivity of hydrogen in H,O-D,O mixture was
determined, from the count rate of 2223 keV prompt
gamma-ray of hydrogen. In order to correct for the
contribution from the hydrogen presentin D,O, pure
D,0 was irradiated. In H,0-D-,0 mixture, concentration
of D,0 was in the range of 0-85%. The diameter of
the container was 2 cm. The sensitivity of chlorine in
H,O-D,0 mixture was determined from the count rate
of the 786 keV gamma-ray. A constant volume of
NaCl solution was added to H,0-D,0O mixture, for the
measurement of the sensitivity of chlorine. In order to
investigate the effect of path length on neutron
scattering, the sensitivities of hydrogen and chlorine
were also measured, in a small container with path
length 0.5 cm.

Results and Discussion

Sample

Holder

Neutron beam

BGO +—
shield  HpGe
detector

I

i Boron

¥ h
lea dCafb:de
shield

As the samples (containing
D,0) were irradiated in air,
there was a possibility of
exchange of D,0 from the
sample, with the moisture
in air. To account for this,
2223 keV prompt gamma-
ray count rates of hydrogen
were measured, as a
function of time taking a
fresh D,O sample. Fig. 2
shows a plot of the count
rate of 2223 keV gamma-
ray of hydrogen as a
function of time. It can be

Beam Dump

Fig. 1: Schematic representation of the PGNAA set up
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seen from the figure, that
the count rate of hydrogen
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systematically increases with time, due to the exchange
of deuterium with atmospheric hydrogen. In the case
of H,0-D,0 mixture, the measured count rates of 2223
keV gamma-ray were corrected, for the time-dependent
increase due to H-D exchange.
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Fig. 2: Count rate of 2223 keV gamma ray of H as
a function of time

Sensitivity of hydrogen in H,0-D,0 mixture with varying
concentration of D,O is shown in Fig. 3. Filled and
hollow symbols represent the sensitivities of hydrogen,
in large and small containers respectively. It can be
seen from Fig. 3 that the change in D,0 concentration
has a different effect on the sensitivity of hydrogen,
in the case of small and large containers. Sensitivity
of hydrogen increases in the case of small container
and decreases in the case of large container, with
decreasing concentration of D,0. The change in
sensitivity is mainly due to the difference in the neutron
scattering cross sections of hydrogen and deuterium.
In the case of small container, neutron scattering
increases with decreasing concentration of D,0 and
in turn, path length of the neutron inside the sample
increases. This results in an increase in the sensitivity
of hydrogen. In the case of a large container, neutron
scattering results in the attenuation of the neutron
flux inside the sample. Further, in the present
experiment, neutron beam is slightly colder as

compared to the thermal neutron beam. The large
amount of scattering may result in thermalization of
the neuron beam and thereby result in a decrease in
neutron absorption probability.

In Fig. 4, ratio of sensitivities of hydrogen and chlorine
are plotted as a function of D,O concentration in the
H,O-D,0 mixture. It can be seen from the figure, that
the ratio of sensitivities is independent of the hydrogen
content of the sample. Thus, in the analysis of aqueous
samples, concentration of analytes should be
determined with respect to hydrogen. Conversion of
relative concentrations into absolute concentration,
requires knowledge about hydrogen amount.
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Fig. 3: Sensitivity of hydrogen vs H concentration

Measurement of H and Cl sensitivities in the aqueous
solution of varying concentrations indicated that, the
sensitivity increases or decreases with increasing H
concentration, depending on the size of the sample.
It was observed, that the sensitivity of H and Cl varies
with varying H content of the aqueous solution, for a
given sample size. However, ratio of the sensitivity of
Cland H, remains independent of the H concentration.
Thus, in PGNAA of aqueous samples containing
1/v-nuclei, scattering effects can be taken care of, by
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determining the concentration of analyte elements,
18 relative to H.
2 18- References
g
f‘: 17 1 1 K. Sudarshan, R. Tripathi, A. G. C. Nair, R.
@ $ 1 I 1 ] Acharya, A. V. R. Reddy, A. Goswami, Anal.
Q. i I Chim. Acta 549, 205 (2005).
g 2. K. Sudarshan, R. Tripathi, A. G. C. Nair, R.
e Acharya, A. V. R. Reddy, A. Goswami, Anal.
Chim. Acta 535, 309 (2005).
i e 3. Elizabeth A. Mackey, Glen E. Gordon, Richard
i n . H:‘ i = ) M. Lindstrom, David L. Anderson, Anal. Chem.
63,288 (1991).
4. Elizabeth A. Mackey, Glen E. Gordon, Richard

Fig. 4: Ratio of sensitivity of chlorine to hydrogen
vs H concentration

M. Lindstrom, David L. Anderson, Anal. Chem.
64,2366 (1992).

ABOUT THE AUTHORS

| Y

_—

dh

i

in peer-reviewed journals.

Mr. Rahul Tripathi completed his M. Sc. (Chemistry) from Dr. Ram Manohar Lohia
(Avadh) University in 1997. He is a Homi Bhabha Award winner from the 43 Batch of
Training School. After one year training, he joined the Radiochemistry Division of BARCin
2000. His research areas include heavy ion induced reactions and radio analytical techniques.
He has about 20 publications in peer-reviewed journals.

Mr. Kathi Sudarshan is a gold medalist from the University of Hyderabad in M.Sc.

(Chemistry). He joined the Radiochemistry Division of BARCin 1999 from the 42 Batch
[ — of Training School. His research areas include positron annihilation spectroscopy, radio
analytical techniques and heavy ion induced reactions. He has published about 30 papers

194 | ISSUE NO. 297 | OCTOBER 2008



dtvan==it

BARDC

HEWELETTER

ABOUT THE AUTHORS

Dr. A. Goswami did his M. Sc. in Chemistry from Burdwan University in 1978. After
completion of one year training, he joined the Radiochemistry Division of BARC in 1980.
His areas of research interest are nuclear fission / reactions, PGNAA and nondestructive
assay methods. He has about 80 publications in international journals.

Dr. A.G.C. Nair joined the Radiochemistry Division of BARCin 1969. His fields of interest
include development of radiochemical separation procedures of fission products and trace
element analysis by Neutron Activation Analysis (NAA) and Prompt Gamma ray NAA
(PGNAA). He has about 130 publications (journals and symposia) to his credit.

Dr. A.V.R. Reddy joined the Nuclear Chemistry Section, Radiochemistry Division in 1977.
At present he is the Head of Nuclear Chemistry Section. His areas of research are nuclear
fission, nuclear reactions, neutron activation analysis, radiochemical separations, heavy
element chemistry and non destructive assay methods. He has about 250 publications in
journals and symposia and has authored 3 books and edited 5 compilations.

(Late) Dr. S.K. Kataria was a Homi Bhabha Award winner from the 7" Batch (Physics) of
Training School. He retired as Associate Director, Electronics Group (E), Electronics &
Instrumentation Group and was closely associated with development of Radiation Detectors
& Instrumentation, Data Acquisition Systems, Micro-Electronics and Software, Biomedical
Instrumentaion, XRF and X-Ray Spectroscopy Systems. He contributed to Medium Energy
Nuclear Reaction Theory and Experiments, Nuclear Models and Statistical Properties of
Nuclei, Relativistic Heavy lon Reaction Experiments.

195 | FOUNDER’'S DAY SPECIAL ISSUE



OO &
L

DR. HOMI BHABHA CENTENARY YEAR

ANOMALOUS FISSION FRAGMENT ANGULAR
DISTRIBUTION IN ""B+24AM REACTION AT NEAR
BARRIER ENERGIES
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ABSTRACT

Fission fragment angular distributions were measured in ""B+%**Am reaction, at E_ =60, 66 and 72 MeV, to
understand the role of target deformation and entrance channel mass asymmetry, in the contribution from non-
compound nucleus fission. From the fission fragment angular distribution, angular anisotropies were deduced,
which were found to be higher than those calculated using statistical theory. From the present study it appears
that, target deformation is responsible for the contribution from non-compound nucleus fission in ""B+24Am

reaction

Introduction

Fission fragment angular distribution is a sensitive
probe to investigate the mechanism of fusion-fission.
Fission fragment angular distribution is reproduced
by statistical theory [1] for compound nucleus fission.
In the case of contribution from non-compound
nucleus fission, angular distribution deviates from the
prediction of statistical theory. Pre-equilibrium fission
model Ramamurthy and Kapoor [2,3] and entrance
channel dependent (ECD) K-state model, Vorkapic
and Ivanisevic [4] were proposed, to explain the fission
fragment angular distribution for systems, having
contribution from non-compound nucleus fission.
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Both the models could explain the anomalous fission
fragment angular distribution, although, basic
assumptions are significantly different. In the pre-
equilibrium fission model, entrance channel mass
asymmetry (o) is crucial, in deciding the contribution
from non-compound nucleus fission. According to
this model, if the entrance channel mass asymmetry
(o) of the reaction system is lower than the Bussenaro-
Gallone critical mass asymmetry (o) [5], there will
be contribution from non-compound nucleus fission.
In the ECD K-state model, target deformation plays an
important role. At near and sub barrier energies, fusion
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predominantly takes place by the collision of the
projectile, with the tip of the deformed target. If the
composite system formed after collision is more
elongated as compared to the saddle point, it may
escape into the exit channel without being captured
within the saddle point, to form the compound
nucleus, resulting in non-compound nucleus fission.
It has been shown by Vorkapic and Ivanisevic [4] that
the anomalous fission fragment angular distribution
in °0+#?Th (a.<or, ) and "2C+2%%U (o> 0, ) reactions
can be explained, by ECD K-state model. The fact that
both '*O+232Th and "2C+2%°U reactions show
anomalous fission fragment angular distribution
indicates, that fission entrance channel mass
asymmetry, is not dictating the contribution from non-
compound nucleus fission, in this reaction system. In
this study, the compound nucleus is #4Cf. It would be
interesting to study the other fissioning systems
through reaction routes with oi<ar, . as well as >0, .
Hinde et al [6] have studied the fission fragment
angular distribution in "*O+2%U (a.<a, ) at near and
sub-barrier energies. This study has shown significant
contribution from non-compound nucleus fission.
However, recent measurement of cross section of
evaporation residues (ERs) by Nishio et al [7] in
1°0+238U reaction at near and sub-barrier energies,
are consistent with the statistical theory indicating that,
the contribution from non-compound nucleus fission
is not significant. In the present work, fission fragment
angular distribution has been measured in ''B+2Am
reaction producing the same compound nucleus 2>*Fm
at near barrier energies. For this system a>a,,
therefore, deviation of the fission fragment angular
distribution from statistical theory is not expected, on
the basis of pre-equilibrium fission model [2,3].
However, since 2*Am is a deformed target, deviation

of fission fragment angular distribution from statistical

RC

theory is expected, on the basis of ECD K-state model
[4]. Measurements have been carried outat £, , =60,
66 and 72 MeV corresponding to E_ /V, of 1.00, 1.10
and 1.20 respectively. The results have been analyzed
in the light of statistical theory.

Experimental

Experiments were carried out BARC-TIFR pelletron
accelerator, Mumbai, India. An electrodeposited target
of 23Am (thickness ~100 pg/cm?) on Ni-Cu backing
was mounted, at the centre of a 1 m diameter
scattering chamber, with 23Am layer facing the beam.
The target was bombarded with ''B beam E,_, =60,
66 and 72 MeV and fission fragments were measured
in the backward hemisphere, using two E-DE silicon
telescopes. The thickness values of the two DE
detectors were 10 and 12 mm. A monitor detector
was kept at 35° with respect to beam direction to
detect the elastically scattered "B ions. The data of
the monitor detector was used, to normalize the count
rates of the telescopes, to obtain absolute fission cross

section.

Results and Discussion

The kinetic energy spectra of fission fragments were
integrated, to obtain fission fragment angular
distribution in laboratory frame of reference. The lab
angular distributions were transformed from laboratory
to center of mass frame of reference, assuming fission
following complete fusion at all the beam energies. In
the transformation from laboratory to center of mass
frame of reference, the kinematics relevant to
symmetric fission were considered, with kinetic
energies calculated from the prescription of Rossner
et al [8]. The fission differential cross sections were
obtained, after normalizing for the target thickness
and beam current, using the data of the monitor
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detector. In order to deduce the angular anisotropies,
fission fragment angular distributions were fitted, using
the statistical theory expression [1]. According to
statistical theory, fission fragment angular distribution
for a spin zero projectile target combination is given

by the following expression

= [2+1} Tz-r:r'r R Vi o el T O S T B R T ]
widlacy s ] [

T Y
(2 ) erfii= 12} 2e1 ) J

(1]

where, T is the transmission coefficient for the / partial
wave. K 7 is the variance of the K distribution. J, is the
zeroth order Bessel function. The constant C has been
introduced in equation (1), to normalize the calculated
angular distribution to the experimental angular
distribution. The experimental angular distributions
were fitted using equation (1) with Cand K ? as free
parameters. The / distribution of the compound nucleus
was calculated using the code CCFUS [10]. The
experimental fission fragment angular distributions and
fitted curves are shown in Fig. 1. The fitted curves
were extrapolated to 180° and 90° to obtain angular
anisotropies (W(780) / W(90)). Fig. 1 shows the center
of mass angular distributions of fission fragments in
the ""B+2%*Am reaction. The solid curves represent the
best fits to the data obtained, using the statistical
theory expression [1]. The fitting procedure is given in
detail Tripathi et al [9]. The fission cross sections at
different beam energies, obtained by integrating the
fitted curves, were in good agreement with the fusion
cross sections, calculated using the coupled channel
code CCFUS [10]. From the fitted curves angular
anisotropies (W(0) / W(90)) were determined. In order

to calculate the angular anisotropies, /-distribution of
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the compound nucleus was approximated as the /-
distribution of the fissioning nucleus. Experimental and
calculated anisotropies are shown in Fig. 2. The
experimental anisotropies are shown as filled symbols
and the calculated values are shown as solid and dotted
lines which correspond to the values calculated using
the coupled and uncoupled /-distributions respectively.

It can be seen from the figure, that the experimental

"g+"am
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-
-
-
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Fig. 1: Fission fragment angular distribution in
"B + 2% Am reaction
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Fig. 2: Experimental and calculated anisotropies
in "B+2** Am reaction
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ABSTRACT

An Epithermal Neutron Activation Analysis (ENAA) method using boron carbide shielding was standardized, for
the determination of concentrations of low levels of iodine, in food materials namely milk, milk powder and
baby foods. Advantage of iodine determination by ENAA has been evaluated, by determining boron ratios of

iodine and its interfering elements like Na, K, Mn and Br. The concentrations of iodine determined in these
samples were in the range of 0.2-5.5 mg.kg™'. For method validation, iodine concentration was determined in

NIST SRM 1549, a low fat milk powder.

Introduction

lodine is an important essential trace element and is
required for proper growth and thyroid hormone
functioning of human beings. The daily dietary intake
of iodine as recommended by WHO is 50-200 ug for
infants to adults. However, deficiency or excess intake
of iodine can lead to disorders called iodine disorders.
The accurate determination of iodine in food products,
is therefore, of considerable scientific interest. The

analytical techniques most commonly employed for
measuring iodine concentrations are colorimetry, ion
selective electrode, isotope exchange, gas
chromatography and Neutron Activation Analysis
(NAA). Out of these techniques, NAA is one of the
best techniques for iodine determination due to it's
favorable nuclear properties leading to high sensitivity,
isotope specificity and it's applicability for trace
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elements. However, determination of low levels of
iodine in biological samples is often difficult, by
Instrumental NAA (INAA) due to high Compton
background, by the presence of activation products
of interfering elements like Na, K, Mn, Brand Cl [1].
In order to overcome this problem, Epithermal NAA
(ENAA) using thermal neutron absorbers like B and
Cd are used. The ENAA method is based on the fact
that the resonance integral () to thermal neutron (n,y)
cross-section (o) ratio (Q ) for 'l is 24.8 which is
much larger than that for some of the interfering
nuclides such as #Na, 3Cl, 2’Al, #'K, and *>Mn (0.59,
0.69, 0.71, 0.97, and 1.053, respectively). Usually,
any nuclide having Q, value >10 is a very good
candidate for it's determination via ENAA. Boron or
boron carbide is the better shielding material as
compared to Cd in the case of iodine, since cadmium
produces more residual activity. Since half-life of 2l is
short (25 min), ENAA with boron carbide filter is used
for shortirradiation and quick counting. In the present
work, milk, milk powder and baby foods were analyzed
by ENAA using B,C for the determination of low level
concentrations of iodine. Detection limits of iodine
were also determined.

Experimental
Elemental standard for iodine was prepared by drying
a known volume of standard solution of potassium

iodate on a filter paper. Samples of mass about 100

Table 1: Relevant nuclear data

mg along with elemental standard were sealed in
polythene. SRM 1549 was also prepared in a similar
way. Sealed samples along with the standards were
wrapped with 3 mm thick boron carbide rubber (B,C
containing 30% B) and then wrapped in Teflon tape
and finally sealed with polythene. Elemental standards
of I, Na, K, Mn and Br were prepared on filter papers
for determining boron ratios. They were packed with
and without B,C cover. Samples along with elemental
standard for iodine were irradiated in D 8 position of
APSARA reactor, BARC for one hour. Neutron fluxin
this position is ~5x 10" n.cm?2.s". After appropriate
cooling, samples and standards were mounted on the
Perspex plates and the radioactivity was assayed using
a high-resolution gamma ray spectrometer consisting
of 40 % HPGe detector connected to a Multi Channel
Analyzer (MCA). The gamma ray spectrum was
analyzed by using PHAST software, developed at BARC
[2]. Boron ratios of elements of interest were
calculated, using the ratios of activities produced by
direct INAA and ENAA. The concentrations of elements
were calculated using relative method of INAA.

Results and Discussion

The nuclear reaction, Q, values, half-life of activation
products and the principal gamma ray energies are
listed in Table 1. The boron ratios of elements are
given in Table 2. The advantage factors for iodine in
the presence of Na, K, Mn and Brare 10.9, 8.7, 8.3
and 1.2 respectively. It was calculated by dividing
boron ratios of
interfering element to

Muclear reaction Qb (/o) Radio- Half-life Ey (keV) element of interest
nudlides (ary %) (iodine). This indicates
L [ 24.8 i 25 min 442.9 (16.9) that iodine can be
Clin,y)™A 0.69 o 8 37.2 min 1642 (31) determined with better
B18r(n, y)*Br 10.3 BB 357 h 776 (100) detection limits in the
“Mn(n,y)*Mn 1.053 SMn 2.58 h 847 (98.9) presence of the
“Na(n,y)**Na 0.59 “Na 15h 1368.5 (100) interfering elements
RN, y)HK 0.87 Bt 4 12,8 h 1525 (1.8) e _Na' K. Mn and

Br by using ENAA.
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Element | Activity by | Activity by | Boron
INAA EMNAA, ratio
| 517542 106392 49
ha 17106 323 52.9
K 10419 245 42.5
Mn 1057484 26208 40.3
Br n 51 6.1

Table 3: Total iodine concentrations in food samples obtained by ENAA

is converted to L (ug) and L (mg.kg™") by dividing
sensitivity of iodine (S) and sample mass respectively.
The L values are in the range of 0.1 — 1.3 mg.kg™,
which depend on the salt content i.e., concentrations
of Na, Kand Cl. It was observed that the L for low
fat milk was lowest (0.1 mg.kg™”) since it is expected
to have lower salt content.

References

1. R.R Rao and A. Chatt,
Fres. J. Anal. Chem., 352
(1995) 53.

PK. Mukhopadhyay, Proc.

Food Material lodine Estimated/mg.kg ' | Detection Limit/ mg kg’ of the symposium on
NIST SRM 1549 (Milk powder) | 3.40 = 0.03 (3.38 £ 0.03) 0.8 Intelligent  Nuclear
IAEARM 153 (Milk powder) 1.59 = 011 (NA) NA Instrumentation (INIT-
Infant milk powder 3.60 = 0.15 13 2001), BARC, Mumbai,
Milk Poweder {Amul) 5.50 + 0.16 NA 2001.
Low fat Milk 0.16 = 0.01 0.1 3. L.A.Currie, Anal. Chem.,
“Cerelac wheat baby food 0.79 = 0.08 HA 40 (1968) 586.
Farex baby food 279 % 0.10 0.23
[} - Cortified values, WA - Not avadable
Fig. 1 shows a gamma ray spectrum of iodine of
irradiated NIST 1549 (milk powder) using ENAA and T
INAA. It can be seen from the spectrum, that the peak it
due to 8| at 443 keV is seen in the spectrum of ENAA,
whereas this peak cannot be seen in the spectrum of 2 1 =
INAA. The results of iodine concentrations determined = =
in different food and food products are given in Table \\M‘___fi
3. Theiodine concentration in NIST 1549 was obtained = e ity
3.40 = 0.03 mg.kg™" with respect to certified value of =
3.38 = 0.03 mg.kg™". The concentration of iodine as
discussed in IAEA-RM-153, was found to be g i '; 2
1.59+0.11 mg.kg" and the certified value of which s 2 =
is not reported. Results of concentrations of iodine of = \..‘M-——-»‘—] -||
5 other samples are in the range of 0.16-5.5mg.kg™. ' dronatt
The detection limit (L) was calculated using Currie’s ; & = mr; = #

formula [3], L, = 2.71 + 3.29 6, where o, is the
square root of background counts under the
characteristic photo-peak of interest. The L (counts)
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ABSTRACT

Selective separation of '*’Cs from high level waste is quite challenging, in view of the presence of a large
number of metal ions in varying oxidation states. Substituted calix [4]bis-crown-6 ligands have been found to be
promising extractants for selective Cs recovery from complex matrices. Liquid membranes containing calix
[4]bis-crown-6 ligands were used, in the investigations involving the transport behaviour of '¥7Cs. Selectivity

studies were carried out employing the gamma spectrometric analyses.

Introduction

The global inventory of '¥/Cs is estimated to be around
3.7 x 10" kBq by the year 2010. Due to it's long
half-life and reasonable gamma energy (661 keV), it
has potential application as a radiation source in
gamma irradiators in the environmental pollution
control, food preservation and sterilization of medical
accessories. '¥Cs (t1/2=31 .2 year) in HLW, is one of
the major radionuclides responsible for MANREM
problem encountered during the processing of
radioactive waste. Removal of '*’Cs from HLW,
facilitates it's safe disposal in deep geological repository
as vitrified mass [1]. It is, therefore, required to
develop efficient separation methods for it's recovery
from HLW.

