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Homi Jehangir
Bhabha (1909-1966)

A Tribule to the Founder &£
Archifect af Gndia's Atfomic

Sneryy Troyramm e

Homi |. Bhabha was born to Jehangir H.
Bhabha and Meheren on October 30, 1909.
He studied at the Cathedral and John
Connon High School, the Elphinstone
College and the Royal Institute of Science in Mumbai. He was brilliant in
studies and won many prizes. At the age of eighteen, his parents sent him to
Cambridge, where he passed the Mechanical Science Tripos and the
Mathematics Tripos, both in first class. After pursuing research for a few
years under the guidance of eminent scientists like Neils Bohr, Rutherford,
Wolfang Pauli and Enrico Fermi, Bhabha returned to India. He became a
Special Reader in Theoretical Physics at the Indian Institute of Science,
Bangalore,

On the recommendation of the Nobel laureate Dy C.V. Raman, he was
elected as a Fellow of the Royal Society (FRS) in 1941, Many honours
followed and he was conferred the degree of Doctor of Science by many
Indian and foreign universities,

In 1945, Bhabha founded the Tata Institute of Fundamental Research (TIFR)
in Mumbai with a grant from Sir Dorab Tata Trust. Later on August 10,
1948, the Atomic Energy Commission was set up by the Government of
India with Bhabha as its Chairman. In 1954, the Department of Atomic
Energy (DAE) was created to develop facilities needed for the atomic energy
programime.



With the full backing of the then Prime Minister Jawaharlal Nehru, Bhabha
started building the nuclear energy establishment, and various buildings
and facilities started coming up at Atomic Energy Establishment, Trombay
(AEET). Soon the research reactors Apsara, Zerlina and CIRUS were
inaugurated. On January 12, 1967, AEET was re-named as Bhabha Atomic
Research Centre in memory of Homi Bhabha.

The seed sown by Bhabha for the atomic energy programme has grown and
developed into a gigantic tree, comprising nuclear power stations, heavy
water plants, radiopharmaceutical laboratories, etc., spread all over India, to
cater to the diverse needs of the country in the areas of power production,
agriculture, medicine and industry.

In the beginning of this new millennium, the Department of Atomic Energy
aspires to fulfil the dream of the Indian masses to become self-reliant and
self-sufficient in power production, and to provide supporting facilities in
the agriculture and health sectors.

On this day, the birth anniversary of Homi Bhabha, the staff of Bhabha
Atomic Research Centre and other units of DAE, remember with gratitude
the founder of this great establishment. The nation owes a great debt to
Bhabha for leading its people into an era of modern technology and making
the nation at par with the developed nations in the field of nuclear energy
development.

Bhabha's birthday is observed as the Founder's Day in BARC every year.
This special issue of BARC Newsletter is being brought out on this occasion
as a homage to this distinguished Son of India.

This volume could not have been brought out in time without the cooperative
efforts of Mr T.C. Balan and Mr P.A.S. Warriyar of Library & Information

Services Division, BARC.
@)‘}:_:-——

(Dr Vijai Kumar)
Head, Library & Information Services Division
Bhabha Atomic Research Centre
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TOWARDS ULTIMATE CONTROL OF
ATOMIC AND MOLECULAR PROCESSES
BY LASERS

B.N. Jagatap
Laser & Plasma Technology Division
Bhabha Atemic Research Centre

PECTROSCOPY HAS SHOWN
amazing resilience and freshness ever since
the development of quantum mechanics at
the beginning of the 20th cencury. In the last
rwo decades, thanks ro the development of lasers,

we have seen the rerurn of spectroscopy to its

satape shifts exhibited by the atomic systems. [n
our work, we also seek "active” control wherein
we devise strategics to change the atomic and
molecular response in a fundamental manner to
contral excitation, ionisation and dissociation
[10-15]. This forms the second importan:

former position of scientific promi In
many respects the 1980s represented a period in
which the spectroscopy with lasers underwent
the difficult tramsition from being a purely
academic subject 1o & discipline with importane
technological and commercial applications. This
contemporary outlook of specrroscopy forms the
basis of aur work, both experimental 25 well as
theoretical.

In the recent years, our work in lasers and
spectroscopy focusses on the wse of lasers o
control  and  ratlor  atomic and  molecular
processes.  This  work  encompasses  three
important issues in the contemporary physics,
Firstly, it addresses the problem of isotope

selective excitation and ionisation, which have-

important ramifications in the nuclear fuel cycle,
specifically in the thorium urilisation programme
of the department [1-9]. The systems we
investigate in this domain are laser clean-up of
U-233 and denawuring of zirconium. In the
language of conrrol theory the isorope specific
excitation/ionisation using lasers is a "passive”
control sinee it is realised by the use of instrinsic

comp of our work. Involved in this work
are the ideas on coherent concrol which are
expected to form the basis of the new generation
of laser processing of materials. The third
component of our work is to use lasers o contral
the external degrees of freedom such as positions
and velocities of atoms to obtain cooled and
trapped atoms for experiments on the
foundations of physics [16-21]), The fascinating
aspect of this entire endevour is that while at the
fund I level it 1

new and imp
aspects  of  laser-atom  and  laser-molecule
interactions, at the applied level it finds an
importance in the configuration and realisation
of laser selective processes for high value
marerials,

Laser Clean-Up of U-233

The Indian nuclear power programme, in the
lang tetm, is based on energy from fission of U-
233, The fissile U-233 is bred from ferrile
thorium of which our country has large
deposites. In Indian nuclear fuel cyele (INEC),
Th-232 will be o ted 1o U-233 in ad d
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heavy water reactors, fast breeder reactors and in
the futuristic accelerator driven  subcritical
reactors, Production of U-233 is accompanied by
the idable fi of small quantities of

challenging arca of work and also provides the
satisfaction of doing everything for the first time.
The heart of the clean-up process is selective
three step phowionisation by tunable

U-232. The major cost of U-233 fuel is in the
requirement  of remote  handling  for  fuel
fabrication,  transportation  and  fuelling
operation, due to the hard y-emitting daugheer
products of U-232. The economic gains of U-
233 Fuel will be boosted if U-232 impurity is
removed or brought down to permissible level by
employing a laser isotope scparation (LIS)
process. Such a process is referred to as "U-233
Clean-Up" process in INFC [1,4].

It must be emphasised here thar the development
of this process, from physics to technology, has

lasers. At the physics level, the process amounts
to selecrive excitation and photoionisation of the
impurity isotope, U-232, and  subsequent
removal of the ions by applying electrostatic field
[3-6]. Building of the requisite separation physics
for the Clean-up process, therefore, requires
firstly a large amount of atomic data which has

to be generated in
spectroscopic  techniques