Calixcrowns have been used as complexing agents for
the alkali / alkaline earth metal cations, due to the
presence of a glycol chain in their framework [2,3].
The selectivities of the complexation for metal ions,
depend on the conformation adopted by the rigidified
calix [4]arenes. For example, the partial cone isomer
of 1,3-dimethoxy-p-tertbutylcalix [4] crown-5 was
found to be selective for potassium cation [4]. Calix
[4]-bis-2,3-Naphtho-Crown-6 (CNC, Fig. 1) possesses
a cavity (1.5A) that is highly selective for Cs(l) cation
over other alkali metal ions, making it possible to
separate cesium from a solution containing 10*to 10°
- fold higher concentration of Na(l) [5]. Though
calixcrown ligands exhibit high selectivity towards the
alkali cations, their high cost has prohibited their use
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on a large scale. Membrane-based methods have
drawn the attention of separation chemists in view of
low inventory of ligand. In the present paper,
membrane-based separation of radio-cesium has been
reported, using Calix[4]-bis-2,3-Naphtho-Crown-6 as
a carrier dissolved in a mixture of 80% NPOE in
n-dodecane as the diluent.

Fig.1: Calix [1, 3]-bis-2, 3-napthocrown-6(CNC)

Experimental

Calix [4] -bis-2,3-naphtho-crown-6 was purchased from
Acros Organics, Belgium. PTFE membranes (47mm
diameter) of pore size 0.45 um having a nominal
thickness of 85 um and 72% porosity (Sartorius,
Germany) were used as the solid support. The effective
membrane area (Q), computed by multiplying the
geometrical area and membrane porosity, was equal
to 3.14 cm?.Transport studies were performed in
20 mL glass transport cells, with feed / strip solutions
stirred at 200 rpm. The PTFE membrane was soaked
in the carrier solution for about 30 minutes prior to
use. Membrane permeabilities
were determined, by assaying the
samples from the feed as well as

concentrations of metal ions in the feed side at a given
time and at the start of the experiment, respectively,
Q is the effective membrane area, V is the volume of
the feed solution in cm?® and t is the permeation time
(seconds). For the distribution studies, 1mL of aqueous
phase containing the '¥’Cs radiotracer was equilibrated,
with an equal volume of organic phase at constant
temperature, in a thermostated water bath. The two
phases were then centrifuged and assayed
radiometrically. The distribution ratio (D) was
calculated as the ratio of metal ion concentration in
organic phase to that in the aqueous phase.

Results and Discussion

Supported Liquid Membrane (SLM) studies

The suitable diluent for SLM studies was evaluated by
determining the distribution ratio of Cs(l) by
5.0 x 10* M Calix[4]-bis-2,3-Naphtho-Crown-6 in a
mixture of NPOE and dodecane in different proportions
(i.e. 20, 40, 60, 80 and 100% NPOE). The NPOE was
selected due to the solubility of CNC, whereas
dodecane was utilized for its soaking properties of
PTFE membrane. The D, values observed at 3M HNO,
for different proportions of the solvent are listed in
Table 1. Though maximum D, value was observed
with 100% NPOE, further studies were carried out
with 80% NPOE and 20% n-dodecane since 10%

Table 1: Distribution ratio of Cs(l) by 5 x 10 M CNC in different
diluents; Aqueous phase: 3M HNO,

the strip sides at different time
intervals. The permeability Obs. Nos. % NPOE % Dodecane Dy, at 3M HNO;
coefficient (p) for the metal ions 1 20 80 0.05
transport was calculated, by using 3 30 &0 027
the following formula: 3 = i 058
In (Cf,t/ Cf,o) _ -(Q/V)Pt (1) 4 &0 20 2.53

5 104) {1 4.001
where C; and C  are the
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NPOE could not wet the PTFE membrane. The stripping
of Cs(I) from the loaded organic phase (80% NPOE)
was carried out with distilled water where the backward
D, value obtained was 0.08, suggesting satisfactory
stripping of the monovalent cation. With the optimized
parameters from the solvent extraction studies, SLM
studies were carried out, using CNC dissolved in a
mixture of 80% NPOE and 20% n-dodecane as the
carrier supported in PTFE membrane. Distilled water
was employed as the strippant in all the studies.

T T T T T T T T T
20010° | -

"
L -
1.6x10™ - -

[ ]
%1 210" §= -
o

Bomio® - . A
410" - -
d d

'] 1 '] 1 ]
00001 00002 00003 00004 OO000S

[CHEC], M

Fig. 2: Variation of permeability coefficient with
ligand concentration. Feed: 2 M HNO,

Ligand variation studies, carried out at feed acidity of
3M HNO,, suggested increase in the permeability
coefficient (P) with the ligand concentration (Fig. 2).
Further studies were, therefore, carried out at the
ligand concentration of 5 x 10*M CNC, due to limited
solubility of the ligand beyond this concentration. The
permeability coefficient of Cs(1) as a function of HNO,
concentration is represented in Fig. 3. The permeability
coefficient of Cs(l) increased with the acid
concentration up to 3 M HNO, and then decreased

T ' L] ¥ T L T v T v T
2010 -
o
L A
i’
"
1.8x10" |- g
| ! E
— i \
1,2%10° |- [ Y -
| -
[+ % [ ! d
Box10" |- E
=
40x10" |- -
L]
i i 'l i i i i e i i 1
1 2 3 4 5 6
[HNO ], M

Fig. 3: Variation of P with HNO, concentration; Org.
phase: 5x10* M CNC in 80% NPOE + 20%
n - dodecane

thereafter. SLM transport studies were carried out at
3M HNO, as the feed and distilled water as the
strippant. The permeability coefficient (P, cm/s)
observed for Cs (I) at 3M HNO, was 1.9 x 10*
employing 5.0 x 10*M CNC dissolved in 80% NPOE
+ 20% dodecane corresponding to about 90%
transport of Cs(l) in 24hrs.

As shown in Fig. 3, the permeability coefficient (P,
cm/sec) value increased with nitric acid concentration
to a maximum at 3M HNO,. This was attributed to
the increased Cs(l) extraction as per the following
equation.

GCst, .+ CNC
aq.) (

( + NO, ., = [CSCNC]* NO,-

org.) org.)

On the other hand, decrease in the transport rate at
higher acidity, was due to acid transport as hydronium
ion [5]. A typical PHWR fuel with a burn up of 7000
MWd/t has about 0.543 g/L of Cs in the HLW. The
role of Cs concentration on the transport rates was
also investigated, using a maximum concentration of
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0.5 g/L of Cs. The transport data
reported in Table 2 indicated a significant
decrease in the % Cs transport with
increasing Cs concentration, which is
understandable from the flux equations.
It is possible to increase the transport
rate by increasing the membrane surface
area, using a hollow fiber supported
liguid membrane.

Countsimin

Selective transport studies of Cs(l) was
carried out with irradiated uranium
metal at 3M HNO,. As depicted from
the gamma spectrum in Fig. 4, the

selective transport of Cs(I) was observed

;m L] Ll T Ll L] T T
E LrL
100¢] Cs 0% " Strip-24 Hrs
1000 ] oy ]
4 Foed-24 H
- __L [ i )
10001 Strip4 Hrs
j (Foa. THSHn
!m“‘ = T - T - T > T
Trea] : _'_‘ I | Him F-d.‘ Hﬂ
i 1 | e S
jn&_ ::_NF' I Wy I
== -] ; J::I"DI‘[‘ ";:un -Nt:_.m H"
l:Il'.'l :‘EI:- 4-:‘11] EEG G‘!!II] 00D

from the feed solution containing
different fission products, where
~85% transport of pure Cs(lI) was
observed in 24hrs.

Table 2: Effect of varying feed Cs concentration on permeability

Fig. 4: Gamma spectra of the feed and strip phases which
indicated selective transport of Cs-137.

Polymer Inclusion Membrane
(PIM) studies

coefficients (P). Carrier: 5.0 x 10* M CNC in 80% NPOE + 20%

dodecane; Solid support: PTFE; Receiver: Distilled water

PIMs have the distinct advantage
of higher stability as compared to

This observation clearly demonstrated that radio
cesium can be selectively separated from acidic high
level waste solution, employing CNC -supported liquid
membrane. The stability of SLM was also studied by
using the same support in several runs of 24hrs
duration over a period of 20 days. The results suggested
excellent stability of the liquid membrane.

208
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the SLMs. Though the SLM studies
Concentration of % Cs transport P x10° indicated reasonably good stability
Cesium (M) (24 h) R’ (cmy/s) of the membrane, PIM studies were
Tracer 880 0,998 1 88+0.05 also carried out for comparison
ol Y] 0979 0395003 purpose. PII\/I'stud|es involved
Cellulose TriAcetate (CTA)

0.3 188 0.917 0.17+0.03 .
= membranes containing 80 mg
0.5 14.7 0978 0124005 CTA,150 iL NPOE, 4 mg CNC for
Cs transport from feed solutions of
TM HNO,. The permeability
coefficient (P) in such case was found to be

5.5 x 10®° cm/s corresponding to about 54%
transport of Cs(l) in 24hrs. An increase in the
transport rate was observed when CNC concentration
was increased from 2 mg (P = 3.3 x 10° cm/s)
to 10 mg (P= 8.5 x 10" cm/s). Though HLW usually
contains 3 M HNO,, the PIM was not stable
at such acidity. The transport studies were,
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therefore, carried out at varying concentration of
NaNO, and HNO,. When the feed contained 1M HNO,
+ 2 M NaNO, the P value was 7.2 x 10" cm/s which
decreased t0 5.7 x 10> cm/s 2M HNO, + 1M NaNO,
indicating competition due to hydrogen ion.

Conclusions

From the transport studies involving supported liquid
membrane (SLM) and Polymer Inclusion Membrane
(PIM) containing Calix[4]-bis-2,3-Naphtho-Crown-6
(CNQ), the following conclusions can be made:

. SLM studies appear promising when a diluent
mixture of 80% NPOE + 20% n-dodecane was
used.

. Though selectivity was excellent, a decrease in

permeability coefficient was observed with
increasing Cs loading. This can be improved by
increasing the membrane surface area, i.e.,
hollow fiber supported liquid membrane appear
promising.

. SLM system has shown excellent stability over
a period of 20 days.

. PIM studies have indicated much lower
permeability coefficient as compared to the SLM
studies. However, the PIM showed much lower
stability at 3 M feed acidity.
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Introduction

Room Temperature lonic 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, 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,). Studies
were also carried out to optimize conditions
for extraction of UO,?* to investigate it's redox
behaviour in OmimPF, 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,. The ionic liquid procured from Acros organics
(USA) was used without purification. CMPO was
supplied by the Bio-Organic Division, BARC in pure
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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,

The test solution (0.2 mL) of OmimPF, was transferred
into the cell. Cyclic Voltammetry (CV) was performed
by scanning the potential of working electrode from
+3Vto-3Vatascan rate of 20 mV s™.

Electrochemical window of OmimPF, in the
presence of CMPO

CV for 0.2M CMPO in OmimPF_was performed, by
scanning the potential of working electrode from +3V
to -3V at a scan rate of 20 mV s™".

Stability of OmimPF in contact with HNO,
OmimPF, 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,?*in OmimPF,

U (V1) [1.4mM] was quantitatively extracted from
0.5M HNO, in OmimPF_ phase by employing CMPO
as complexing agent. 0.2 mL was subjected to CV, by
scanning the potential of electrode from +2 Vto -2V
at a scan rate of 20 mVs™.

Evaluation of ‘n” number of electrons involved in
the redox reaction

Chronoamperometry was performed for UO,2*
extracted from 0.5 M nitric acid by 0.2 M CMPO/
OmimPF,, 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,
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demonstrates, that electrochemical window of the
OmimPF, spans the potential range from -2.5V to
+1.8 V, indicating an electrochemical window of
4.3V,

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,.

Current / le-4A
(=]

1.8

G ——— ———
30 24 18 12 06 0 06 12 18 24 30

Potential / V

Fig.1: C V of 0.2 mL of OmimPF_: Scan rate :
20 mVs'
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Fig. 2: C V of 0.2mL of OmimPF, / 0.2 M CMPO
Scan rate : 20 mVs™'
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The result of effect of HNO, on the stability of OmimPF,
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,
appeared. This peak corresponds to degraded product
of OmimPF,, which limits the EW of RTIL. Further it
can be seen that the peak disappears with 0.5M
HNO,.This suggests 0.5M HNO; is ideally suited for
liquid/liquid extraction studies.

Current / [e-5A

Fig. 3: CV of equilibrated 0.2 M CMPO/ of
OmimPF, with (0.5, 1, 2, 5 MHNO,)
Scan rate : 20 mVs™'

a0 —
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=06
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=1.8
=24

=30
-2.0 =16 1.2 -0.E .04 L] 04 o8 13

Potential / V

Current / le-5A

Fig. 4: CV of 1.4 mM uranium extracted
from 0.2M CMPO / of OmimPF, 0.5 M nitric acid
scan rate: 20 mVs™'

Cyclic voltammogram of UO,** extracted from 0.5M
HNO, 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,**
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"2 exhibited

20010"
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1 8x10"
1 dato”
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1. aet0*

curraniA)

soein’
B’
aowin’

2om0’

T T T . T r T T T - 1
10 15 a0 25 L EL

1isqur(t) sec

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,_

linearity. Inserting the value of slope (s) and intercept
(p) ineq., n (1-e') = s ?/pFa’c where, a = electrode
radius C= concentration of electroactive species F=
Faraday constant, we obtain number of electrons n
for redox reaction. Avalue of 1.96 for nwas obtained.
This value confirms that UO,?* undergoes a single step,
two-electron reduction to UO,.

Conclusion

The degraded product of OmimPF_ formed when
equilibrated with acids, is electroactive and decreased
the cathodic limit of OmimPF, from -2.5V to-0.55V.
However equilibration with 0.5M, HNO, 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,** is reduced to UO,.
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ABSTRACT

In order to eliminate the third phase formed during the extraction of macro concentration of Nd(lIl) by 0.1 M
TODGA (N,N,N’,N'-tetra octyl diglycolamides) in n-dodecane, several phase modifiers viz. TBP (tri-n-buty
phosphate), 1-decanol and DHOA (di-n-hexyl octanamide) were evaluated. Out of these modifiers, DHOA was
found to be superior. Based on the present work, 0.1TM TODGA and 0.5M DHOA are proposed to be the
solvents for the partitioning of lanthanides / actinides from acidic high-level waste solutions.

Introduction

The N,N,N‘,N’-tetra alkyl diglycolamides are a class
of emerging extractants for the separation of
lanthanides / actinides from nitric acid solutions of
different origin. Amongst several diglycolamide
derivatives, tetraoctyl diglycolamide (TODGA) shows
promise for the actinide partitioning in the reprocessing
of spent nuclear fuel or treatment of nuclear wastes
[1,2]. In general, paraffinic hydrocarbon solvents, such
as dodecane, kerosene, NPH are preferred, for fuel
reprocessing / actinide partitioning, because of their
chemical / radiolytic stability and favourable physico-
chemical characteristics, as compared to aromatic and
chlorinated solvents [3]. However, a major challenge
with TODGA in paraffinic solvent (n-dodecane) is the

third phase formation that occurs, when contacted
with high concentration of nitric acid solution
(>5 M HNO,).

The third phase formation is the splitting of organic
phase into two parts, resulting in a light organic phase
rich in diluent and lean in extractant; and a dense
organic phase rich in ligand-metal/ligand-nitric acid
complexes. The third phase is often eliminated by
addition of diluent modifiers such as long chain
alcohols, monoamides, trialkyl phosphates, etc. which
are capable of specific solvation of ligand-metal
complexes/ ligand-nitric acid salt through either dipole-
dipole interaction or hydrogen bonding. The present
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paper deals with the development of a suitable phase
modifier for the loading of Nd from nitric acid solution.
Limiting Organic Concentration (LOC) of Nd, was
determined under different experimental conditions.

Experimental

The syntheses of TODGA as well as DHOA were carried
out in our laboratory, employing established procedure
described elsewhere [2,4]. Other chemicals used were
of analytical reagent grade. Solvent extraction
experiments were performed, by equilibrating equal
volumes of organic and aqueous phases in stoppered
glass tubes. All the experiments were carried out at
room temperature (25°+1°C). Analysis of Nd was
carried out by complexometric titrations employing
standard EDTA solution as well as by radiometry
employing '*’Nd tracer.

Results and Discussion

Our earlier studies on TODGA revealed third phase
formation at very low metal ion concentration in the
organic phase. The formation of third phase during
counter-current extraction, may severely affect the
hydrodynamics of the contactor. The third phase is
often eliminated by addition of polar diluents such as
long chain alcohols, monoamides and organic
phosphates, often referred to as phase modifiers. The
phase modifiers are capable of specific solvation of
metal-ligand complexes / acid-ligand salts either
through dipole-dipole interaction or through hydrogen
bonding. Earlier, a series of long chain monoamides,
viz. dibutyl decanamide (DBDA), di(2-ethylhexyl)
acetamide (D2EHAA), di(2-ethylhexyl) propionamide
(D2EHPRA), di(2-ethylhexyl) isobutyramide (D2EHIBA),
dihexyl octanamide (DHOA) and dihexyl decanamide
(DHDA) were investigated in our laboratory, as phase
modifiers. Amongst these amides, DHOA was found
to be promising. However, the present studies were
extended to long chain alcohol (1-decanol) and an
organic phosphate (TBP) as the phase modifiers and
the results were compared with those of DHOA.
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The Limiting Organic Concentration (LOC) of Nd was
evaluated, by determining loading of Nd at different
agueous metal ion concentrations. Fig. 1 represents
the Nd loading by 0.1M TODGA and 0.5M phase
modifiers, viz. DHOA, TBP and 1-decanol, dissolved
in n-dodecane from feed solutions containing 3 M
HNO,. As is evident from the figure, the loading of
Nd increased with increase of the aqueous metal
concentrations. Though no third phase was observed
with any of the phase modifiers, Nd concentration in
the organic phase reached a maximum organic loading
value. The LOC of Nd was found to follow the order:
TBP (6.19¢/L) > DHOA (4.90g/L) > decanol (3.74g/L).
However, at lower aqueous Nd concentration, DHOA
system shows higher loading due to higher distribution
values of Nd.

| i L s 1 i | I—— ] i 1

2 4 & ] 10 12 14 16

[Nd]_, g/l

Fig. 1: Loading of Nd as a function of aqueous Nd
concentration; Org. phase: 0.1M TODGA + 0.5M
phase modifier; Aq. phase: 3M HNO,

Though LOC with TBP was the highest, better loading

(Fig. 1) as well as larger D, , was observed for DHOA,
at lower metal ion agueous concentration (Fig. 2). It
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Fig. 2: D, as a function of aqueous Nd(llI)

concentration; Org. phase: 0.1M TODGA + 0.5M
phase modifiers; Aq. phase: 3M HNO,

should be noted, that the concentration of lanthanides
in high level waste is in the range 1-4 g/L. Therefore,
data referring to the lower aqueous Nd concentration
is relevant to the partitioning of actinides/lanthanides
from nuclear waste solutions. It is evident from
Figs. 1 and 2, that DHOA was found to be a better
phase modifier as compared to TBP and decanol under
the conditions of high level waste solutions. Use of
DHOA was also preferred over TBP as the latter is a
phosphorus based molecule, which creates problems
in disposal of secondary waste.

The effect of phase modifier concentration on the LOC
of Nd was also studied and is presented in Table 1. It
is evident from the table that no significant increase
in the LOC of Nd was observed, beyond 0.5 M
concentration of phase modifiers. Therefore, 0.5 M
concentration of phase modifier was employed in
subsequent studies. Loading of Nd in the organic phase
was studied employing 0.1M TODGA and 0.5 M phase

Table 1: LOC of Nd by 0.1M TODGA + phase
modifiers; Diluent: n-dodecane; Aq. phase:
20g/L Nd at 3M HNO_; Temperature: 25°C

Concentration of LOC of Nd, g/L.

phase modifiers | DHOA | TBP | Decanol
(.00 1.15 1,15 115
05 4. 619 T4
08 49 | 691 | 389
1.0 475 705 | 403
1.2 4 ) T.05 : 189

modifiers from a solution containing 2.85 g/ L Nd at
3 M HNO,. As is presented in Table 2, >99% metal
ion was loaded in a single contact for all the three
systems. Similarly, stripping of Nd from loaded organic
phase was carried out, with 0.01M HNO,. In case of
DHOA, ~85% stripping was observed in the first
contact. On the other hand, only ~50% stripping was
observed for TBP which was attributed to the higher
acid uptake in the forward extraction. However,
quantitative stripping was observed in the third stage
for all the three systems.

Table 2: Loading and stripping of Nd by 0.1M
TODGA + 0.5M phase modifiers; Aq. phase:
2.85¢g/L Nd at 3M HNO_; Strip solution: 0.01M HNO,

% Loading
No. of Steps |5 H0A | TBP | Decandl
Load-1 99.75 | 99.28 | 99.46
Strip-1 8395 | 51.32 | 70.89
swipll | 9989 | 99.51 | 99.49
Swip-l | 9999 | 9999 | 9999
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Conclusions

Quantitative extraction of Nd(lll) was observed by 0.1M
TODGA and 0.5M phase modifiers from a solution
containing 2.85 g/L Nd at 3M HNO, which was
relevant to HLW solution. DHOA was found to be a
better phase modifier as compared to TBP and decanal.
It is proposed that 0.1M TODGA and 0.5M DHOA
may be used, for the partitioning of lanthanides /
actinides from acidic high level waste solutions.
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ABSTRACT

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,, 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.-2*3*U 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. U and power grade Pu are used as
spikes for IDMS. Absence of 23U in the dissolver
solution, made it possible even to calculate the isotopic
composition of U, from different atom ratios obtained
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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 23U /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 23U were
added as spikes. Samples were treated twice with conc.
HNO,and dried, to assure complete homogenization
of sample and spike. Plutonium is converted to
tetravalent state by treating with H,0,in 1:5 HNO,.
After drying, residue was takenin 1:1 HNO, and loaded
onto Dowex 1X8 (200-400 mesh), nitrate form resin
using 1:THNO, as the loading solution. The Column
was washed twice with two column volumes of 1:1
HNO, to elute the Am and fission products. After that,
two column volume of 1:5M HNO, 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,. This eluted solution was dried and re-
dissolved in about 1M HNO, (about100-200 A). From
this, about 5\ 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.

Cup Cup
Configuration No. 9 8 7 b 5 4 3
Used

m/z 233 235 | 237 238 239 240 P2l |
Other
Probable Cup m/z 233 234 | 235 236 238 239 240
Configuration
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employing Thermal lonization 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, 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.

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. 2>°U / 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.

Sample | Aliquot Byt | Hput? U;':ﬂ:“i :.m hg;::}r Pllét:::il:im . N(I;::‘c.h

No. No. | Atom | PuAtom | (mojgof | (mg/gof | (ng/gof | (ug/gof
Ratio Ratio D.S.) D.S.) D.S.) D.S.)

o DS-IA | J0uE | Doty | 1220 | a2 14.44 s
DB (290 PR | oy [ =02 | '

55 s Pip2a E'ﬁ_In;};?L Etﬁ;’i el 1532 Lies 15.22

pS2p | 209 N | 15316 £001% [ 1510 ke

e Dscak || etes | imasg | 530 14.42 440

Table 2: Concentration data for U and Pu from simultaneous analysis of U and Pu
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Table 3: Comparison of #°U/*28U atom ratio calculated from spiked sample data and that obtained by

analyzing purified fractions of pure Uranium

Observed ﬂgﬁt‘.l‘l'td ulated
. ”"’Umu Atom | U0 Atom | 2 U“su Atom | . %Y from
Sample Aliquot Mean Purified
No. No Ratio Ratio atio Rew fraction of U
: : )50
DSA | DS || e b 0.00599 0.00600 0.00601
. 0.4453 74.1564
psan | e s 0.00600
ps2 | ps2a| %03 el 0.00603 0.00601 0.00603
psan | 020 e 0.00602
DS |DEaa || geE e 0.00601 0.00601 0.00601
0.4738 78.8768
DSAE | a8 s 0.00601

* in 2502 original dissolver solution, 5 ml HNO, was added and sent for mass spectrometric analysis

* (5/3RCorr)Sa = (S/SRob)Sa_ (S/SR)Sp and *(8/3RCorr)Sa
= (3R ,);,~ (*°R), References
* 5/8 — (53 8/3
( RCaI)Sa ( RCorr)Sa/ ( RCo'rr)Sla i 1. FL. Moore and J.E. HudgenS Jr, Anal Chem.
* (*%R),, = U/ atom ratio in spike 291767(1957)
i.e 0.00008 '
. (¥2R),, = 22U/ atom ratio in spike 2. S.A.Chitambar, et. al. Preprint vol. of DAE
 00.00134 International Symp. on Radiochem. and

Radiation Chem. (Plutonium 50 years), Feb.
4-7, 1991, BARC, Bombay, Paper No. AC-16.
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ABSTRACT

Fission fragment angular distributions were measured in '°0+'%0s reaction, at E_ =80, 84, 89, 94 and
99 MeV, to investigate the contradicting results of the measurement of fission angular distribution and evaporation
residue cross section. From the fission fragment angular distributions, angular anisotropies were deduced.
Angular anisotropies were found to be consistent with those calculated using statistical theory. This observation
is consistent with that of our earlier measurement in 'F+'¥’Au reaction.

Introduction

Fusion hindrance in heavy ion induced reactions, is
currently an active area of investigation. Suppression
in the formation of evaporation residues, anomalous
fission fragment angular distribution and broadening
in the fission fragment mass distribution are taken as
signatures of Fusion hindrance. Results of a few recent
measurements on the fission fragment angular
distributions and evaporation residue cross sections,
are not consistent. Berriman et al [1] reported fusion
hindrance in "F+'%’Au and Si+'#W reactions based
on the measurement of the evaporation residue cross
section. Observation of fusion hindrance in these
reactions, was attributed to the lower entrance channel
mass asymmetry o of these systems compared to the
Businaro-Gallone critical mass asymmetry o, [2].
However, fusion hindrance in these reaction systems

224 | ISSUE NO. 297

was observed to be much higher than that expected
on the basis of preequilibrium fission model [2].
According to the preequilibrium fission model [2],
angular distribution is expected to deviate from
statistical theory, for reaction systems with a.< a,.
Measurement of fission fragment angular distribution
in "F+1'%’Au and Mg+ '880s reactions, forming same
compound nucleus [3,4], showed that experimental
anisotropies are consistent with the statistical theory
and significantly lower than those calculated using
the fusion suppression data from evaporation residue
measurement [1]. Disagreement between the results
of the measurement of evaporation residue cross
section and fission fragment angular distribution was
also observed in '°*O+23%U reaction [5,6]. These
observations indicate, that results of the measurement
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of fission fragment angular distribution and
evaporation residue cross sections, do not corroborate
for reaction systems with small ZZ ~700 (Z,and Z,
are the atomic numbers of the projectile and target
respectively). Investigation of this aspect, requires
measurement of fission fragment angular distribution
and evaporation residue cross section, in systems with
varying entrance channel mass asymmetry. As part of
these studies, fission fragment angular distribution and
evaporation residue cross sections have been measured,
in "°0+'#80s reaction at £, =80, 84, 89, 94 and 99
MeV using 'O beam from BARC-TIFR pelletron
accelerator. In this paper, we report results on the
fission fragment angular distribution in 0+ '880s
reaction.

Experimental

Experiments were carried out at BARC-TIFR pelletron
accelerator, Mumbai, India. Electrodeposited target of
180s on "'Cu backing, was mounted at the center of
a 1 m diameter scattering chamber, with '®0s layer
facing the beam. The target was bombarded with 'O
beam and the fission fragments were detected using
two E-AE Si telescopes in the backward hemisphere.
The thickness values of the two AE detectors were 10
and 12 mm. Angular distribution was measured in
the angular range of @ _, =85°-165°. A monitor detector
was kept at 30° at £, =99, 94 and 89 MeV and at 35°
at £ =84 and 80 MeV, with respect to the beam
direction, to detect the elastically scattered 'O ions.
The data of the monitor detector was used, to
normalize the count rates of the telescopes, to obtain
absolute fission cross section.

Results and Discussion
The kinetic energy spectra of fission fragments were

integrated, to obtain fission fragment angular
distribution, in laboratory frame of reference. The lab

angular distributions were transformed into Centre of
Mass (CM) frame of reference. In the transformation
of angular distributions from laboratory to center of
mass frame, the kinematics relevant to symmetric
fission were considered, with kinetic energies
calculated from the prescription of Rossner et al [7].
In order to deduce the angular anisotropies, fission
fragment angular distributions were fitted, using the
statistical theory expression [8]. According to statistical
theory, fission fragment angular distribution for a spin
zero projectile target combination, is given by the

following expression

=Y Ted (112 ) et ] l
widlaCy " —r

12 P 'l 4K ]
= 1
[..'Jl. :| arf { (1= 12)/[2¢2)

(1)

where, T, is the transmission coefficient for the [ partial
wave. K ?is the variance of the K distribution. J  is the
zeroth order Bessel function. The constant C has been
introduced in equation (1) to normalize the calculated
angular distribution to the experimental angular
distribution. The experimental angular distributions
were fitted using equation (1) with Cand K ? as free
parameters. The/ distribution of the compound nucleus
was calculated using the code CCFUS [9]. The
experimental fission fragment angular distributions and
fitted curves are shown in Fig. 1. The fitted curves
were extrapolated to 180° and 90° to obtain angular
anisotropies (W(7180)/W(90)).

anisotropies, determined from the fitted curves, are

Experimental

shown in Fig. 2. In order to calculate angular
anisotropies using the statistical theory expression (1),

K ,? was calculated using the following expression

K2=1 T/ )
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mass asymmetry o,.. Due to the
large fission barrier, the expected
contribution from preequilibrium
fission is less than 3% even at the
highest beam energy of the present
study and therefore, any significant
deviation from the statistical theory
is not expected.

Thus, the observation of the present
study is consistent with that of our
earlier measurement in the "F+"7Au
reaction [3]. Comparison of the
results of the present measurement

with those of the evaporation residue

Fig. 1: Fission fragment angular distribution

where [ . and T are the effective
moments of inertia and temperature
of the fissioning nucleus at the saddle
point. /., was calculated using the
rotating finite range model of Sierk
[10]. Saddle point temperature was
corrected for the evaporation of pre-
fission neutrons. The prescription of
Kozuline et al [11] was used to
calculate the number of pre-fission

neutrons (n_). The compound

pre
nucleus /-distribution was supplied as
input to the code CASCADE [12] to

calculate spin distribution of residues,

which was used to correct the
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compound nucleus /-distribution to
determine /-distribution for fission.

This I-distribution was used in equation (1) to calculate
angular anisotropies. As seen in Fig. 2, the calculated
(solid line) and experimental anisotropies (filled circles)
were found to be in reasonably good agreement. The

entrance channel mass asymmetry o for '*O+'88Q0s

reaction is slightly less than the Businaro-Gallone critical
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Fig. 2: Angular anisotropy vs beam energy

cross section measurement in 'O+ '#8Q0s reaction and
evaporation residue cross section and angular
distribution measurement in systems with larger ZZ,
will provide better understanding of fusion hindrance
in pre-actinide region, particularly in reactions with
lowZ/Z.
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ABSTRACT

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.

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, 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

Q) 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
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under Tecnai G? 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

RC

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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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.
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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 a/ (2006) and
as depicted in Fig. 2.
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Fig. 1: A graphical representation depicting the different steps of homologous
recombination and non-homologous end joining pathways of DSB repair

Briefly the assay involved the two complementary
single strands Phi-Cand Phi-W (55 nucleotide length)
labeled with rhodamine and fluorescein at
3'and 5’ end respectively. 27.5 uM of fluorescein
labeled Phi-W was presynapsed with OsRad51 in
assay buffer. After 5.0 min incubation at 37 °C,
27.5 uM of Phi-C labeled with rhodamine was added
to the reaction mixture. Decrease in the fluorescein

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.

Phi-W 3°
Phi-C 5°

+

& F 5°
) No FRET
*R 3

Renaturation lﬂsRadSl 1

FRET

F
xR:

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

233

FOUNDER'S DAY SPECIAL ISSUE



X T8
O

DR. HOMI BHABHA CENTENARY YEAR

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.

o =
H B

Decrease in FL Intensity
=}
&

0.10
0.05 4 q
0.00 - -
1 2 3
Sample

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

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 uM of unlabeled Phi-C was incubated with
OsRad51 protein in the assay buffer at 37 °C for 15
min. Reaction was started by adding 27.5 uM 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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Fig. 4: Schematic representation of OsRad51
mediated strand exchange assay by FRET

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

5
24
ES-
-
(™
5
g
2
£ 4]
0 I ; Hi —r campe —
1 2 3 5
Sample

Fig. 5: OsRad51 concentration dependent strand
exchange reaction mediated by OsRad51.
Excitation:490nm,Emission: 522 mm. 1) No protein,
2) 1.0 uM, 3) 2.0 pM, 4) 3.0 uM, and 5) 6.0 puM of
OsRad51 protein

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.
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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

G

will further improve the knowledge of gene targeting.
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ABSTRACT

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 um. Fourier transform infrared spectroscopy
revealed formation of polypyrrole. The polypyrrole films were investigated for the sensing behaviour of NH,,
H,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.

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
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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
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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,, H,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 um.
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™ and 1487 cm' correspond to the fundamental
vibration of pyrrole ring, whereas peaks at
1685.7 cm™ and 1315.4 cm™ 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,, H,S and NO are shown
in Fig. 3. The sensitivity is defined as

sensitivity (%) = | (R~ R,) /R, | X 100.
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Fig. 2: FTIR spectrum of polypyrrole. The inset shows
the structure of the pyrrole monomer

It is seen that the sensitivity of NH, (40 ppm), H,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 forammonia. The higher sensitivity
towards NH, than NO, H,S, can be explained, on the
basis of different interactions between sensing film
and adsorbed gas. Polypyrrole is a p-type material and
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when it interacts with NH_, 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,,
thereby, showing less sensitivity and response/recovery
rate.

We have further investigated the NH, 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, 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.
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Fig. 3: Gas response curves of Polypyrrole

238 | ISSUE NO. 297

12 - E
[ §
S L ]
2
=
= ]
TR o
5 | |
W
04 " -
0 =] 10 15 20 25
Conc(ppm)

Fig. 4: Sensitivity as a function of ammonia gas
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ABSTRACT

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.

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, [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
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evaporation technique, using molybdenum or tantalum
boat at a vacuum of better than 10~ 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 Kand
on different substrates like sapphire, polycrystalline
Al,O, (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
ccas 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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their resistance as a function of time. The gas response
(p) is defined as I' = 100.‘ R, —Ra‘/ R,, where R
and R 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 K radiation 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 nm?.
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
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Fig. 1: Stainless steel chamber for testing response
of gases with coupling for sensor housing and
rubber gasket for injection of gas using syringe

Fig. 2: SEM micrographs of Te film deposited on
polycrystalline alumina substrates at temperatures
of (a) 77, (b) 300, (c) 323 and (d) 373K.
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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
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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 /n-
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 - ). 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 gas sensitivity of these films was measured at
various temperatures for various gases like NH,, H_S,
NO, 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.

250
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2004 ®)
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— 100 \

501

00 320 340 360 380
T(K)

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,S and (b) 100 ppm of
NH,.

The response of films on exposure to H,S gas, as
function of concentration is shown in Fig. 5. Itis seen
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that the film is able to detect less than 0.1 ppm of
H,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,S and have a good
response to NO,, while they have no response to CO
and hydrogen gases.
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Fig. 5: Response (a) and sensitivity (b) of tellurium
films deposited on alumina substrates at 373 K as
a function of H_S gas concentration

Response of the films deposited at different
temperatures on exposure to H,S is shown in Fig. 7 as
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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.S, are shown in the inset of Fig. 7. The
response time is seen to increase by a factor of 7
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Fig. 6: Bar graph representing the response of
typical Te films towards 10 ppm of different gases
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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 S gas concentration. Inset shows
response-recovery characteristics of above films on
exposure to 1 ppm H,S gas

(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

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,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
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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,) 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,S or NH,,
bending of bands at the surface is reduced, leading to
reduced hole density and increased resistivity. Exposure
to an oxidizing gas such as NO,, 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

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,S. Effect of
deposition temperature, substrate microstructure on
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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,S and
NO,. 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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ABSTRACT

This paper describes the electromagnetic design of the Drift Tube Linac (DTL). The 2D design of DTL cavities has
been done, using superrisH in order to tune them to the operating frequency of 352.21 MHz with maximum
shuntimpedance. 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 superrisH [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 superrisH 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
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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.
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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.
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Fig. 1: Effective shunt impedance vs cavity diameter

Table 1: Cavity parameters of DTL

Parameter Value
Frequency 35221 MHz
Tank Diameter (D) 52 cm
Drift Tube Diameter (d) 12 cm
Bore Radius (Ry) 1.2¢cm
Face Angle (uy) o
Corner Radius (R.) 1.5¢cm
Inner Nose Radius (R) 0.5¢em
Outer Nose Radius (R.) 0.5 cm

V2

IRl fuhe
- g2 :
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T 42
s, Ry l
\ :
¥ 5 I K

Fig. 2. DTL half cell

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, ) 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. Itis 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
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Fig. 4: Peak surface electric fields in the DTL

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,

2

quhf@ﬁmjm

o T, A av-eo [ [E[ av

where, dV is the change in cavity volume, V is the
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volume of the cavity without perturbation, E and H
are the unperturbed electric and magnetic field
amplitudes.

Itis 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. 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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Fig. 7: Variation of frequency with tuner radius

Vacuum Port

The operating pressure for the DTL will be in the range
of 107 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

tank. A5 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 I/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.

Fig. 8: DTL model showing a vacuum port

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 ©/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 2™ resonator band which
is then coupled to the TMO1 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.

Fig. 9: DTL model showing the post couplers

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
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interpolate the post coupler length for different radii
as summarized in Table 2.
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Fig. 10: TE mode frequency as a function of post
coupler length and radius

Table 2: Post coupler length for different radii

PC radius (cm) PC length (cm)
1.0 17.35

1.2 171

14 16.95

.6 16.8

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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Fig.11: CAD model of 1 m long DTL

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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ABSTRACT

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 algorithmsin 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

Introduction

Gamma-ray photons in the TeV energy range
(0.1-50TeV), 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
canyield 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 y-ray probe has been appreciated for quite
long, itwas 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 y-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 Cherenkovimages resulting from y-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 y-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
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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 shownin Fig. 1, isthe 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) vy -ray
telescope has been in operation at Mt. Abu
(24.6° N, 72.7 °E, 1300 m asl), India, for the last
several years, to study TeV gamma ray emission
from celestial sources. The telescope usesa tessellated
light-collector of area ~9.5 m? which is capable
of tracking a celestial source across the sky.

The telescope deploys
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Error Fupction [ = %EI “-. — “,};

a 349-pixe imaging camera,
with a uniform pixel

[ resolution of ~0.3% and a
il+e) ~ 60 x 6° field-of-view, to
| take a fast snapshot of the
(1+e77) atmospheric Cherenkov
events produced by an
incoming cosmic ray particle
or a y-ray photon with an

e = EH!'

Output
Layer

Weight VVpdate Fauations

AW (1) = p '::i{-” + @ AW (1-1)

W g+ly= Fl'_. (1) + amw (1)

Fig.1: A schematic representation of backpropagation network
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energy above ~1TeV. The
photograph of the TACTIC
imaging telescope is shown
in Fig. 2.
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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. Operatingat 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 °. The telescope has a 56 sensitivity of detecting
the standard gamma-ray candle Crab Nebula in
~25 hours of observation time and has so far
detected 7y-ray emission from the Crab Nebula, Mrk
421 and Mrk 501. Other details regarding the

Fig. 2: Photograph of the 349-pixel TACTIC imaging
telescope, Mt. Abu
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description of the telescope subsystems and the
results obtained on various candidate &-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 y-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 (6= 5°,
1509, 259 359%and 45 9. A data-base of about
39000 proton initiated showers, in the energy range
0.4-40 TeV, in a field of view of 6° x 6° 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
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
(o), 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 o 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
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value, with respect to the network weights. Clearly,
in order for the network to yield appropriate outputs
for given inputs, the weights must be set to suitable
values. This is done by ‘training’ the network on a set
of input vectors, for which the ideal outputs (targets)
are already known.

Using the simulated data generated above, we have
chosen 6 image parameters, for training the ANN
to distinguish between the gamma-ray and the proton
showers. These 6 parameters are: SIZE (S), LENGTH
(L), WIDTH (W), DISTANCE (D), CONCENTRATION
(F2) and the Zenith angle (6). The simulated data-
base was divided into 2 parts so that one partcan
be used for training and the other for testing the

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 ora proton event. The BIKAS (BARC - lIT Kanpur
ANN Simulator) ANN package and MATLAB neural
net packages have been used, to study the various
ANN algorithms.

y 3
)
*
Image axis : y=ax+h AZWIDT)
a=tan| 4}
y, //\Ll
o
4= L'E'“G
W &
MISS < Image Centroid [<x>,<y>)
f", X
Camera Centre

WIDTH
The rms spread along the minor axis

Measure of the lateral development of shower.

LENGTH

IThe rms spread along the major axis
Measure of the vertical development of shower.

DISTANCE

Distance from the image centroid to centre
of the camera.

Crude measure of the core distance for
gamma-ray shower.

CONCENTRATION { or F2)

Ratio of the two largest PMT signals to sum
of all signals.

Measure of the compactness of the image,

ALPHA ( «)

Angle between the major axis of the
image and the line joining the centroid
of the image to camera cenfre,

Measure of the arigntation of the shower axis)|
SIZE { S)
Total number of photoelectrons in the image.

Crude measure of the energy of the
primary particls,

Fig. 3: Definitions of Cherenkov image parameters L,W,D,M and Alpha used for discriminating between

the gamma-ray and the hadron showers
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the inherent fluctuations in the
i —— 0 = — o shower development process on
4 ] B ] | R + event to event basis. The
% . .] = gamma/ hadron event selection
% - g_ el is done, by classifying an event
i [ . as a gamma-ray if the
£l A
corresponding ANN output (1)
B GNT BT HN TR e s el e A s is less than a predefined cut-off
Length [deg) Width (deg) value (n_, ). If the ANN output
S e | S N e o () s greater than m,,,, the
& 2" event is classified as a proton
g1 E” initiated shower. representative
30
%,, E example of the frequency
i - distributions of the gamma-ray
10 i

. i . ] and proton retention factors,
aad Sl e e e denoted by f, and f respectively

is shown in Fig. 5.

Fig. 4: Comparison of image parameter distributions from the Monte

Carlo simulated data for proton and y-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, atthe end of the training session, turned
outto 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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Once the event is classified as
gamma or proton on the basis
of its 'm’ parameter, the event is
then subjected to a-cut. The event is finally accepted
to be gamma-ray like if and only if the event satisfies
the conditions of n<m_, and a <15° In order to
find the optimum value of n_. foreach algorithm
separately we have varied n_, from0.10 to 0.85
in steps of 0.05and evaluatedf, , f ~Quality Factor
(QF =fY/\/fp) and QF fy. The optimizedn_, is then
found out by selecting f and f in a manner for
which QF f. is maximum. The significance of
maximizing the quantity QF v f, is that the signal
recovery time (T ) is related toit by T al/

(QF 2 f).

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 :
0.11°<LENGTH < 0.35% 0.06°<WIDTH < 0.179;
0.31° < DISTANCE < 1.33%; SIZE 250 pe; o <15°
and F2 > 0.35. It is quite evident from the table
that out of a total of 8 different ANN algorithms
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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, ~ 0.88 %,
QF~ 7.5) and Higher order neurons
(f,~58.21%,f ~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

Table 1: Performance of Supercuts event selection methodology and it's

comparison with the ANN algorithms

MEWGBLETTER
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Fig. 6: Frequency distribution of gamma-acceptance (f) and
proton acceptance factors (f)) 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\/fY 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.

:ﬁ:':‘“'ﬂ::’ Hn:':l']"“:d TNew L) | f(%) OF | QFu,
Supercuis Method —emeas 46.02 .75 52 51
Resilient Backpropagation 0,20 5892 0,93 6,1 46.9
Backpropagation {140 T1.14 1.76 53 452
Conjugate Gradient .60 T4:42 3.27 4.0 4.0
Radial Basis Function 0,70 £1.13 5.79 i3 303
simulated Anncaling 045 62.13 0.97 6.2 49.5
Higher Order Neurons 0.35 58.21 063 7.2 55.7
Meuro Fuzey sysiems (175 6,013 21 4.0 325
Lovenberg Marcudirdi 045 TLES LR [ 635

259 | FOUNDER'S DAY SPECIAL ISSUE



O

J

N

DR. HOMI BHABHA CENTENARY YEAR

References

R.A. Ong, Phy. Reports, 305 (1998) 93.
T.C.Weekes et al, Astrophys. J., 342 (1989) 379.

A.Daum et al, Astropart. Part Phys., 8
(1997) 1.

A. M. Hillas, Proc. 19" ICRC, La Jolla, 3 (1985)
445,

PT. Reynolds and D.J.Fegan, Astropart. Phys,
3(1995) 137.

D.E. Rumelhart et al., Nature, 323 (1986) 533.

M. Reidmiller et al, Proc. Int. Conf. Neural
Networks ICNN, (1993) 586.

11.
12.

13.

14.

15.

W.H. Press et al, Numerical Recipes in C++,
(2002) 668.

R. Koul etal, NIM A 578 (2007) 548.

A.K.Tickoo etal, NIM A 539 (2005) 177.
K.K.Yadav etal, NIM A 527 (2004) 411.

S.V.Godambe et al, J. Phys. G: Nucl. Part.
Phys., 35 (2008) 0065202.

S.V.Godambe et al, J. Phys. G: Nucl. Part.
Phys., 34 (2007) 1683.

K.K.Yadav et al, Astropart. Phys., 27 (2007)
447 .

D.Heck et al, Report FZKA, 6019,
Forshungszentrum, Karlshrue (1998).

ABOUT THE AUTHORS

260

ISSUE NO. 297

Mr. V.K. Dhar has been associated with the implementation of several important segments
of the TACTIC gamma-ray imaging telescope set up at Mt. Abu, Rajasthan. During the
last few years he has investigated several potential application areas of Artificial Neural
Networks (ANN) in the field of Gamma-Ray Astronomy. He has also been an active member
of the BARC-IIT (Kanpur) collaboration for validation of ‘BIKAS’ neural network software.

Dr. A.K.Tickoo is from the 30" Batch of the BARC Training School and has been associated
with the Gamma-Ray Astronomy programme of the centre for the last 20 years. He has
contributed significantly to the design, operation and data analysis aspects of the TACTIC
telescope. His current areas of interest include optimizing the design features of the 21m
diameter MACE telescope and application of Artificial Neural Networks and other multivariate
analysis tools to Cerenkov Imaging data.

OCTOBER 2008



MEWGBLETTER

ABOUT THE AUTHORS

Mr. M.K. Koul has been working on the Monte Carlo Simulation studies related to the
detection of very high energy gamma-ray events by the TACTIC telescope. He has also
been an active member of the team which developed software for these studies. He has
contributed significantly in developing the zenith angle dependent Dynamic Supercuts-
based event selection methodology for improving the performance of the TACTIC
telescope.

Mr. R. Koul is from the 21¢ Batch of the BARC Training School. He has been working
on various aspects of instrumentation required for ground based Gamma-Ray Astronomy
for more than 2 decades and has published about 50 scientific papers in national and
international journals. Presently, he is leading the efforts for setting up the large area
gamma-ray telescope at the high altitude astronomical site at Hanle in the Himalayas.

Dr. B.P. Dubey is from the 215t Batch of the BARC Training School and is working with
EISD. He has contributed significantly to the development of Gamma-ray spectrometers,
Data-Logger software of MHD Pilot plant, operator Information system of KAMINI reactor,
PDCS of KAPS-1 and KAPS-2. Dr. Dubey is also involved in the development of ANN
package BIKAS (BARC-IIT Kanpur ANN simulator) and an ANN-based system called Vibration
Signal Analyser using Fourier Transformation and ANN (VISFoTA). He also delivers lectures
on ANN and Fuzzy logic at the BARC Training School.

261 FOUNDER'S DAY SPECIAL ISSUE



A
DX T
N

DR. HOMI BHABHA CENTENARY YEAR

233py SPIKE FOR THE DETERMINATION OF
CONCENTRATION OF PU BY ISOTOPE
DILUTION TECHNIQUES - FEASIBILITY ANALYSIS

D. Alamelu and S.K. Aggarwal
Mass Spectrometry Section, Fuel Chemistry Division
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at the 12* Symposium-cum-Workshop on Mass spectrometry,
held at Goa during March 25-30, 2007

EXTENDED ABSTRACT

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).

For IDMS, spike solutions which are highly enriched
in 24Py or 22Pu and which are minor isotopes in the
samples, are used. Due to the non-availability of 2**Pu
or #2Pu spikes, one can also use ?*°Pu as a spike for
the determination of Pu concentration. Since the energy
of the alpha particles emitted by 2*°Pu, is close to that
emitted by 23°Pu, it cannot be used as a spike for IDAS
experiments.

In IDAS, #8Pu is used as a spike and the change in the
238Py/(23%Pu + 240Pu) alpha activity ratio is used, for the
determination of the concentration of Pu in the sample.
Due to ubiquitous isobaric interference of 22U in Pu
samples, one cannot use ?*Pu as a spike in IDMS,
unless a suitable methodology is employed
for accounting for this isobaric interference.
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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.
Itis shown here that 2*®Pu 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.
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ABSTRACT

As part of the Pelletron Accelerator Facility augmentation programme, it is planned to have an alternate injector
system to the Superconducting LINAC booster. The LINAC booster has been commissioned and is now operational
to provide beams up to A—~60 region with E~5 MeV/A. The development of an alternate injector, will further
enhance the utilization capability of booster LINAC, by covering heavier mass range (1/7 < g/m < 1/2) with
higher intensity up to Uranium. This injector system comprises of an Electron Cyclotron Resonance (ECR) ion
source, Radio Frequency Quadrupole (RFQ) Linac and superconducting low-beta cavities. The physics design of
the heavy ion RFQ with prebuncher for the alternate injector is presented.

Introduction

The 14 UD Pelletron Accelerator Facility (PAF), set up
as a collaborative project between Bhabha Atomic
Research Centre and Tata Institute of Fundamental
Research, has been a major facility of DAE for both
basic and applied research in India. The accelerator
utilization for basic sciences constitutes about 70% of
the total beam time.
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Prior to injection into the Superconducting LINAC
(S-LINAC), the ion beam needs to be accelerated to
12-14 MV/q. The ion beam extracted from ECR ion
source and pre-accelerated to required energy (10 keV/
u), will be transported by Low Energy Beam Transport
(LEBT) line (consisting of focusing bending and
diagnostic elements) to the entrance of the heavy ion
RFQ (see Fig. 1).
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Fig. 1: Alternate injector layout

To reduce the RFQ length, a prebuncher operating at
the same frequency as RFQ, was also finalized. The
RFQ operating at /2 (75 MHz) of the S-LINAC
frequency, will accept beams with B = 0.46% and
accelerate it up to B = 3.5%. These beams would
then go through two sets of superconducting cavities
with B = 5.0% and B = 7.0% respectively. This
acceleration is expected to bring all ion beams from
carbon to uranium, in the velocity range B = 8-10%,
which is suitable for S-LINAC acceptance. After further
acceleration through S-LINAC, light ions of about
12 MeV/u and uranium ions of about 7 MeV/u would
be available on target (see Fig. 2).
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The final energies available from this alternate injector

system would vastly enhance the capability of S-LINAC
as a research tool for Nuclear Physics.

265

Fig. 2: Available and expected beam energies

FOUNDER’S DAY SPECIAL ISSUE




O

9

L-/" \J

€

DR. HOMI BHABHA CENTENARY YEAR

ECRion source

The alternate injector and S-LINAC combination aims
to accelerate U3** (g/m~1/7) ions with 100 pna yield
on the target. To realize this, 18 GHz superconducting
ECR ion source is the appropriate choice, which
requires only 20 kW of power and 200 I/hr of cooling
when compared to Hypernanogun [1] requiring 200
kW of power and 6800 I/hr of cooling. An advanced
version of this state-of-the-art superconducting ECR
ion source using HTS wire technology, to be procured
from M/s Pantechnik, France, is currently under
development at their site. This source will be equipped
with a mass selection feature on a high voltage
platform of 300 kV, making it readily available as a
stand-alone facility, till the development of the
downstream elements is completed. This facility will
be capable of generating highly charged positive ion
beams with 0.3*q MeV for a wide range of elements
across the periodic table. However, for injecting into
RFQ it will operate at 70 kV for U*** producing about
3euA of U**. Beside high yields of Group I, Il elements
like Na, K, Ca, Ba, the ECR ion source also produces
beams of group VIl elementsi.e. Ne, Ar, Kr etc. which
cannot be produced in the present SNICS negative ion
source of pelletron accelerator.

Prebuncher

Although the internal shaper and buncher of RFQ have
almost 100% capture and bunching efficiencies, it is
at the cost of increased length and power
consumption. Hence, it was decided to have a 75
MHz prebuncher with three of it's harmonics 40 cm
upstream RFQ. The phase capture for the third harmonic
buncher is 75%. The buncher to RFQ distance (s) was
optimized using an analytical formula (see Eq. 1)
derived by Fourier series analysis of saw-tooth
waveform

E(ke\iu) Flo) _;‘:{1} SiHE:'I"-i“] (1)

_ ) ©® :
s = P See) OUukvY'
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where B= v/c, v being the velocity of incoming ions,
@ is the phase at which F(@) is maximum, Z/C is the
ratio of atomic number to mass number for the
respective ions. All heavy ions with different 2/
can be bunched in the same drift length by keeping
ZU(kV)/C constant, as all ions will have same [ (see
Fig. 3). The maximum bunching voltage was
determined from maximum energy spread accepted

by the first cell of RFQ (see Eq. 2).

AW/u = [(qU/m) B2CA, (@, cos@, - sin@)]"?  (2).

[Vz-Vzo] - Z

0.000462

Vz-\Vzo

S e S

-0.000462

-3.14 z-ph  3.14

Fig. 3: Bunched beam at RFQ entry

For our case, @ = -90°, m = 1.001, AW = 0.285
keV/u. This corresponds to bunching voltage of 2.1
kV. The prebuncher will focus the beam at the exit of
RMS, to minimize longitudinal defocusing of the
beam, howsoever small, in the RMS.

RFQ Linac

Among the ultra low velocity accelerating structures
for heavy ions, RFQ holds merit in terms of beam
quality and efficient acceleration. The choice of
operating frequency of 75 MHz was driven by S-LINAC
frequency and power dissipation in the RFQ. The pre-
acceleration voltage (V) was then decided, by the

OCTOBER 2008



dtvan==it
b b

BARDC

HEWSLETTER

capability to machine the first RFQ cell i.e.
the cutting tool should be able to cut cells of
length BA and depth m*(a-1). Hence, V= 10*m/q
was selected so that the first period has a length of
1.8 cm.

Radial Matching Section (RMS)

The RMS consisting of 8 cells, of which the first two
cells form the flange and gap to vane, matches the
spatially focussed beam to the transient focussing and
acceptance of the RFQ. It was optimized using our
analysis [2] as outlined below. Starting with the
potential function

U(r.0.2)= ”2 A1 (mke) cos (n6) sin (mkz)

where, m=2s+1, n=2(2p+1), s, p= 0,1,2... and
taking the first two terms for quadrupolar symmetry,
the analytical results for vane profile in RMS is given
by

(a/r)* = 2/[Sinkz (3 - Sin*kz)] (3)

The vanes cannot be extended to the cavity end walls.
Hence, this ideal vane profile becomes inadequate. It
is then scaled up according to

a_/Jro=-sl/r,-1)+1 (4)

s being the scaling parameter.

The choice of scaling factor was then optimized
(see Fig. 4) using LIDOS.RFQ.DESIGNER [3]. Egs. 3
and 4 were then used, to generate the
longitudinal vane profile in RMS (see Fig. 5). With
this vane profile, mismatching of 1.04 and
95% overlap of particle ellipses with the
acceptance ellipse (Emitt.cross./Emitt.) was achieved.
This optimization leads to low amplitude envelope
oscillations, caused by the mismatched input beam

(see Fig. 6).
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Fig. 4: Scale factor optimization. ‘A’ represents
mismatching for non-optimum beam parameters.
‘B’ represents mismatching for optimal beam
parameters. ‘C' represents emitt.cross./emitt. for
both
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Fig. 5: Vane profile in the RMS

Cell Parameters

Using our earlier experience [4], this heavy ion RFQ
was also designed with constant mean aperture radius
(r,) in order to keep the intervane capacitance per unit
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Fig. 6: Phase and envelope oscillations in RFQ

length, constant. The smooth variation approach [5]
was utilized for optimizing modulation and phase in
the design (see Fig. 7).

Fig. 7: Cell parameters along RFQ

The smooth variation in modulation and phase, results
in gradual variation in minimum aperture, until it
becomes constant (see Fig. 8). The matched beam
radius was calculated using the formula:

Match beam radius = (g Mo)"”? = 3.3 mm

Cells 13

Fig. 8: Focusing channel parameters along RFQ

Itis crucial to avoid parametric resonances in the RFQ.
Hence, ratio of longitudinal-to-transverse oscillation
frequency, should be less than 0.5. For this RFQ, the
maximum ratio of longitudinal-to-transverse oscilation
frequency is 0.38 (see Fig. 9).
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Fig. 9: Frequencies of transverse and longitudinal
oscillations

A short bunching section was introduced, to capture
some part of the 25% unbunched beam. This explains
the slow variation of phase along the RFQ. The
defocusing factor was increased faster to take
advantage of the already bunched beam (see Fig. 10).
Due to this, the longitudinal and transverse phase
advances cross over (see Fig. 11). The salient feature
of this design is the final phase of -20°.

0 e e e L)

Fig. 11: Phase advance along RFQ

related parameters [6]. Near the beam axis, the vane
geometry is approximated by circular arcs instead of
hyperbolae in the transverse plane. Based on
simulations (see Fig. 12), the following parameters
were zeroed on.

Table 1: Vane parameters

p/r, 0.875
Vane Design Incl. Angle of Vane-Tip, deg 21.0
Semi-Width of Vane Tip, mm 12.5
Extensive simulations were done, to optimize vane
l‘111'l‘l'l-'l'l'l'l'l'fag 'Iﬂtl: —s—Trans.
010~ 8 3 = oo
1 1Al ]
£ 0.08- ¢ ;92
I 4 o E ] /,__.—7‘_—.__.
3 0,06 5 o
o 095 : ]
o 1 Bl Z gal
Eum- _{LE? !__ : /,//)
0024 033 £ % /
1 3 = 76
0.00- 0 N e e e
D 20 40 60 80 100 120 140 160 721
Cell No. 07 08 03 10 11

Fig. 10: Defocusing and
amplitude along RFQ

accelerating field

pir,

Fig. 12: p/r, optimization
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Table 2: RFQ specifications

A p/r, value of 0.875 was chosen, to lower the peak
surface electric fields, while maintaining good
transmission. Inclination angle of 21 degrees was

g/m 17,0 34+
chosen, to bring the vane profile close to the ideal Ein/ Eout, keViu 107575
two-term vane profile (see Fig. 13). The choice of semi- Froency, WPz 75
width of(;/anel‘gp has more to dohW|th the d“r.oop Ef Kilpaick F 14
Yanesan coo |Ing requirement, than controlling the Focassing P ® 126
Intervene capacitance.
Imervane Volwge, kKV 16*mfg
Mean Aperture Radius (ry) 8.0 mm
B0 e 5 I T e A Minimum Aperture (a), mm | 8.0-4.51
e S LS e Current (1), mA 01
B B SR A B e s [ [
e o e v Modulation (m) 10-73
 somi-width of vane tip ... : Synchronous Phase (4,) 90" 10 =20
ey WL Number of cells (n) 167
: Length, m 4.62
: RMS Long. Emitt., keViu*ns | 0.3
Maximum Surface Ficld 17.1 MVim
AR
Phase Distributicn
ol L G | | e S IR R R
L] Lings Step = & 650 I = A

Fig. 13: Vane shape in the transverse plane
PIC Simulation

Particle In Cell (PIC) simulations were performed, using
LIDOS for gaussian distribution with 50,000 particles
and real vane shape. A simulated transmission of 92.5%
and 87% of Trans. Accel. was obtained, for the
prebunched beam. Trans. Accel. is a measure of
transmission of longitudinally accelerated particles. A
phase width of +9° and momentum spread of +0.35%
was obtained at the exit of RFQ (see Fig. 14). The

o

90% longitudinal emittance portrait is shown in Fig.
15. The final RFQ parameters are summarized in Table
2. There is no emittance growth for 65% particles,
inside the ellipse for the Gaussian distribution (see
Fig. 16).

Fig. 14: Phase and momentum distribution at
RFQ exit
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Fig. 15: Longitudinal phase space at RFQ exit

T ¥ T ¥ ] ¥ T ¥ T . T
0.00 0.02 0.04 0.06 0.08 0.10
Voltage(dU/U), modulation (dm)

Fig. 16: Output characteristics of beam at RFQ exit

Sensitivity (or Error) Study

The effect of errors arising due to improper vane
machining and misalignment, on the performance of
RFQ was studied, using the statistics module of LIDOS.
Perturbations in vane voltage (dU/U), modulation (dm)
and average cell radius (dR) were simulated separately
and simultaneously as well. At the beginning of each
cell, the code adds uniformly distributed random
deviations on the specified cell parameter over =
tolerance level. Cell radius (dR) varies as cubic spline
while voltage and modulation vary as linear spline
along the accelerator length. The cell-to-cell random
deviations are statistically independent. Based on
simulations with 10,000 particles and 9 statistical

Fig. 17(a): Tolerance study for voltage and
modulation errors

005 010 015 020 025 030
Cell radius (dR), mm

Fig. 17(b): Tolerance study for cell radius errors

realizations, dU / U = 0.04, dm = 0.05 and
dR = 0.1mm was acceptable for Trans. Accel. greater
than 84% (see Fig. 17 (a), 17 (b)). When these errors
were simulated simultaneously, Trans. Accel. dropped
10 72.6%.

Alignment errors were also simulated with a linear
symmetric taper separately. From positive taper (away
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from axis) of 200 um to negative taper of 200 um
(towards axis) along the RFQ length, Trans. Accel. was
within 1% of zero taper value. A negative taper was
preferred, even at the cost of increasing surface field,
to keep Long./Trans. frequency in check and to
maintain adequate transverse focusing.

height and width of the stem was varied, to get the
desired resonant frequency of 75 MHz. The
quadrupole nature of electric field is evident near the
vane-tip in Fig. 19. An extended vane type structure
has been chosen, for the RFQ electrodes, for better
mechanical strength and stability.

Electromagnetic
Design

The detailed electro-
magnetic  structure
design of RFQ is in
progress. The 3-D
electromagnetic
simulation of the heavy
ion RFQ is performed,
using SOPRANO module
of OPERA-3D software
[7]. The resonant
structure of the RFQ

Base Plate

PAF-RFQ-01
EFQ Assambly

consists of four electrodes Fig. 18: Model of heavy ion RFQ

called vanes, assembled
in quadrupolar symmetry

on support posts called
stems, arranged on a base
plate. Each stem holds
two vanes, which are at
the same potential. The
vanes act as capacitors
and the stems act as
inductors. Two adjacent
opposite stems holding
the four vanes, make one
RF cell. The RFQ assembly
is schematically shown in
Fig. 18. The resonant
structure consisting of
vanes, stems and base
plate is enclosed in a
rectangular cavity. The

inter-stem distance, Fig. 19: Electric field on the vane surface
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Results and Discussion

Having a same frequency prebuncher before RFQ, has
manifold advantages. When compared to the without
prebuncher case, this RFQ has a length shorter by
2m. This means that it will require about 80 KW less
power than it's counterpart. Moreover, the phase width
is +£9 degrees and momentum spread is +0.35%,
both of which are half of what they were, without
prebuncher. This implies, that better beam quality is
achieved at RFQ exit, for matching it into the next
accelerating structure. Added to this is the increased
transmission and accelerated particles, in contrast to
the without prebuncher case.
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Introduction

Accelerator-based Mass Spectrometry (AMS), is an ultra
sensitive means of counting individual atoms, having
sufficiently long half life and available in small amount.
The 14 UD Pelletron Accelerator is an ideal machine
to carry out AMS studies with heavy isotopes like *Cl
and '|. Cosmogenic radioisotope *Cl is being widely
detected using AMS, as it has applications in ground
water research, radioactive waste management,
atmospheric *Cl transport mechanism studies of Arctic
Alpineice core etc. [1]. As part of the ongoing AMS
programme at 14 UD Pelletron Accelerator Facility at
Mumbai [2], a segmented gas detector developed for
identification of 3Cl was tested for performance [3].
Recently, a beam chopper required for this
measurement has been developed. Further progress
made in this programme, is discussed in this paper.

Beam Optimization

3Cl and *’Cl beams from a natural sample (AgCl),
were transported through the machine up to the
Faraday Cup, just before the detector system and
their ratios were matched to their natural abundance
values. This was done, by operating the machine in

GVM mode and alternately injecting the two isotopes,
3Cl and #’Cl, into the accelerator and changing the
terminal voltage while keeping magnetic rigidity
(ME / g2) of analyzing magnet, quadrupole and
steerers the same. The magnetic field of the analyzing
magnet was set at 4623.149 Gauss and the terminal
voltage at ~7MV to get 56 MeV of **Cl and ¢S beams
of charge state 7.

Detector Details

As the interfering isobar in the *¢C| detection is S,
the most suited detector is a split anode ionization
chamber, which was developed indigenously [3]. This
detector has three anodes followed by one Silicon
surface barrier detector. The detector window is made
from 3.5 micron thick Mylar foil.

A schematic diagram and photograph of the detector
are given in Fig.1a and Fig.1b repectively.

Energy loss curves for 3Cl and 3¢S in P10-gas at pressure
of 58 mbaris shown in Fig. 2.
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Fig. 1(a): Gas detector schematic
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Fig. 1(b): Gas detector
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Fig. 2: Energy loss curves for 3¢Cl & 3¢S
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Sample Preparation

About one gram of Sodium Chloride (NaCl) crystals
was irradiated with thermal neutrons at the Apsara
reactor, BARC, to produce *Cl through the nuclear
reaction *Cl(n,A)%**Cl. The irradiated sample was
dissolved in de-ionized water and mixed with silver
nitrate solution, to get silver chloride precipitated. The
precipitate was filtered, washed with de-ionised water
and heated in an oven for more than twenty four
hours to make it anhydrous. It was then pressed in
the ion source sample holder.

Measurements and Results

The detector was calibrated using very low currents of
#Cland ¥Cl (keeping ion source filament current very
low) from the natural sample. Filament current was
increased and Mass 36 was selected by injector
magnet and transported through the machine up to
the detector. Background S (coming from the ion
source as an impurity or memory effect) was identified
in the detector. At this point, ion source sample was
changed to the enriched one, containing **Cl and the
same procedure was repeated. The distinct peaks of
3Cl and 3¢S could be seen in the signals from anode
A2 and Silicon detector (Figs. 3a, b). By measuring
the yield of 3*Cl in the detector and the **Cl beam
intensity in the Faraday cup located in front of the
detector, ratio *Cl/3>Cl in the sample was found to
be approximately 1.5*10'°. However, this value is two
orders of magnitude less than the calculated one,
based on irradiation conditions. This discrepancy needs
to be understood.

Conclusion

We have successfully, demonstrated the detection and
identification of 2¢Cl in the presence of rather intense
%S-background. We are planning to carry out another
measurement with dated sample in the next available
beam time, to precisely determine the *°Cl/3>Cl ratio.
It is proposed to use the chopper for optimum
performance.
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Fig. 3(b): Detector spectra
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ABSTRACT

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 10° dm? mol"' s') giving an species having absorption
maximum at 340 nm, which decayed by unimolecular process (k,=1.5 x 10°s) 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 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,OH group giving reducing radicals. At pH 1, reaction of OH radicals
(k=4 x10°dm?3 mol” s') with 3-HBA, exclusively gives phenoxyl radical as confirmed by the formation of
identical species in the reaction with Cl -~ 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,OH group. H-atoms also reacted with 3-HBA (k = 3 x 10° dm’ mol s giving the transient species
(A, = 330 nm) which were capable of reducing methylviolgen quantitatively, suggesting that H-atoms also
abstract H-atom from —~CH,OH group 3-HBA.

Introduction

There have been reports that hydroxybenzyl alcohols
(HBA) that are biologically important molecules, are
very good free radical scavengers."? 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.® Due to the presence of phenolic OH
group and—CH20H group in HBA, reactions of hydroxyl
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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 uS/cm. Gases such
as N, O, and N,O used for saturating the solutions
were of IOLAR/Instrument grade from Indian Oxygen
Ltd. pH of the solutions were adjusted using NaOH,
HCIO,, KH,PO, and Na,HPO, at appropriate
concentrations. Details of the pulse radiolysis set up
are described elsewhere. 4°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? potassium thiocyanate solution, using a value of
21520 for (G.e) for (SCN),~ per 100 eV at 500 nm.®

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,O saturated 1 x 10 mol dm™ 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,=1.5x10°s") 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 10° dm? mol' s by following the build up of
transient absorption at 340 nm.

Absorption spectrum of the transient species formed
in the reaction of N, radicals with 3-HBA was recorded

0.04 . : '
—— |.|S-I
0.03 | o \—/""“"5 A
/

Sooz} ' .
=3

0.01 \""”‘"\.\ avi

0.00 | H"-"&r

300 400 450

Wlwlanglhrnrn

Fig. 1: Time resolved absorption spectra of the
transient species formed on pulse radiolysis of N,O
saturated 1 x 10 mol dm solutions of 3-HBA at
pH 6.8.

in N, O saturated 3-HBA solutions, containing 0.02 mol
dm= NaN, 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

| /\. =
/ \ U |
L
B Tt \/1

Fig. 2: Absorption spectra of the transient
species formed on pulse radiolysis of N,O saturated
1 x 102 mol dm? solutions of 3-HBA at pH 6.8
containing 0.02 mol dm? NaN..
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~CH,OH group giving radicals containing ~CHOH
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,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,PO,
and Na,HPO, in the range 0.0005 mol dm~ to
0.2 mol dm 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
from4.2x10* s'at0.001 Mt02.9x10°s"at0.04
mol dm- 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

T T — e ——
e B —— 0,041 M Buffer Con
—— 00021 Bulter Con
0.025 = —— (005 Buffer Can
00T Bulier Con
0.020 |- ——0.02M Bulfer Con
n -
o 0.015
-
0.010
0.005 - 1
o000 el |
i § i I
Timelus

Fig. 3: Absorption traces obtained at 340 nm in
N,O saturated 1 x 10° mol dm= 3-HBA solution at
various buffer ion concentations
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Fig. 4: Absorption traces obtained at 410 nm in
N,O saturated 1 x 10° mol dm= 3-HBA solution at
various buffer ion concentations

values were determined and the same are plotted
against bufferion concentration in Fig. 5.

At pH 1, in O, satuarated solution reaction of OH
radicals with 3-HBA radiolysis directly gave phenoxyl
radicals.(Fig. 6). Spectra of the species formed was

2.5x10" p—y T 1 T T F
zox10’ | & —a & -
1.5010" g
--“
=* 1010 F e
8.0x10" | E
u.u i i L i i i
0.0a 0.04 0.08 o2 018 0.20
Buffor lons | mol om |

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,-
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, saturated 1 x 107
mol dm solutions of 4-HBA at pH 1

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 —CH20OH group. Based
on these observations, following Scheme 1 has been
assigned for the reaction of OH radicals with 3-HBA
atpHs 1, 6.8 and 10.5.

CHOH
H-abstraction H-abstraction
{-H20) (-H:0)
.‘_
(28%) (28%6)
CH.OH OH CH,OH
3-hydroxcybenzyl radical
pH 6.8 pH 105
o TR
OH o-
3-hydroxybenzyl deprotonated from of
aleohol (3-HBA) cH,nH 3-HBA

Adduct formation

S

(72%)
OH
L
pH 1.0| ‘OH b
{dihydroxy cyclohexadien)
Elimination
(-Ha0)
CH,OH
Onardation Oraidation
{ 100%%) . o (T2%%)
Phenoxyl radical

Scheme 1: Reaction pathways in reaction of OH radicals with 3-HBA at different pHs
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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,OH group.
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ABSTRACT

Mining sites contain residues from ore processing operations that are characterized by high concentrations of
heavy metals. The form in which a metal exists strongly influences it’s mobility and thus, it's effects on the
environment. Operational methods of speciation analysis, such as the use of sequential extraction procedures,
are commonly applied.

Investigation of the existing chemical forms and the concentrations of Mn, Pb, Cu, Fe, Zn and Natural U in
uranium mill tailing samples from Jaduguda were carried out. The concentrations of Nat. U was found to vary
from 81.05 t0 120.21 ug g and most common mode of occurrence of Nat. U in the tailings is in association
with exchangeable species, Fe-Mn oxides and residual form. The dominant chemical form of Nat. U in TP-2 was
exchangeable species. The concentration of Mn, Pb, Cu and Zn ranged from 326.5-1395.86, 28.6-41 .4,

214.97-508, 16.49-20.93 ug g, respectively.

Introduction

Environmental pollution by heavy metals originating
from mines, can become a very important source of
contamination both in soil and water. Therefore,
chemical as well as physical characterization of mining
tailings is very important, to assess the risk of potential
environmental mobility of toxic trace metals that are
contained in this kind of waste. To assess the impact
of trace elements on environment from uranium mill
tailings, not only the total metal content, but also it's
mobility and bio-availability should be considered.
Uranium tailings are generated as solid and liquid
wastes in uranium mining or milling operations. Since

most of the uranium deposits in the world have low
grades, millions of tonnes of such wastes are produced
annually. The potential environmental hazards of
uranium tailings arise, when the disposal site is
abandoned after decommissioning of the uranium mill.
Huge amounts of solid wastes as small particles of
depleted ore remain in place. Water plays a dual role
by triggering a sequence of reactions and by carrying
contaminants away from the wastes site. The main
concern during the operation of a disposal site, is the
presence of radium in water. The leaching of toxic
constituents however becomes effective, so long as
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the tailings are in loose form. This is because of the
acid generating properties of the pyrite, a substantial
constituent of the tailings. Two types of contaminants
tend to leave the solid and migrate to the pore water.
These are the heavy metals and the radioactive
elements. Pollution problems may arise if toxic heavy
metals are mobilized into the soil solution and are
either taken up by plants or transported in drainage
waters to associated water supplies. The metals may
then enter the human food chain through the
consumption of such plants.

Extraction with specific reagents provides information
on the association of metals in different phases and
metal release when changes in geochemical conditions
occur. However, the determination of specific chemical
species or binding forms is difficult and often hardly
possible. For this reason, experimental approach
commonly used for studying the mobility, transport
and bio-availability is the use of selective sequential
extraction procedures. Sequential extraction procedures
are commonly applied because they provide
information about the fractionation of metals in
different lattices of the solid sample which is a good
compromise to give information on environmental
contamination risk. Many of these schemes used are
based on the five stages or it's modifications. These
sequences are designed to differentiate between the
exchangeable, carbonate, reducible (Fe/ Mn oxides),
oxidizable (sulphides and organic phases) and residual
(mineral) fractions. Although the procedures are very
tedious and time consuming, the results furnish
detailed information about the origin, mode of
occurrence, bioavailability, potential mobility and
transport of metals in natural environment.

The objective of this work is to investigate the total
metal content (Mn, Pb, Cu, Fe, Zn and U) and estimate
phase-wise distribution of these metals, using
sequential extraction technique proposed by Tessier
et al, with slight modification in different operating
conditions.
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Experimental
Sampling Location

Tailing samples were collected from Jaduguda, where
the tailing ponds are located in a valley surrounded
on three sides with hills and man-made embankment
on the fourth side. These tailing ponds are filled with
effluent obtained after the ion exchange process of
uranium removal and the fine particles obtained after
the secondary filtration of barren liquor. Representative
samples were collected by random sampling methods
from the three tailing ponds. Among the three tailing
ponds, tailing pond 3 is being utilized for tailing
disposal at present.

Reagents

All reagents were of analytical reagent grade.
Deionized water, further purified using a TKA water
purification system (Germany), was used throughout.
Aqueous certified Atomic Absorption Standards of
elements were used. Electronic grade acids were used
throughout the processing. All standards and reagent
solutions were stored in thoroughly acid-cleaned
containers.

Instrumentation

The concentration of Mn, Pb, Fe, Cu and Zn in different
phases of uranium tailings after sequential
extraction with specific reagents were analyzed
using GBC-Avanta, Atomic Absorption
Spectrophotometer. The concentration of Nat. Uranium
in the processed samples was estimated by Adsorptive
Stripping Voltammetric (AdSV) technique (Methrom,
PG Stat Auto-20) with hanging mercury drop
electrode.

A commercially available Microwave Sample
Preparation System, Model MLS 1200 MEGA
(Milestone) featuring programmable mineralization
procedure parameters was used, for microwave
digestion of tailing samples. pH measurements were
performed with an Orion Research pH meter.
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Total concentration of elements

The total Mn, Pb, Cu, Fe, Zn and Natural U
concentrations in the uranium mill tailing samples
were measured following microwave digestion of the
tailing samples. About 1.0 gm of tailings was taken
and digested using Nitric acid and HF (2:1) mixture in
a microwave digester. To validate the method, IAEA-
433 marine sediment standard reference material was
measured. Observed and certified results are given in
Table 1. All the metals (Mn, Pb, Fe, Cu and Zn) were
analyzed using AAS and Nat. U was analyzed using
DPASV in these processed samples.

Multi-step sequential extraction

The sequential extraction scheme applied to the
samples with some modifications in different operating
conditions. The extraction was carried out in
microwave digestion system instead of shaking for a
long time. There are a number of reports, suggesting
that the extraction should be carried out at ambient
temperature for fear that other phases could be leached
at elevated temperatures. It was reported that no
significant difference in extractability was evident,
when microwave accelerated extraction was compared
with the conventional procedure for the National
Bureau of Standards (USA) SRM 1645 sediment sample.
It was reported that extraction of the reducible fraction
was not complete, if performed at ambient
temperature. It has been recommended that the
extraction times of the different steps in sequential
extractions should be kept as short as possible, so as
to minimize the opportunity for readsorption to take
place. Considering all the facts, sequential extraction
was carried out using microwave digestion system.

Approx. 6.00 gm of sample was dried in an oven at
60 °C for 24 hour in order to avoid, as far as possible,
the transformation of some chemical forms
(exchangeable and carbonate).This procedure includes

five fractions. The extractants and operationally defined
chemical fractions were as follows.

Fraction 1 (F1): Exchangeable and water soluble:
Approx. 6 gm of sample was extracted with 60 m| of
water twice, 30ml each time in ultrasonic bath for 2
hours. The supernatant was collected in a beaker and
residue was extracted with 40 ml of 1M MgCl, at pH
5.0 using microwave digestion system. The MgCl,
extract was centrifuged and mixed with water soluble
extract.

Table 1: Observed values in IAEA-433 marine
sediment certified reference material

Element | Unit ey
Observed Cong. | Certified Cone,
FMu peg! 3Rz 64 16
b pe g’ -Eﬁ.:‘- 23 2427
Cu peg’ | 30322 g+ 26
Fe megg' [41.2£20 08+19
in peg’ |MWite 101 £%
_N:!E“ .|I.P,'ﬂ|__:5+“‘ .E-HHIJI

Fraction 2 (F2): Elements associated with carbonates
or specifically adsorbed: The residue obtained from
first step was treated with 40 ml of 1M sod. acetate
and acetic acid (pH 5.0) in microwave digester.

Fraction 3 (F3): Elements associated with Fe-Mn
oxides: Residue from second step was treated with 40
ml of 0.04 NH,OH. HCl in 25 % Acetic acid in
microwave oven.

Fraction 4 (F4): Elements associated with organic
matter and sulphides; Residue from step three was
treated with 40 ml of H,O, (30 %) and 0.02 M HNO,
at pH 2 in microwave oven.
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Fraction 5 (F5): Residual elements: It was treated
with HNO, and HF (2:1) mixture in microwave digester.
The multistage extractions were carried out for each
fraction using microwave digester. The extract was
centrifuged for 30 min. at 4000 rpm to collect the
supernatant. The residue was washed with distilled
water after each extraction and the washing was mixed
with the respective fraction. After extraction each
fraction was further digested with HNO, and HCIO,
mixture and the final solution was taken in 0.25 %
HNO, and stored in glass containers until analysis,
using AAS and DPASV.

Result and Discussion

Figs. 1 and 2 give the total metal content of tailings
and pH of samples collected from different tailing
ponds at Jaduguda. It shows that TP-1 and TP-2 are
acidic and TP-3 is under neutral environment.

The concentrations of most of the metals are
comparable with that of normal soil, with an exception
of U and Cu. This is expected because the region
belongs to highly mineralized area. Since the
tailings are at a different environmental condition,
there is always a possibility of change of state of
these metals. Studying the impact of metals in

environment, it is very important to know the different
chemical form of the specific metal, which actually
decides the mobility and bioavailability of the metal,
under various conditions. For that, a five stage
sequential extraction scheme was applied in these
different tailing pond samples, to find out the
partitioning of metal in different phases.

— - -
o = ) e
(=] (=] o (=]

-2
L=}

Concentrations (ug g-1)

3
=]

o

Mn Pb Cu Fe In

Elements

Fig. 2: Total concentration of metals in tailings at
TP-3; (Fe is in mg g™'; Actual values of Mn & Cu are
10 times more than the graph i.e., 1423 & 432 ug
g’ respectively).

Metal Speciation

In the sequential extraction scheme
used in this study, the mobility and
hence possible bioavailability of metals

mTP-1,pH 36
2TP-2, pH 3.79

decrease, in the order of extracted

Concentrations [ug g-1)
5 8 8 8 8

=

=

Mn Pb Cu Fa In
Elements

MNat. U

fractions from readily exchangeable to
residual. Table 2 gives the experimental
results obtained for the five fractions
in sequential extraction steps. The
average percentage of total metals
belonging to each fraction are
represented in a bar diagram in Fig. 3.

Fig. 1: Total concentration of metals in tailings at TP-1 and TP-2;

(Fe is in mg g).
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The important findings of this work are
detailed in the following sections.
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Fraction 1

The fraction comprises of water soluble and
exchangeable part. All the metals are extracted
significantly in this fraction except Fe. The extraction
of Mn, Cu and U(Nat.) is more in TP-1 and TP-2
samples, 38 % - 50 %, 53 % -57 % and 24 % - 42 %
respectively than TP-3, 32 %, 35 % and 18 %
respectively which is currently in use. The acidic
environment at TP-1 and TP-2 may favour these
extractions.

But there is a deviation observed in the case of Pb. In
TP-3 Pb extraction was 61 % where as in TP-2 and

Table 2: Sequential extraction results for Uranium tailings

TP-3 the extraction limits were 9 % - 17 %. TP-3 showed
Pb fraction higher in exchangeable fraction indicating
more mobility of this metal and therefore most
available for plant uptake and other release into the
environment. TP-1 and TP-2 contains higher Pb
fractions in residual fractions, which may be bound
to SiO,. for better conclusive more number of
representative tailings samples would be required.

Fraction 2

The amount of metals released in the carbonate
fraction represents a very low proportion of the
total metal content and in most of the cases the
concentration is found at below
the detection limit. The sum of

fractions 1 and 2 represents the
kl Unit P = ﬂ " s Total bioavailability of the metal.
Mn npe' 4843 |and R4T | 5658 [ 5K735 | 130886 .
Fraction 3
b g 1767 | <028 131 <06k | 763 6
9
Cu HEE:C T |10 | dal 45,97, | 15207 {6106, | 400.34 Most of the metals extracted
Fe mgg’ 0623 <13 186 0,04 LER LT Signiﬁcanﬂy (']3_23 0/0) in Fe-Mn.
Zn ppg' | 44 <10 12 (o7l e | 20028 Fe recovery in this fraction is
Nai. U nge’ 185|405 w43 |41 |4031 | 1oase higher than other fractions
m = = = = = = — except residual fraction. These
amounts of metals would
Mn ngg’ | 1239 | 168 T8 |91 13416 | 3263 .
! be released under reducing
i me |58 a2 | L3 0107 (26007 | 3307 conditions
Cu agg' (105 (<o 3247 oo |ass | 2uw
Fe meg' (182 |<ni3 [3my (008 |de40 | 5217 Fraction 4
£n e 1,66 <1.0 | 3.51 0,74 T ([ ]
Nat. T pgg' (3800 |36 | 1823 |1imé  |133 | BL0S Mostly metals associated with
organic matter are extracted in
P"Tﬂ' Unit | FI ¥1 F3 Fi ¥ Total 9 ,
L this fraction. In most of the
Mn pgg’ 2394 | 504 | 5978 | 1052 [ 1623k | 47586 - .
| tailing samples, the association
Pb hge’ | 389 | D8s Fashaitt | S| Exiriadi | [t of metals was found to be
Cu pgg’ | 2606 | =023 |44 (1052 | 8253 | S very less in this fraction. This is
Fe mgg' |0239 | <i13 168 oo | e017s | 640 because of less content of
Zn i||g_g_ :rl-u T 281 032|138 | 209 organic matter in tailings. The
N U | pge' 2049 [4se (269 |78 8137 |02 Loss Of Ignization (LOI) was
' found to be 0.16-0.098 %.
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Fraction 5 the residual fraction. This fraction named “inert

phase”, corresponds to the part of the metals which
It can be observed that the greatest part of the metals ~ cannot be mobilized. The amount of metals
studied, especially heavy metals, was associated with  released in this fraction is Mn 34-42%,
Nat. U 17-47 %, Pb 27-89 %,
Cu 15-36 %, Fe 89-94 % and
Zn 58-76 %. It is observed that

under acidic environment more

100%
of lead is associated with this
= 80%:1 fraction (78 %) than neutral
%E 60% ::: environment (27 %). Major portion
ﬁg o oF3 of Fe (90 %) is extracted in
E‘u. = F2 this fraction.
£ 20% m Fl1
0% | Conclusion
it The present study clearly shows

the importance of metal

partitioning in different phases.
High extractability was observed
E‘g aFs for most of the metals in the
:;E_E_ aF residual fraction with an exception
Eg 3 of lead. High extractability for
£% mF2 :
3 3 Lol Pb was observed in the
= exchangeable part in TP-3. At
the same time more amount of
Mn and Cu extracted in the
exchangeable fraction under acidic
conditioni.e., at TP-1 and TP-2. So
the mobility and bioavailability of
= metal is decided on the basis of at
[
EE oFs which form and environment it
2= mra exists. In the present study few
gg of o
gr elements are selected considering
=0 oF2 . . .
=) af the ease in analysis due to high
concentration. The study can be

extended for the major concern
radiogenic contaminants due
= to uranium tailings i.e. Ra-228,
Th-230, Po-210 and Pb-210 and
Fig. 3: Mean extractabilities of metals from tailings non radiogenic contaminants but
(A) TP-1, (B) TP-2 and (C) TP-3 highly toxic like Cd, Cr, As and Hg.
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ABSTRACT

Since the discovery of X-ray in 1895, the vast majority of radiographs have been taken and interpreted on the

basis of absorption contrast of the object. In recent years, the possibility of utilizing phase-contrast effect has
received considerable attention. In this paper, we present use of phase-contrast imaging for the examination of
soft materials like carbon fiber, carbon-felt and pyrocarbon coated alumina micro-spheres using SYRMEP beamline

at ELETTRA, Italy. Phase contrast imaging can also be done using neutrons and is quite effective in cases where
X-rays are unable to penetrate. To explore such a possibility, we also present theoretical simulation of Pb & ZrH,
objects with thermal neutron source using Kirchhoff integral formula.

Introduction

In recent years, phase contrast imaging with X-ray
and neutrons has been the subject of significant
research efforts. It helps to improve the image contrast
as compared to conventional radiography. The contrast
produced relies not only on differences in absorption,
but also on differences in real part of the refractive
index. The refractive index is given by n =1- 3 -if3, the
real part (3) of the refractive index is responsible for
phase shift, while the imaginary part (B) determines
absorption. The radiography with thermal neutrons,
is a powerful non-destructive method, for the
investigation of materials. We have carried out phase-
contrast imaging with X-ray sources which have been
published elsewhere, but, even X-ray phase imaging
has limitations for imaging of high Z materials like
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Pb, Ti, ZrO, etc, as the X-ray absorption is very high
for such materials. Unlike X-rays, neutrons interact
with various materials with very specific cross-sections
largely independent of atomic number (Z) of the
material and neutrons can pass through many high Z
materials. The neutron radiography also fails to yield
good results, if neutron attenuation is too weak to be
detected. Hence for objects of high Z materials, but
with poor neutron absorption, phase imaging
techniques should be used. With neutron phase
imaging, it is possible to image minute quantities of
these materials, in the specimen of materials having
very weak neutron absorption properties. We have
done theoretical simulation for materials like Pb with
air bubble, ZrH, in zircaloy. This paper deals with
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application of this technique for
material science applications using
X-ray and neutrons.

X-ray Phase
ELLETRA

Imaging at

We have carried out experiments
at SYRMEP bending magnet beam-
line Elettra, Italy. A CCD detector
and fiber-optic combination having

effective pixel pitch of 4.5 um was
used, for collecting high resolution
images. Fig.1 shows the X-ray
phase contrast image of carbon-felt
taken at E=10 keV, exposure
time=2 sec and object-detector distance (Z,) =50cm.
Fig. 2 (a) shows the phase contrast image of
pyrocarbon (PyC) coated alumina micro-spheres with
a diameter of 500 um, which was taken at E=16 keV,
t=1.6 sec and Z,=50 cm. The coated sample was
prepared in a high temperature graphite vessel. These
kinds of materials are important for nuclear science
applications. We have determined the average PyC
coating thickness to be 60 um on alumina micro-
spheres. This technique is found to be very useful in
visualizing and determining coating thickness of PyC,
uniformity of the coating and optimization of coating
parameters.

Fig. 1: X-ray phase-contrast image of carbon-felt

Fig. 2: (a) X-ray phase-contrast image of PyC coated alumina micro-
spheres. (b) Magnified phase contrast image of the black-rectangle
portion revealing the coatings

Simulation of Phase-contrast with Thermal
Neutrons

We have used Fresnel-Kirchhoff integral formula [4]
of parallel wave for simulation, to calculate the wave
function and the intensity of the image at the detector
plane:

T 4k ey
_.r'lr.:n{.‘r=| L] expl—ikzod) I‘q[ .\']KEE]J[M
\ Az .

J 2zod )

wd

k==

~ ,
10 o) =| [z 2o

Where x is the position coordinate within the image
plane, zod is the object to image distance, I(x; zod) is
the intensity of the object and q(X) is the transmission
function of the object. The phase shift ¢ of a neutron
with a wavelength A on it's way through the object,
with regard to propagation in free space, is given by

a2 @)

et | L)
2 coh’
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Where a_, is the bound coherent scattering length
and p is the average number of atoms per unit volume.

For X-rays, the phase difference is given by

5
§ =% [5ds =2 [r.pf,ds
A 2rl "
a4 - &
d=—rpf. 3)
2r °

For calculation of contrast (C) we have used formula
[5], C = (Imax — Imin) / (Imax + Imin), where Imax
(maximum value of intensity) and Imin (minimum
value of intensity) are values obtained from the 1-D
plot of radial distance and transmitted intensity of the
object. Table1 shows the cases where the use of
X-rays is impractical, because of their high attenuation.
Table 2 shows the differences in d values of Pb, ZrO,
and ZrH, for X-rays and thermal neutrons and contrast
values for neutrons. Egs. (2) and (3) show that the
phase difference is proportional to wavelength for both

Table 1: A comparison of the linear attenuation coefficient in Pb,

ZrO, and ZrH, for X-rays and neutrons

X-rays and neutrons. For neutrons there is more scope
to increase sensitivity by using longer wavelengths
without a significant increase in attenuation. However,
for X-rays, attenuation prevents the use of longer
wavelengths (>2 A) and limits sensitivity. We have
solved eq. (1) using FFT technique, to simulate the
ideal phase-contrast imaging conditions. The objects
were assumed to be circular ZrH, (r = 40 mm) in
cylindrical ZrO,, (r = 80mm), circular lead (radius, r,
= 100 mm) with air bubble (r = 20 mm and the
thermal neutrons was assumed to be monochromatic
radiation with a wavelength of 1 81A (E = 25meV).
Figs. 3 and 4 show the result of the simulation, with
object to detector distance of 11 and 25 cm
respectively. The presence of primary maxima along
with secondary maxima is a characteristic feature of
phase contrast imaging. Figs. 3(a) and (b) show the
phase contrast image of ZrH, in ZrO, with X-ray, the
ZrH, is not visible in this image, due to high X-ray
absorption. However, it is clearly visible in the neutron
phase contrast image, even though it has low neutron
absorption. It shows the
importance of phase-
contrast imaging with
neutrons for these types of

Table 2: Real part delta (8) differences in lead, ZrO, and ZrH, for
X-rays and neutrons

Object | Neotron and | Neatron and X-ray | Neotron linear X-ray linear materials.)
name X-ray energy wavelengih (A) attenuation attenuation
cocfTicient (cm™) | coefficient (cm™)
o 33 meV BT TET H033 Acknowledgements
2l 58.5 kel 0.2120 02l 16,658
i = z £ A, The authors would like to
acknowledge the

contribution of Dr. D.
Sathiyamoorthy, Head,
MSD for many helpful

discussions and for
Object | p(x10°) | Neutron & | X-ray d(rad) | Neutron Neutron providing samples.
name (m™) Xeray A(A) (=107 drad) Contrast (C)
Ph 33031 181 54306 LaITT=10" 0.8281
Zr0- 8.2211 02120 49,3280 80336 10" 09817
ZrH; 10 884 = 09,2794 L8020 01,9850
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Fig. 3: (a) Phase-contrast image of ZrH, in ZrO, with X-ray at E= 58.5keV, (b) intensity
profile of (a), (c) phase-contrast image of ZrH,in ZrO, with neutrons at E= 25meV and

(d) intensity profile of (c).

- I " - i |
— | i ’ | |
. .I { A |

() ibj}

Fig. 4: (a) Phase-contrast image of Pb with air bubble using neutrons at E= 25meV &
(b) intensity profile of (a).
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ABSTRACT

Sorption of Np(V) on hematite colloids has been studied, at varying pH values (3-10) in the absence and
presence of humic acid using ?*Np as a tracer. The results show negligible sorption of Np(V) on hematite
colloids at lower pH <5, beyond which it was found to increase, sharply reaching ~ 90% at pH 10. In the
presence of humic acid (2mg/L) the Np(V) sorption on hematite decreased at higher pH values while at lower
pH the effect was found to be negligible. Using the binary interaction data, linear additive modeling of the
sorption data of ternary system of Np(V) - humic acid - hematite was carried out, which suggested the role of
non-additive factors. The experiments on ternary system of neptunium — hematite- humic acid under reducing
conditions show reduction of Np(V) to Np(IV), causing increased sorption of neptunium at all pH values.

Introduction

Z’Np is one of the most important radionuclides
present in High Level Waste (HLW) which is generated
during the reprocessing of spent nuclear fuel. The long
half life (T, , = 2.14 x 10%) and alpha activity of **’Np
make it one of the most hazardous contaminants in
the geosphere in the long term. This is particularly
due to the fact, that compared to plutonium and
americium, it is more mobile in the aquatic
environment, owing to the dominance of pentavalent
state (NpO, *) under aerobic conditions [1]. Adsorption
of radionuclides on colloids like silica, alumina and

iron bearing colloids (hematite, magnetite, goethite)
is the common mode of transport in the aquatic
environment, which in turn is influenced by the
presence of humic substances in the aquatic system.
Presence of humic acid was found to facilitate the
transport of neptunium as humic colloid bound
species, which was attributed to the reduction of Np
(V) to Np (IV) and formation of stronger Np (IV) - HA
complexes [2]. There is no literature on the effect of
HA on the sorption of neptunium on hematite colloids,
which are one of the most common minerals present
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in aquatic system. With this in view, we studied the
influence of humic acid on the sorption of neptunium
on hematite colloids, both in the absence and presence
of humic acid at varying pH values (3-10). From the
binary interaction data of Np (V), humic acid and
hematite system, the sorption data on ternary system
has been deduced, using the linear additive model.
The measurements were also carried out on the ternary
system, under reducing conditions, by using sodium
dithionite (as a reducing agent).

Experimental

Hematite colloids were synthesized in the laboratory
as described in [3]. The IsoElectric Point (IEP) of
hematite colloids was found to be 6.57. 2°Np, the
short lived (2.35 days) gamma-emitting isotope of
neptunium was prepared by irradiating U,0, in APSARA
reactor and separating 2°Np, from uranium and fission
products, by anion exchange method. The eluate
solution was evaporated to dryness and then fumed
with 1M HCIO, thrice and finally dissolved in 0.1M
NaClO, solution to prepare 10" M stock solution
having pH ~ 6. Solvent extraction with 0.5M TTA in
xylene, showed negligible extraction of neptunium
indicating the predominant oxidation state to be Np(V).
100 pL of the stock solution was used in the sorption
studies, so as to give the neptunium concentration of
103 M. All the solutions were prepared in de-ionized
millipore water. Batch sorption experiments were
carried out by equilibrating 2°Np solution at varying
pH with hematite colloids. 30 mg of hematite powder
was suspended in 10 mL of 0.1M NaClO, solution in
polypropylene tubes. After leaving the suspension for
two hours, it's pH was adjusted to the desired value,
by addition of either dilute HCl or NaOH. Eight
samples having pH in the range of 3-10 were prepared.
After adding the 2*Np activity the suspensions were
equilibrated for 48 hours. The details of measurement
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of sorption data are given in [4]. In another experiment,
the batch sorption experiments on the ternary system
of Np - HA - hematite were carried out under reducing
conditions. 100 mL of 0.5 M sodium dithionite
solution was added to the hematite suspension
(3g / L) containing humic acid (2mg / L) so as to
maintain the dithionite concentration as 5 x 10> M.
The suspensions were purged with N, before
adjustment of pH and again before keeping for
equilibration. Np(V) is expected to reduce to Np(IV)
under these reducing conditions, which may further
be facilitated by the presence of humic acid.

Results and Discussion

Fig. 1 shows the sorption data of Np (V) on hematite
colloids as a function of pH under aerobic conditions.
The percentage sorption is very low till pH 5 (~10%),
above which it increased sharply reaching the
saturation value of 90 % at pH 9. This can be
explained in terms of the decreasing zeta potential
of hematite colloids with pH. In the presence of
HA, the sorption is marginally lower in the pH range
3-6. On the other hand, at pH >7.0 the significant
decrease in sorption in the presence of HA has
been observed. Sorption behaviour of actinides on
minerals has been explained on the basis of hard —
soft, acid - base behaviour. Np (V) being a softer acid
has lower interaction with bare mineral oxides, as
compared to Th (IV), Pu (IV) and Am (lll). Sakuragi et
al [5] observed that HA enhanced the sorption of
Am (IIl) on hematite colloids at lower pH and decreased
the sorption at higher pH. This observation was
attributed to strong sorption of HA on hematite at
lower pH, which decreased with increase in pH. Thus
the observations made in the present study, about the
suppression of Np(V) sorption by HA at higher
pH values, is explained by the formation of
Np (V)-HA complex.

OCTOBER 2008



dtvan==it
b b

BARDC

HEWSLETTER

1004 — —Np(V)-Hematite
— — Np(V)-HA-Hematite "
1 Model fit
80
£ 60-
g /
a 404 /
(3] |ll,-'
20 d
i _/35’/;/
u _=""';;._ - ‘ ] ' ] ]
2 4 6 8 10
pH

Fig. 1: Sorption of Np(V) on hematite: effect of humic acid

Fig. 2 shows the sorption data of ternary
system of neptunium HA hematite under
reducing conditions. The sorption of Np on
hematite is significantly enhanced at all pH
values, with respect to aerobic conditions.
Under anaerobic conditions, Np(V) may be
reduced to Np(IV) which being a hard acid,
is expected to behave like Th(IV) and hence
the sorption at lower pH is increased.
However, it is not clearly explainable why
the sorption of Np(IV) should increase at
higher pH values in the presence of HA. As
Np(IV)-HA complex has a much higher
stability constant than Np(V)-HA, it is
expected that the sorption of Np(lV) on
hematite will reduce at higher pH, contrary
to the observations of this work. This
indicates that reduction of Np(V) to Np(IV)
may not be complete at alkaline pH.
Secondly Fe** released by dissolution of
hematite may re-oxidise Np(IV) to Np(V).
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In order to simulate the sorption data of
the ternary system involving Np(V), hematite
and HA, we used the linear additive model
modified by Samadfam et al [6]. The prediction
of the linear additive model are shown in Fig.
4 as a dotted line, which shows increased
sorption of Np(V) at intermediate pH and a
slight decrease at higher pH values. The
decrease in sorption at higher pH is in
agreement with experimental results, though
the decrease is not as much as observed
experimentally. However, the predicted
increase at pH 5-6 is not observed in the
experiment, which suggests the influence of
non-additive factors, such as, change in the
surface charge density of HA-coated hematite
particles with respect to bare hematite
particles, or different value of stability constant
for Np(V)-HA complex involving mineral
bound and aqueous HA.

110

100 ~
90 +
80 +

70+

% Sorption

60
50 +

40 4

30

Fig. 2: Sorption of Neptunium on Hematite in presence of HA
in reducing condition

FOUNDER’S DAY SPECIAL ISSUE



e,
D 1e
N

DR. HOMI BHABHA CENTENARY YEAR

€

Conclusions 2. R. Artinger, C.M. Marquardt, J.I. Kim, A. Seibert,
N.Trautmann, J.V. Kratz, Radiochim. Acta 88,

The present study showed that HA decreases the 609 (2000).

sorption of Np(V) on hematite colloids at higherpH. 3. 5. Kumar, N. Rawat, B.S. Tomar, V.K.

Under anaerobic conditions, sorption of neptunium Manchanda, S. Ramanathan, J. Radioanalyt.

on hematite was found to be enhanced in the presence Chem., (In Press).

of HA, which was attributed to reduction of Np(V)to 4. S. Kumar, B.S. Tomar, V.K. Manchanda, S.

Np(IV) and stronger complexation of the latter by HA. Ramanathan, Radiochim. Acta 94, 369 (2006).

5. T. Sakuragi, S. Sato, T. Kozaki, T. Mit'sugashira,
M. Hara, S. Yoshimit'su, Radiochim. Acta 92,

References 697 (2004).
6. M. Samadfam, T. Jintoku, S .Sato, H.Ohashi, T.
1. J.I. Kim, in Handbook on the Physics and Mit'sugashira, M. Hara, Y. Suzuki, Radiochim.
Chemistry of Actinides eds A.J. Freeman and Acta 88,717 (2002).

C. Keller, Elsevier Science 1986, p413.

ABOUT THE AUTHORS

Ms. Aishwarya Jain is from the 48 Batch of BARC Training School. After successful
completion of one year Orientation Course in Nuclear Science and Engineering, she joined
the Radiochemistry Division in September 2005. Her research area is actinide speciation.
She has been working on the colloid assisted transport of actinides and initiated
spectroscopic work on actinide speciation.

Ms. Neetika Rawat obtained her M.Sc. from the Indian Institute of Technology, Delhi.
She joined the Radiochemistry Division, in 2002 after completing one year orientation
course in chemistry from BARC Training School (45" Batch). Her area of interest includes
thermodynamics of complexation of actinides and fission products with various processes
and environmentally important ligands.

300 | ISSUE NO. 297 | OCTOBER 2008



dtvan==it
b b

BARC

HEWSELETTER

ABOUT THE AUTHORS

Mr. Sumit Kumar joined the Radiochemistry Division, BARC, in 2003 after graduating
through one-year training programme on Nuclear Science and Technology of BARC Training
School. His research interests are application of Radioanalytical techniques in various scientific
problems and Actinide Speciation in environment.

Dr. B.S. Tomar joined the 25" Batch of the BARC Training School in 1981 and won the
Homi Bhabha Prize. Subsequently he joined the Radiochemistry Division in 1982. His
areas of research include Nuclear Chemistry in general and Nuclear Fission, Nuclear reactions,
Perturbed angular correlation, lon beam analysis and speciation of actinides and fission
products in particular. Presently he is heading the Actinide Chemistry Section of
Radiochemistry Division, BARC.

Dr. V.K. Manchanda joined the Radiochemistry Division, BARCin 1969 after graduating
from BARC Training School. His research interests include; Thermodynamics and kinetics
of complexes of macrocyclic ligands with lanthanides and actinides, Design and synthesis
of novel extractants of actinides relevant in the back end of the fuel cycle, Chemical quality
control of Pu based fuels and Speciation of actinides in aquatic environment. He has about
170 publications in international journals. He currently heads the Radiochemistry Division
of BARC.

Dr. S. Ramanathan joined BARC through the 19t Batch of Training School and works on
processing of advanced ceramic materials for a wide variety of applications in the
department. He worked on the development of solid oxide electrolyte materials for oxygen
sensor application. Currently he works on synthesis of nano-crystalline oxide powders by
gel combustion technique and their processing for applications such as SOFC, catalysis,
absorption etc. Characterization of micro and meso porosity in treated nano-crystalline
powders by Small Angle Neutron Scattering (SANS) is yet another area of his specialization.
He has developed slurry-based tape casting process for formation of thin sintered tapes (100 to 500 um thick)
of electrodes and electrolytes for solid oxide fuel test cell studies. He also specializes in synthesis of controlled
morphology colloidal powders by sol-gel technique for studies on absorption behaviour of radioactive nuclide
on the surface.

301 | FOUNDER’S DAY SPECIAL ISSUE



el o
rg
L/'JL )

DR. HOMI BHABHA CENTENARY YEAR

NEW AUTOIONIZATION RESONANCES OF

URANIUM BY THREE-COLOR RESONANCE

IONIZATION SPECTROSCOPY IN HOLLOW
CATHODE DISCHARGE TUBE

M. L. Shah, Vas Dev and B. M. Suri
Laser and Plasma Technology Division

This paper received the Best Poster Award at the
7" DAE-BRNS National Laser Symposium (NLS-7), held at
M.S. University of Baroda, Vadodara , during December 17-20, 2007

Introduction

Multistep Resonance lonization Spectroscopy (RIS) is
a powerful tool, to study and identify high-lying atomic
states. Especially studies on autoionization states,
which are quasi-bound states of an atom, lying above
the ionization threshold of the outer valence electron,
have been of great importance because of their role
in knowing efficient routes for resonance ionization,
apart from addition to fundamental knowledge in
Atomic Physics. The usual scheme for multistep
photoionization, consists of excitation of an atom from
low lying energy levels to intermediate upper excited
states, with a sequence of lasers and subsequent
ionization of the excited atom by another laser.
Normally, most of this information is acquired by
employing the multistep Resonance lonization
Spectroscopy (RIS) in the atomic beam setup. For
refractory elements such as uranium, atomic beam
set up is very complex. Some researchers have recorded
three colour, three-photon optogalvanic spectra of
uranium in a simpler device, the Hollow Cathode
Discharge Tube (HCDT), where it is used as a source
of atomic vapours as well as a photoion detector and
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was found to be in reasonably good agreement with
the spectra recorded in an atomic beam set up. Single
colour three-photon ionization spectra of uranium in
the cathode dark space have been reported. Recently
using the same technique, single colour three-photon
as well as two-color three photon photoionization
spectroscopy of uranium have also been studied. The
major advantage of this technique is it's ease in
implementation. Fig. 1 shows homemade HCDT along
with the routinely used complex atomic beam setup.
Researchers further extended it's use investigations
of autoionization states. The even parity autoionization
spectra of calcium were investigated by some
researchers, using two colour two-step excitation.
Others have studied the autoionization states of
Lutenium, Praseodymium and Samarium using two
colour optogalvanic spectroscopy.

We have studied the autoionization states of uranium
by optogalvanic spectroscopy, using three-colour three-
photon RIS in a U-Ne HCDT in the energy region
52850-53180 cm'. We have identified 40 new
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autoionization states of uranium and assigned their J
values. Some of the autoionization states were also
accessed through different excitation routes.

Experimental Setup

Experimental setup used for these studies is shown in
Fig. 2. It consists of three Nd-YAg pumped dye lasers
(spectral width 0.05 cm™, repetition rate 20 Hz, pulse
width 7 nsec), a see-through type home-made U-Ne
HCDT( cathode length 30 mm, diameter 8 mm), digital
oscilloscope for signal monitoring and a box car
averager for further signal processing. HCDT was
operated at ~50 mA current. Spatially overlapped and
temporally synchronized three dye lasers beams
(—~ 5mm diameter) are made to pass through the centre
of the HCDT and optogalvanic signal was detected
across a4 Kiz ballast resistance.

Results and Discussion

Three-colour optogalvanic spectrum has been recorded
and analyzed using the following excitation scheme

A,=566.98nm A,=585.85nm

620 CM () =5) e 18253.54 ("' () =) e

A,scanned 570-560 nm

35319.21 (M (1=6,7) e

In these experiments first and second step laser
wavelengths (A, and 1) were fixed by observing the
first and second step resonant optogalvanic signals
and photoionization spectra along with Fabry-Perot
Etalon (FPE) fringes were recorded, by scanning the
third laser wavelength (&,) in the energy region of
interest as shown in Figs. 3a and 3c.To obtain high
signal-to-noise ratio and avoid single color
non-resonant excitation, first and second step dye
lasers powers were attenuated significantly.
Three-colour three-photon autoionization spectrum
recorded by this technique, consists of resonant
single-colour (A,), two-color (A, +A.), and three-colour
(A, +A,+A,) optogalvanic features. To extract the
three-color autoionization features from this
complicated spectrum, the experiment was repeated

Fig. 1: Front view of home-made hollow cathode discharge tube (in circle) which
is used instead of traditional atomic beam chamber (in rectangle).

303 | FOUNDER’S DAY SPECIAL ISSUE



we

9

58

&

DR. HOMI BHABHA CENTENARY YEAR

Trigper

LELE S
I
| —
Fee | PO
- AG Y AL MY AL & _I
PUMPED FUMPED FUMPED |4
oL 1 Dl 2 DL 3 nenT
< % — U - 5o
Bs B% Bs ’

FL.

—
11 mF s

4K
|
TR

A -
% 10 nF BEA CR

Fig. 2: Experimental setup

FPE-Fabry perot etalon, PD- Photodiode, OSC-Oscillator, MC-Monochromator,
DL-Dye laser, BD-Beam dump, HCDT-Hollow cathode discharge tube, FL-Focusing lens,

BCA-Box car averager, CR-Chart recorder

with the second laser (A,) blocked. The resultant
optogalvanic spectrum consists of single-colour
(due to A,) and two-colour (due to A, +1))
optogalvanic features only (see Fig. 3b). On
comparison of three-color spectrum with the two-color
spectrum, we have identified 40 autoionization
resonances in the energy range 52850-53180 cm’.

A list of all these resonances with their proposed
J-values is given in Table1. Most of the three-colour
features are broad as compared to single and two
colour features with Full Width Half Maximum
(FWHM) varying from 0.3 cm™ -4 cm. To the best
of our knowledge, the above mentioned energy
region is not explored by any researcher so all
resonances reported here are new autoionization
resonances. A part of the above mentioned energy
region was also accessed using the following
excitation scheme:
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A,=562.81 nm A,=584.1 nm

620 cm'(J=5) e 1834294 M (| =4) ———m)

A,scanned 570-560 nm
35498.38cm (1=3,4,5) ——

Autoionization resonances 29 and 30 as shown by
asterisk in Table 1 have also been observed through
the above-mentioned route. It has not only further
confirmed our observation of autoionization resonances
seen through the first scheme but also reduced their J
value ambiguity from 5-8 to 5, 6.

Conclusion
The autoionization states of uranium have been studied
by optogalvanic spectroscopy using three-colour

three-photon RIS, in a simpler device, a U-Ne HCDT
in the energy region 52850-53180 cm'. We have
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Fig 3a: A portion of three-colour, three- photon
autoionization spectrum of uranium observed in
HCDT with A, =566.98, A,= 585.85 and A,
scanned from 561-562 nm in the energy region
53107-53140 cm™.

3b: Repeat of 1A with second step laser blocked
3c: Fabry-perot etalon fringes

identified 40 new autoionization states of uranium
and assigned their J values. Part of this energy region
has also been studied using different excitation scheme.
The autoionization resonances identified by both the
schemes reduced J value ambiguity form 5-8to 5, 6.
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Table 1: Autoionization resonances

SN Energy Levels Proposed J
(em) Values
1 5287075 58
2 5288875 5
3 5280425 38
4 3291535 i
5 52024.00 58
f 5293725 58
T 5204675 54
] 3295825 38
9 5205875 58
10 52960125 58
11 5296175 3.3
12 5208275 54
13 5208875 53
14 5300019 iR
15 5301119 54
16 53012.69 5-8
17 5301565 58
18 5301919 58
19 53021.19 38
20 3303319 3-8
2] 5303769 38
22 5304819 3-8
23 53039.19 38
24 F3060,65 3-8
25 5306444 58
26 307068 5.3
27 308269 58
28 23088.69 58
29" S309%.19 58
30" 3310094 58
31 5311219 58
32 3311419 58
33 5311719 i3
M 33125.69 58
i5 5313469 58
i 3315519 3.8
7 3316019 5.8
Ex 3316069 58
30 A31T0.69 hR ]
) 5317769 18
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ABSTRACT

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 c¢m) based on the design of

Littman. The cavity comprises an indigenously
designed flow through dye cell (5 mm x 1T 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,

mA = d (Sin 6, + Sin ) )

Where m is order, d is groove density, 8, incidence
angle, 0, diffraction angle, | is the wavelength. The
cavity wavelength NA/2 = AB + BC (cavity length),
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Fig. 1: Schematic of cavity configuration

where N is the longitudinal mode index number.

AB =LSin®6,BC=LSin6,
NA/2 = L (Sin @, + Sin @)
From equation (1) & (2)

N =2ml/d

()

3)

Equation (3) indicates that the longitudinal index
number (N) does not depend on the diffraction angle
8, and lasing wavelength A 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 um 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.

Focusing Lens
F= 200mm

SLM Output

Grating

L4 Wavemater

Cutput
Coupler

Plvat Point
Grating Plane

o Plane

Output Coupler Plana

FPE

Photo Diode
Control Card

To PET

To Tuning Mirmor

Fig. 2: Schematic of the SLM dye laser
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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 ° to provide high dispersion for the
laser.

The single pass line width of the grating mirror pair is

given by
Wi 22
A= - : (4)
7(Sin(6) + Sin(g))

The single pass line width is calculated to be 1.5 GHz
for grating length [=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 spotin
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 © to 89.05 °. 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 % 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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Fig. 4: Fabry Perot spectrum of SLM dye laser

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 °. 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 um. 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 um
PZT fixed on the tuning mirror arm by applying a slowly

310

Table 1: Performance characteristics of SLM dye
laser

Minimum average linewidth 375 MHz
of the SLM laser

Energy conversion Efficiency 2.3%
ASE 0.027%
Pulse duration { FWHM) 20 nsec
Tuning range 12 nm

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.

ISSUE NO. 297

Fig. 5: Single shot fringes from fast CCD camera
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Fig. 6: Intensity pattern of interferogram for single
pulse

Single pulse Spectrum

The bandwidth of SLM dye laser was measured with
FP etalon of 7.5 GHz and wavelength meter (WS-7L).

Afast CCD camera was externally triggered, to measure
the single shot, single pulse bandwidth of the SLM
dye laser. Thirty-five frames of single shot, single mode
FP fringes are shown in Fig 5. The time average
bandwidth was measured as ~375 MHz and the single
pulse bandwidth was 315 MHz as shown in Fig. 6.

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.
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The element sulphur has four stable isotopes with the
natural abundance 32S:33S5:34S5:3%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 v,
absorption features of the two prominent isotopic
variants #SF,_and *SF, are separated by an isotope shift
of 17 cm'. However, the isotopic shift of minor
isotopic species #SF_is only 8.5 cm™ from 32SF .
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.

Instage 1, 32SF, is targeted and dissociated selectively,
using a pulsed CO, laser tuned at an appropriate
wavelength.

32SF, —— ¥SF, + 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 *SF,, so
that the residual SF_ is further enriched in S — 33
isotopes.

#SF, —— ¥SF, + F ——— Products

Our studies on the IRMPD of natural SF, at room
temperature with suitable scavengers showed, that it
was possible to isolate residual SF, enriched in both
S—33and 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 #*SF_. By cooling
the substrate gas during photolysis, these effects can
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be minimized to obtain better process
selectivity. Therefore, successive
stages of photolysis involving IR MPD
of SF, were carried outat—78°C.

In the initial runs, **SF, was
dissociated first using 10 P (18) line
of the CO, laser, followed by 3SF,
removal using 10 P (38) or 10 P(40)
line. Our efforts to obtain a final
residual SF_ highly enriched in #*SF,
were not successful, as we ended up
burning it completely during stage 2
removal of *SF_. From this important
observation we realized, that it would
be advantageous to selectively
dissociate #*SF_ in stage 2 rather than
removing *SF_. Such an approach has
two advantages, viz.,

(i) the inherent loss of S — 33
associated with the excitation of SF,
using a red — shifted absorption
frequency will be reduced

(i) the line 10 P (26) required for 3
SF, dissociation has better laser
efficiency than 10 P (38) used for 3SF,
removal.

Photolysis of natural SF_ at ~ 0.3 Torr
was done by 10 P (18) linein 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
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when required. In the first stage, for example, all the
volatile photoproducts like SOF, / SOF, / SO,F, 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,. 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_ enriched in the minor
isotopes) from stage 1 as feed material in stage 2,

without any additional effort. During stage 2
photolysis with 10 P (26) line in the same cell, scavenger
trap was keptisolated so that, formation of the end
product SO,F, highly enriched in S — 33 was facilitated.
It can be seen from the figures, that there was an
appreciable dissociation for #*SF, while 3*SF 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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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 um) (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 Ipm with the minimum cut off diameter
of 0.1 um. 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 um to 20.0 um. 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, gas was
continuously supplied @ 20 I min™. 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 um.

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 um) was
found to be 44.06 mg/m?3, which was in good
agreement with 40.1 mg/m? obtained from the gross
filter paper sample. Using conductivity measurements,
total concentrations were found to be 61.82 mg/m?
and 57.25 mg/m? 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 um (GSD= 3.2)
and 1.24 um (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/
cm?. In case of the impactor data, care was taken to
convert the aerodynamic diameters, to the physical
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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 um with a GSD of 2.07 (in the sizes below
0.75 um) which corresponds to a Mass Median
Diameter (MMD) of 0.33 um. This is in close
agreement with the MMD value of 0.38 mm,
GSD=2.8) obtained by fitting the impactor data in

B
8

MMD{gravimetry)=1.14 um
ug=‘14
MMD{conductivity)=1.24 um ol

95+ ng=24 ot i

cum % less than stated size
=

40- :
gravimetry
10 . .
il ~ conductivity
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01 1 10
particle physical dia (um)

Fig.1(a): Impactor based mass size distributions:
gravimetry and conductivity techniques
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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 um to a lognormal
distribution. [Fig.1(b)].

Interestingly, the total masses in the common size
range (<0.75 um) were also found to be fairly close;
10.42 mg/m? from the impactor and 8.15 mg/m? 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)].
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1000 .-\V—\.'
100 SMPS 1‘1
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8 1 b
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o.m o1 1 10
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Fig. 2(a): Number size distribution recorded by
SMPS and OPC for ambient room aerosols

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)].

dN/d In dp (No./cc)
a'd

0.01 0.1 1
Size (um)

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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Introduction

Experimental developments in the field of laser cooling
and trapping have propelled Science & Technology
into an exploratory regime, which has revealed
numerous innovative and fascinating processes,
playing at the edge of physical limits. The state-of-art
technology has made it possible, to routinely
prepare dense sample of atomic gases at ultracold
temperatures, in the nano-Kelvin ranges. Innumerable
applications of laser-cooled atoms in basic studies
include: ultra-precision spectroscopy, physics of
collisions mediated by long range interactions, cold
molecule formation, ultra-cold plasmas, quantum
optics, matter wave physics, quantum atom optics,
degenerate quantum gases including bosonic and
fermionic condensates. Experimental realization of
Bose-Einstein condensation is, perhaps, the landmark
accomplishment of ultra-cold atom research which
has led to explosive growth of research in quantum
degenerate gases, there by providing an opportunity
to develop a lucid picture of cooper pairing,
superfluidity, quantized vortices, Josephson junction,
quantum phase transitions etc. The applications of
laser-cooled atoms are equally fascinating and include,
for example, precision atomic clocks, ultra-precise
gravity gradiometer, atom lithography and quantum

information processing.

The exciting and diverse applications of ultra-cold
atoms can be accomplished, only if the contemporary
techniques of laser cooling and trapping of atoms are
developed in the laboratory, together with laser
spectroscopic techniques, for characterization of ultra-
cold atoms and their behaviour under collision and
interaction with electromagnetic fields. This, however,
is a nontrivial task involving a variety of disciplines
and experimental systems. At the same time, there
also exist a number of fundamental issues relating to
the laser-atom and atom-atom interactions, in the very
process of laser cooling and trapping of neutral atoms.
In this article, experimental and relevant theoretical
work dealing with these very subjects is summarized.
For laser cooling and trapping studies, the most suitable
candidates are alkali atoms owing to their simple
valence shell structures, favourable cross-sections for
the radiative and non-radiative processes and the
availability of appropriate laser sources to access their
resonance transitions. Atomic systems targeted in the
present work are Cs and Rb, which are cooled and
trapped and then subjected to a variety of
investigations.
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High resolution laser spectroscopy

Development of various high resolution laser
spectroscopic techniques are inevitable tasks to be
performed prior to commencing experiments, on laser
cooling and trapping of atoms. These techniques play
a crucial role in the characterization and manipulation
of cold atoms. This involvement also arises from the
requirement of stabilization of a single mode laser on
a given atomic resonance, at a pre-determined red
detuned frequency, with frequency stability of a few
hundred KHz over a long duration of time [70-74],
for efficient generation of a continuous source of cold
atoms. Since the frequency stability is limited by the
width of the atomic resonance line, it is preferable to
lock the laser on a narrow spectral linewidth, obtained
using a Doppler-free spectroscopic technique. Owing
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Fig. 1a: Practical realization of a diode laser locked
to the red side of the cooling transition
6s,, F=4 — 6p_, F’ =5 [marked A] of Cs under
software control. For convenience the transition
on the other extreme, (F—>F’)=(4—3), is marked
[F. The laser frequency is scanned up to the
predetermined lock point, where it gets locked
through software control. After enabling locking,
the laser frequency undergoes a damped
oscillatory motion and stabilizes within an accuracy
of = 1.2 MHz. The stabilization time is < 0.7 sec
and the laser remains locked for hours.
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to its simplicity, the Saturated Absorption Spectroscopy
(SAS) technique is the most frequently used Doppler-
free technique in laser cooling and trapping
experiments. The narrow linewidth (—~20-30 MHz) SAS
signal is used as frequency reference, for locking of
the diode lasers on the respective transitions. Two
independent frequency stabilization strategies are
adapted, that rely on software control and hardware
control of the error signal. The corresponding locking
signal has been illustrated in Fig. 1. The software
locking is the simplest scheme for frequency
stabilization, however, it has limitation in controlling
short-term frequency instability, due to the inherent
slow response of the software. This shortcoming is
circumvented by the use of hardware locking scheme,
which has proven to be more accurate and reliable.
The other minor advantage of hardware locking scheme
is that, it overcomes the requirement of a dedicated

computer system.
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Fig. 1b: Frequency stability of a diode laser locked
to the SAS signal of #Rb cooling transition, using
hardware locking system. This system has the
facility to lock on both sides of an atomic transition.
It has been designed to work under the supervision
of a computer and is isolated from the computer
after enabling locking. The long term stability of
the hardware lock is observed to be < = 1 MHz.
The frequency stability of a free running diode laser
is shown for comparison.
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Simply stabilizing the laser frequency is not a sufficient
condition, as in many laser cooling experiments, it is
often required to tune the laser frequency under locked
condition, to ensure good frequency stability over a
wide range of frequencies. This purpose is not served
by directly locking to the saturation absorption profile,
as in this procedure the capture range is limited by
the change in the slope of the SAS signal. In situations
such as those of '*3Cs and #®Rb, the SAS signals do not
provide good enough slopes for locking the laser
frequency as desired by laser cooling experiment. This
problem can be circumvented, by locking the laser at
a different location, for e.g. a nearby crossover
resonance having large signal strength, followed by
either shifting the laser frequency using an Acousto-
Optic Modulator (AOM) or shifting the reference SAS
signal. We have developed a technique to shift the
reference SAS signal utilizing Zeeman effect on the
atomic hyperfine transitions.

The transmission of the probe beam in SAS is governed
by the extent of absorption of the probe beam, which
depends on the oscillator strength, the depth of the
Bennett hole burning (depends on the oscillator
strength and intensity of the pump beam) and the
optical pumping to the other hyperfine ground level
by optical transition, relaxation or combination of
both. Here, we control the strength of various
resonance peaks of SAS, by precisely manipulating
optical pumping between Zeeman substate with the
use of polarized laser beams and DC magnetic field.
Fig. 2 illustrates such dependences, along with
magnetic field dependent control shifting of SAS peaks,
for specific configuration of pump-probe laser
polarization. This set-up, facilitates linear tuning range
of 400 MHz and 150 MHz for a lock on the peak of
the cycling transition (F =4 — F = 5) and the
crossover resonance respectively. It may be noted here,
that tuning of a side-lock exhibits nonlinearity with
respect to the magnetic field, due to additional
mechanism of Zeeman splitting assisted line broadening
of SAS peaks.

SAS Signal {a.u)
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Fig. 2a: SAS signal of 6s, ,F =4 - 6p,,F" =3,4, 5
transitions of Cs. The dotted curve is for plane
polarized pump and probe beams and B=0. The
dashed line is for pump and probe beam with
(6*-6"or 6 -c*)and B=0. The solid line represents
the signal taken with pump and probe beam
(6*-06-or 6 -c*) configuration and B ~ 4.7 G.
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Fig. 2b: Zeeman shifting of the peak of cyclic
(hollow circle) and crossover line (solid circle)
measured from the field-free cyclic transition. Both
the pump and the probe laser are right circularly
polarized. Theoretically expected behaviour is
shown by solid lines (a) and (b).

More involved Doppler-free techniques such as
Degenerate Four-Wave Mixing (DFWM) and Nearly
Degenerate Four Wave Mixing (NDFWM) finds use in
the context of characterization of laser cooled atoms.
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DFWM and NDFWM spectroscopy has been
performed, on the 6s ,F=4—6p, F =3, 4,
5 transition of Cs atomic vapour. The novelty of the
employed experimental configuration has resulted in
several new observations. The DFWM signal, in the
absence of a state preparation laser, is investigated for
variation in laser power and polarization and the
temperature of the vapour cell. In the presence of a
state preparation laser, we observe an improvement
in reflectivity, corresponding to the non-cycling
transitions and also appearance of many new
resonances. The origin of these new resonances has
been explained, in terms of the conservation of
population, due to the state preparation laser. In the
NDFWM experiments, we observed resonances for

+85.8 MHz
2

NDFWM Signal (a.u.)

400 200 0 200 400

Fig. 3a: The profile shows the NDFWM signal for
probe laser scanned across the 6s,, F = 4 — 6p,,
F' = 3, 4, 5 hyperfine transitions and the pump
beam stabilized at +65.6 MHz (black line), 0 MHz
(gray line) and -35.6 MHz (dotted line) away from
the 6s,, F =4 — 6p,, FF =5 transition. The first
kind (1) and second kind (2) resonances arises due
to the Bragg scattering of the backward pump
beam and where as the third kind (3) resonance
results from that of the forward pump beam. The
broad structure seen at -200 to -500 MHz is due
to interaction of the probe laser with the
6s,, F =4 — 6p,, F' = 3, 4 hyperfine transitions.
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& =024, where A (pump detuning) and §
(probe detuning) are laser detuning from the field
free resonance 6s, , Ff = 4 — 6p,, " =5 and from
the pump frequency respectively. These resonances
along with their characterization for a wide range of
A are shown in Fig. 3. The origin of these resonances
can be visualized, by considering the Bragg scattering
of the forward pump beam and the backward pump
beam from the grating structure, generated by the
probe beam, with backward pump beam and forward
pump beam respectively.
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Fig. 3b: Variation of the frequency position of
three kinds of resonances in the NDFWM as a
function of A. The measurements, pertaining to
the resonances of the first, second and third kind
are shown by the hollow circles, solid circles and
solid squares respectively. The solid line in each of
these cases has slopes 0, +2 and -2 respectively.
This proves that the resonances appear at probe
detuning of A, 3 A and - A. For pump laser detuning
< 5 MHz, we observe two peaks (hallow triangle)
where the three kinds of resonances converge, as
for these pump detunings, the probe beams
interact with nearly zero velocity group of atoms.

The relative strength of these resonances clearly
illustrates the mechanism of thermal wash-out,
operating in a thermal vapour cell environment.
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Cooling and trapping of Cesium and
Rubidium atoms

The development of MOT involves a variety of
subsystems, consisting of optics and layout for the
manipulation and transport of laser beams, ultra-high
vacuum optical chamber, magnetic field, alkali metal
reservoir and its characterization etc.; apart from the
spectroscopic techniques, discussed in the context of
high resolution laser spectroscopy. Further, the
protocols for achieving laser cooling and trapping have
to be developed, for obtaining cold atomic samples
on demand, for experiments on hand. Here we present
our work, on development of two independent MOT
systems for cooling and trapping of Cs and Rb atoms.

The Cs MOT developed in our laboratory has a simple
design and uses locally made low-cost equipment,
except for the single mode diode lasers. It must be
noted here, that this MOT is the first trap demonstrated
in the country, for cooling and trapping of Cs atoms.
The trap has many unique features : it uses an octagonal
shaped ultra-high vacuum optical chamber, that is
fabricated from a single metal piece thereby avoiding
any vacuum joints, use of helicoflex seals for vacuum
sealing, a continuous source of Cs vapour source along
with online measurement of background density of
Cs atoms, locally developed frequency stabilization
unit and all the equipment has been set-up on an
indigenously developed vibration isolation table of size
4 ft. x 3 ft. The development of the trap is also
accompanied by concurrent development of
simulation codes for magnetic coils and also a software
scheme for frequency stabilization. This trap has served
as a workhorse for a variety of experiments reported
in this article.

The Rb MOT is a more involved experimental system,
and has been developed to extend the work to pure
magnetic trapping and optical dipole trapping of cold
atoms, generated in a MOT. It's design is based on
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the experience generated in the work, on Cs MOT. In
this trap, we have incorporated an optical isolator to
protect the diode lasers against the optical feedback
and acousto-optical modulators for very precise
control, over the frequency detuning of diode lasers.
The trap includes additional features such as use of
Titanium sublimation pump, multiple alkali vapour
sources, steering magnetic field and provisions for
setting up integrated magnetic and optical dipole trap.
The trap, in its MOT form, has been used to obtain
cold clouds of both #Rb and ®Rb.

In a typical MOT operation, we obtain >10" cold
atoms trapped in a volume of ~ 0.5 x 10 cm?, thereby
reaching a density in the range of ~10"atoms/cm?.
Further, depending on the experimental conditions,
the cloud can have a temperature in the range of 100
uK to several mK. These measurements required
specialized diagnostic techniques, which are narrated
in the subsequent section. While >107 cold atoms
are sufficient for many interesting physics experiments,
we may add here, that the Rb MOT has provisions to
improve the number of trapped atoms further by two
orders of magnitude. It is a crucial requirement for
realization of degenerate quantum gas.

The cold atomic sample in the sub-Doppler cooling
limit, has played an unparalleled role in revealing
various issues in the foundations of Physics. In practice,
such samples can be realized by transferring laser-
cooled atoms in a MOT, to a pure magnetic trap or an
optical dipole trap and subjecting these samples to
evaporative cooling. In this context, we have made
significant progress towards a far-off detuned optical
dipole trap, using a single mode Yb:Yag laser. The
dipole trap has been considerably explored and the
specialized techniques developed include manipulation
of the dipole trapping laser, absorption imaging,
transfer of atoms from one hyperfine level to the other
and sequential control operation of the MOT
parameters.
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A cold cloud of atoms trapped in a MOT has three
intrinsic characteristics: the steady state number of
trapped atoms (N), the atom density (n) and the
temperature (T). Knowledge about these parameters
is a must, for use of the cold atoms in any experiments
and also for optimizing the trap, with respect to it's
operating parameters, i.e. intensity of trapping beams,
detuning of the cooling beam from the atomic
resonance, detuning of the repumping laser beam,
gradient of the quadrupole magnetic field and the
density of background atoms. It is also important to
have a precise knowledge of the rates of various kinetic

processes, namely, the atom capture rate (R), linear
loss rate () due to collision with the background atoms
and the quadratic loss rate due to cold-cold collisions
(B). These kinetic processes in turn, determine N_and
and also the lifetime (z,) of atoms in the trap.
Measurement of these various attributes of the MOT,
requires a variety of experimental techniques and data
analysis procedures. Characterization techniques for a
MOT are largely derived from the analysis of the
fluorescence, originating from the cooled and trapped
atoms. Consequently, the fluorescence spectroscopy
in frequency, time and spatial domain, forms an
indispensable tool in the development of the diagnosis
and characterization techniques. Very similar
techniques have been used for both Cs and Rb MOT.

6.8 mm
- .

(A)
(€)

(B)

(D)

Fig. 4: The spatial distribution of the cold cloud in a Cesium MOT as observed
by a CCD placed at 45° with respect to the radial beams. These multiplet structures
are generated by changing the MOT alignment.
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The steady state fluorescence from the cold atoms,
trapped in the MOT is used, to quantify (N_), which
is further optimized with respect to the trap parameters
namely: the detuning and intensity of cooling/
repumping laser beams, the magnetic field gradient
and the number density of background atoms. Under
specific experimental conditions, we observe
instabilities in N_when the fluorescence intensity is
observed for a long duration and analyzed using
Fourier transform technique. These studies gives a
better insight in to the physical processes governing
the trap dynamics. Another important steady-state
characteristic of a cold cloud, is it's size and shape.
We use here fluorescence imaging with a charge-
coupled device to decipher this information. In
general, we observe the cold clouds that are Gaussian
in three dimension and that enables us to obtain the
rmssizes and @, a)yand @,and thereby the effective
volume of the cloud. Formation of cold clouds of
various shapes, has been one of the interesting issues
in the study of a MOT for a long time. In this context,
we have explicitly demonstrated, formation of multiple
cloud structures in a MOT, as shown in Fig. 4. The
multiple clouds in our experiments appear to form
by the change of the single well MOT potential, to
multi-well caused by the changes in the alignment of
the trapping beam:s.

For measurement of temperature of the cold cloud,
we have implemented the release and recapture
(R&R) technique. A primary requirement in the
realization of R&R technique or for that matter, any
technique for the measurement of temperature of the
cold cloud, is an amplitude modulator, that generates
the bright and dark intervals of unequal lengths by
modulating the cooling beams. We have devised a
very simple and effective amplitude modulator, that is
based on a rotating optical shutter.

Anoble, simple and reliable technique of temperature
measurement, based on one dimension (1-D)
expansion of the cold cloud in a MOT is developed.

This technique is realized by switching off a pair of
trapping beams in a MOT, which allows the cold cloud
to expand in 1-D, in the presence of the orthogonal
trapping laser beams. The 1-D expansion is followed
in both spatial and temporal domains by
fluorescence imaging using a charge-coupled device.
We show here that in the time scale 0<t<5 ms,
the 1-D expansion is essentially ballistic and the time
variation of the rms size of the cloud in the expansion
direction, provides the temperature of the cloud. This
new technique offers several advantages: It avoids the
use of a probe laser beam, since the orthogonal
trapping beams are used, to illuminate the expanding
cloud for fluorescence imaging. The use of optical
shutter as amplitude modulator, avoids the
employment of elaborate equipment and set-up.
Further, the technique can be used for measurement
of temperature, in any three orthogonal directions, by
switching off the relevant pair of trapping beams. For
switching off a pair of trapping beams in the horizontal
plane, the cloud expands with virtually no effect of
gravity. We show here explicitly, that the temperatures
measured using this new technique, are consistent
with those obtained with R&R technique and also with
the temperature scaling law (Fig. 5). Finally we may
note here, that this new technique provides directly
the information on whether the cold cloud is in the
temperature limited regime or multiple scattering
regime, from the extent of contraction at zero time.

We have developed experimental technique for the
studies on the MOT kinetics, to obtain the basic rates
R, acand B. The reliability of the technique has been
explicitly verified by observing the expected tendency
of variation in R, & and 8 and therefore on N$Wi’[h
respect to the change in the background atom density.
This technique along with its data analysis
procedure, finds extensive use in the experimental
work presented in this report. Finally, we may add
here, that the developed diagnostic techniques,
play a decisive role in many experiments, performed
with the laser-cooled atoms.
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Control laser-assisted enhanced loading of a
MOT

Efficient capture of atoms in a MOT, to realize a large
number of steady state atoms (N_) is the first and
foremost step, in many experiments relying on laser-
cooled and trapped atoms. In the normal course of
operation of a MOT, there exist only a limited possibility
of improving of N_due an unfortunate linkage between
the large capture rate (R) and large loss rate (T"),
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Fig. 5: The temperature T versus N '3 ] 15§ 08
for a few cold cloud of atoms, where T, N, /, and &
are the temperature measured with the one
dimensional expansion technique, number of
trapped atoms, intensity of cooling laser and
detuning of the cooling laser respectively. The insert
shows the comparison of T with the temperature
measured with R&R method (T ).

i.e., a MOT parameter that enhances R inevitably
enhances T, so that N_= R/ T remains essentially
fixed. It is therefore required, to devise experimental
strategies; those that either increase R or decrease
I' without affecting the other parameters.
Multi-frequency MOT configuration is such an
example, where additional laser beam, at further red
detuned frequency from the cooling laser beams, are
used to capture atoms from a larger velocity class and
that gives rise to an improved Rwithout affecting T..
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In other experiments, using the optical shielding as
the mechanism, the cold cloud is illuminated with a
blue detuned ‘catalysis’ laser and that brings a decrease
in the intra-trap collisions, thereby decreasing T,
without affecting R

Here, we have presented our new observations on a
control laser-assisted enhanced loading, which are
distinctively different from the multi-frequency MOT

configurations and the optical shielding. We have
demonstrated enhanced loading of a Cs MOT, by
illuminating a small fraction of the capture region,
with a control laser that is scanned over
6s,, F =4 — 6p,, F'=5 cooling transition. Typical
experimental data illustrating enhancement in N_ ,
for various background vapour pressure, is shown in
Fig. 6. The enhancement is observed to be a near-
resonant phenomenon and is maximized when the
laser is slightly blue-detuned. We further observe, that
increase in the control laser is accompanied by increase

5, (MHz)

Fig. 6: Variation of the extent of enhancement
(E) as a function of detuning (5) of the control
laser, where E denotes the relative increase in the
number of atoms with respect to N_. Results are
shown for Cs background atom densities, n, = 8.2
x107 cm?3 (hollow circles), 3.3 x 108 cm (solid circles)
and 7.4 x 108 cm? (solid squares). The Gaussian fit
to the data points is shown by the solid curve in
each case.

OCTOBER 2008



dtvan==it
b b

BARDC

HEWSELETTER

in the cloud volume keeping the density constant,
which demonstrates the cloud to be in the multiple
scattering regime. \We have studied the enhancement
phenomenon, as a function of the detuning (6),
intensity (I_), polarization and spatial position of the
control laser beam. While the polarization is
found to affect the enhancement marginally, the
intensity of the control beam has
a significant effect on the extent of enhancement
(E,, ) Itis found that E_ increases with I_,
maximizes at |_=1.7 mWcm? and thereafter exhibits
a sharp fall.

The kinetics of the MOT is investigated, to understand
the mechanism underlying the enhancement. We
obtain the MOT loading curves under the modulation
of the cooling laser beam, for control laser locked at
different detuning. The analysis of the MOT loading
curve shows, that the control laser causes ~ two fold
increase in R and that results in the proportional

2
Time [sec)

Fig. 7: MOT loading (A) and decay (B) curves
under the modulation of control laser for control
laser detuning . ~1 MHz, n, = 3 x 10® cm?® and
with fixed MOT beams. Loading curve (C) in the
absence of the control beam is shown for
comparison. I_represents the fluorescence intensity
in arbitrary units, and I_© and /_ are steady state
values of fluorescence intensity in absence and
presence of the control beam. The ‘ON’ and ‘OFF’
of the control beam is shown by the dotted curve.

enhancement in N_. It further pointed out that, the
linear and quadratic loss rate are marginally changed,
well within the experimental uncertainties. These results
infer, enhanced loading as the mechanism behind
observed enhancement and forbid any role of optical
shielding in it. We have also investigated the MOT
loading and decay curves, under the modulation of
the control laser beams as shown in Fig. 7 and these
results provide a direct proof for increase in N_ caused
by the control laser. Large time constants associated
with these curves, rule out any possibility of increase
in the MOT fluorescence intensity, without actual
increase in N_.

A detailed explanation of the enhanced loading,
requires consideration of interplay between Zeeman
and Doppler shift and Rabi frequencies of various
resonances. Further, the task is made difficult, by the
complexities of laser-atom coupling in a multilevel
atom, moving in a multifrequency optical field.
However, we believe, that the possible mechanism
responsible for enhancement, is the optical pumping
of the inaccessible Zeeman states to the stretched state,
caused by the control laser beam. Various experimental
observations appear to support this conclusion. The
present work, thus, provides a simple and interesting
technique for increased efficiency in a MOT loading.

Optical control of a magneto-optical trap

The Magneto-Optical Trap (MOT) is a complex
dynamical system that is rich in atom-field and
atom-atom interaction processes. Application of a
near-resonant auxiliary laser beam, can either enhance
or suppress these basic processes and thereby, provide
an optical control over the characteristics of the MOT;
specifically the steady state number of trapped atoms
(Ng). Such studies are useful for various experiments
in quantum optics, cold collisions, precision
measurements etc., for understanding of the MOT
dynamics and also for the development of
deterministic atom sources. In the past, several studies
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have been reported, where a near-resonant ‘catalysis’
laser has been used, to modify the collision dynamics
of atoms trapped in a MOT and to yield an optical
control over the inelastic collisions, responsible for
the trap loss. In these experiments, the cold cloud of
atoms in the MOT is illuminated by a catalysis laser,
which enhances or suppresses the trap loss rate,
depending on whether the laser is tuned to the red or
blue of the cooling transition. However there exist
only few examples where it has resulted in an increase
in N_, as the catalysis laser simultaneously increases
the light induced loss rate.

The enhancement phenomenon that we have discussed
in section 5, illustrates enhanced loading of a Cs MOT,
achieved by illuminating a small fraction of the capture
region, with an auxiliary laser (control laser) that is
scanned over 6s,, F = 4 — 6p,, F' = 5 cooling
transition. The enhanced loading observed in these
experiments, is caused, not by increase in the capture
velocity as in the multi-frequency MOT configurations,
but by removal of the Zeeman inaccessibility by the
control laser beam, through optical pumping. These
observations manifest the importance of the multi-
level nature of the atoms, in the magneto-optic
trapping of neutral atoms in multi-frequency optical
fields and also point to the possibility of optically
manipulating the capture rate and thereby of N_ina
MOT.

A detailed parametric study shows that in general, the
control laser can enhance or suppress N_depending
on the choice of control parameters, thus providing a
novel way of controlling N_in a MOT. We have found
that the enhancement and suppression result from
two distinct processes, that arise from the interaction
of the control laser with two different groups of atoms,
i.e., in the capture region and in the cold cloud. These
processes combine to produce a general variation of
N_, of which the results reported earlier in this article
are only a special case. This general variation of N_ is
realized, by scanning the control laser over the
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entire 6s,, F = 4 — 6p,, F'= 3,4, 5 hyperfine
manifold, to involve an additional hyperfine level in
the control dynamics for different positions and
intensity of control laser, at various background vapour
pressures. The observed experimental results are
depicted in Fig. 8. These results presented in this
section, demonstrate all optical manipulation of N_
and they have implications in the development of
deterministic cold atom sources. Thus, an auxiliary
laser beam added to a Cs MOT and tuned over the
6s,,F=4—6p,,F =3,45 hyperfine transitions,
enables us to vary the number of cooled and trapped
atoms. This variation is a result of the interplay of two
distinct position dependent processes: one responsible
for enhancement and the other for depletion.
Interaction of the control beam with the atoms in the
capture region, results in the enhancement in the
number of trapped atoms. This is caused, by an
increase in the capture rate and possible mechanism,
involving optical pumping of inaccessible Zeeman
states into the stretched states, by the control laser.
Position and intensity dependence of the enhancement
profiles provides evidence for participation of Zeeman
levels in the interaction dynamics. Suppression occurs,
when the control beam interacts with a part of the
cold cloud and maximizes at frequencies that are blue,
with respect to individual hyperfine resonances. This
is attributed to the heating of the cloud by blue detuned
frequencies, resulting in the expulsion of the atoms
from the trap. These two processes, depending on
the relative overlap of the control beam with the
capture region and the cold cloud, combine to
produce a general variation in the number of trapped
atoms, which can be controlled by the position,
intensity and frequency of the control beam. The ability
to vary the number of trapped atoms without changing
the MOT operating conditions, makes this study
interesting and potentially useful, for controlling the
number of trapped atoms, necessary for various
experiments and also for studies of the dynamical and
collisional properties of a MOT. Finally, the results
presented here are also important in understanding
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the space-dependent effects, in the magneto-optic
trapping of atoms.

Velocity diffusion and radiation trapping force
in a magneto-optical trap

A cold cloud of atoms trapped in a Magneto-Optical
Trap (MOT) expands under the influence of gravity,
when the trapping force is suddenly switched off. The
study of this expansion in the spatial and temporal
domains, has been extensively used for characterizing
the temperature of cold clouds. An interesting situation
arises, when the cold cloud is allowed to expand in
the presence of near-resonant laser beams, that are
orthogonal to the expansion direction. This section
deals with the experimental and theoretical
investigations of such an expansion of cold Cs atomic
clouds, in a MOT. By suitably configuring the trapping
beams of the MOT in time domain, we achieve 1-D
expansion of the cold clouds in orthogonal 2-D laser
beams and study their spatio-temporal evolutions. In
a sense, this experimental configuration is similar to
that used in the work on deflection of an atomic beam
by resonant standing waves, where the laser beams
are impinged from the orthogonal directions, on the
atomic beam.

The primary motivation for our work, stems from it's
intimate connection to the role of fluctuations of the
radiation force, on the motion of atoms, which has
been a subject of intense theoretical and experimental
investigations, particularly in the context of laser
cooling of atoms. It is well known, that the fluctuations
originating from random atomic recoils accompanying
spontaneous emission, give rise to diffusive spreading
of velocities in optical molasses. In more general laser
cooling situations, that deal with atoms with several
Zeeman sub-levels, polarized laser beams and atom
traps, there exist additional fluctuations, arising from
the difference among the number of photons absorbed
in each counter propagating laser beam, instantaneous
dipole force, radiation trapping force and the magnetic
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force. These fluctuations make the evolution of the
atomic momentum, look like a random walk. In
analogy with the classical Brownian motion, it is then
possible to define a diffusion coefficient, which is
related to the steady-state kinetic temperature by well-
known Einstein relation. There exist only a few
experimental studies, on the measurement of the
diffusion coefficient and these experiments pertain to
optical molasses and collimated atomic beams. In
comparison, the experimental scheme discussed in this
paper, can provide a direct determination of diffusion
coefficient, in a general MOT environment. The atomic
random walks can be visualized conveniently in an
expanding cloud and the phenomenon is elucidated
with a theoretical model, based on Langevin formalism.

The other important issue that is related to the present
study, is the radiation trapping force: the long-range
repulsive force, that arises from multiple scattering of
photons. It is well known that this force limits the
steady state density in a MOT. The manifestation of
the radiation trapping force in a MOT, has been
observed in several other experiments, such as
observation of spatial distributions, coherent
backscattering, self-sustained oscillations and
lengthening of the effective lifetime of 2P, , level of Cs
in a high density MOT; the last study perhaps provides
a direct evidence of this force.

With these motivations, we have demonstrated that
the 1-D expansion of a cold cloud of atoms, exhibits
three distinct features in different time domains and
these features are signatures of the basic processes,
that are of fundamental interest to laser cooling and
trapping. In that sense, the study reported here,
provides a fresh insight into the issue of the motion
of atoms in near-resonant radiation field. Sudden
initial (t=0) contraction of the cloud, observed in
our experiments, reveals the existence of the
radiation trapping force in the MOT and the
extent of contraction is found to be consistent
with the Sesko-Walker-Wieman model. This is
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Fig. 8: Enhancement profiles E (8 ) obtained with the control laser scanned over 6s, ,F = 4 — 6p,, F'=3,
4, 5 transitions. The control laser detuning §_is measured from the cooling resonance and control laser
intensity /. = 4.2 mWcm?2. Frame (A): s ~0 mm, n,=3 x10% and Nss“” =7.6 x 10° Frame (B): s ~3 mm,
n =1 x 10® and N_©=9 x 10°. Here s represents the distance of control laser from the centre of
cold cloud. Observed § 7 = -454, -251 and +1 MHz for F* =3, 4 and 5 respectively. Frame (C): s~2 mm,
n,=1.5 x 10% and N @®=2 x 10° For F'=3, § ™ = - 454 MHz while for F'=4, 5, the set
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332 | ISSUE NO. 297 | OCTOBER 2008



dtvan==it
b b
BARC

HEWSLETTER

in Fig. 9. Observed diffusion coefficient
is found to correlate well with the

n(mm’)

diffusion coefficient of the MOT. It may
be noted here that this is the first ever
report of super-ballistic expansion.

Conclusions

This report has briefly summarized the
thesis work on “Study of ultracold
atoms in magnetic and optical traps”.
In the course of this work, two
independent magneto-optical traps
were developed from the scratch, for

Time (msec)

laser cooling and trapping of Cesium
and Rubidium isotopes. These atomic

samples at unprecedented ultracold

Fig. 9: One dimension expansion of cold atoms in presence of
orthogonal photon field. Temporal evolution of the cloud size
derived from the normalized centre line intensity n(t) (solid
circles) and =;if}(hollow C|rcles) of the expanding cloud. The
n(t) fitted to o ti-olim na', where (t) is the
temperature of the cloud and D, is the velocity diffusion
coefficient as shown by the solid line. The dashed line represents
the behaviour of cloud under ballistic expansion, characterized
by the temperature of the cloud as measured from R&R method.
Both the derived and observed cloud size found to be following
ballistic expansion for initial ~5 ms expansion time. The effect
of super-ballistic expansion becomes evident for expansion time

temperatures were subjected to
a variety of investigations, facilitated
by parallel development of numerous
specialized diagnostic techniques.
Sincere effort in this regard has
witnesed several new spectroscopic
observations along with the
development of an innovative technique
of temperature measurement, in a

of more than 5 ms.

probably the most direct evidence of radiation
trapping force, operating in a MOT environment. In
the intermediate time scale, 0<t<5 ms, the cloud
expands essentially in the ballistic manner, as
determined by the initial temperature of the cloud.
In the third time domain, t>5ms, the ballistic
expansion is overtaken by the stochastic heating of
the cloud, arising from the fluctuations of the trapping
force. This results in rapid dispersal of atoms from the
cloud and eventually a super-ballistic explosive
expansion at long times. Analytical expressions
obtained from the Langevin formulation of the problem
are used, to obtain velocity diffusion coefficient from
the experimental data. Such a procedure is illustrated

magneto-optical trap.The enhancement

in the number of trap atoms of a
cesium magneto-optical trap, has been demonstrated,
by a novel arrangement of a control laser, illuminating
a small fraction of capture region. The diagnostic
techniques have assisted to reveal, the physical
mechanism behind this observation. In a more general
context, the control laser has been used to have an
all-optical control, over the number of trapped atoms.
This has paved a new approach for realization of the
deterministic atom sources. An innovative method
based on one dimensional expansion of cold atoms in
a magneto-optical trap has been studied, both
experimentally and theoretically. This has led to direct
observation of radiation trapping force, operating in a
magneto-optical trap environment, consistent with the
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Sesko-Walker-Wieman model. It has also explored the
first ever observation of super-ballistic expansion. Thus,
the accomplished work has laid a solid foundation, to
address several issues, pertaining to laser atom
interaction and physics of ultra cold atoms.
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ABSTRACT

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.

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
unigue 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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Fig. 1: Pressure-temperature phase diagram of
carbon

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 ~Tum/h and substrates as large as 0.5 m?
are reportedly known to have been coated, using this
technique. Other deposition parameters viz. total
chamber pressure, relative concentration of CH, with
respect to H, 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
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CH,: H, 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,: H,
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 ~10% particles / cm? 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
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Fig. 2: Schematic representation of a typical HFCVD reactor

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 um) and zirconium metal particles
(particles size ~50 um) 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 10° particles/
cm? (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
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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 102°/ cm?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,H,) is the most conventionally used reagent
for the process, but it is deadly poisonous even at
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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.
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ppm level. We used H,BO, instead, which is non-toxic
in nature. H,BO, was dissolved in CH,OH from where
vapours were transported along with feed gases,
allowing in-situ doping of diamond as it grew. CH,OH
was chosen as a solvent, since it produced highly
volatile ester upon reaction with boron according to
the equation given below:

3CH,OH + H,BO, <> B (OCH,), +3H,0 (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,BO,
in CH,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
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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,BO, 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 |-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 lon Mass
Spectrometry (SIMS) which apart from being
destructive in nature, requires stringent experimental
conditions such as ultrahigh vacuum, high voltage,
etc. and is often difficult to use, because of sample
inhomogeneities and matrix effect. A small spread in
the boron concentration is however observed, along
the cross-section of the films due to the uncontrolled
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Fig. 4: Controlled boron doping

DAY SPECIAL ISSUE



'd

J

03

DR. HOMI BHABHA CENTENARY YEAR

Tiowin

Tuamid g

Tlimia

TR

[ELHE

Intensity [arb units|

R mi o

r v T T 1
e i temas i s s

Raman Shift [em I|

Fig. 5: Raman spectra of boron doped samples

- 561 Zero/negative E,
-— 5

'E 454 :
o 1 058
P Ads

G I. il
e TN |

T [IREY]
= "__*"""""—"-:_,__,-..n._
1 - .

23 28 13

In(c [Q'em™])

Fig. 6: I-V characteristics of boron doped samples

340

ISSUE NO. 297

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,
itis 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 ~10%-10°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™ diamond peak and
appearance of a new peak at ~1240 cm™!
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
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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,:H, in the fed gas and
decreased on introducing small amount of O, 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,-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
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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
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Fig. 7: Raman spectra of a typical sample as a
function of silver deposition
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samples at ~800 °C under vacuum as a result of H,-
desorption.

Ag Dots

Diamond

Silion

I

In-Ga Paste

Fig. 9: Schematic diagram of a typical diamond
thin film device

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,BO, in CH,OH, that enabled
controlled doping over a wide range starting from
semiconducting to metallic domains. For the first time,
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Fig. 10: Temperature dependence of electrical
conductivity of the device after H,-plasma
treatment (D,) and vacuum annealing (D,)

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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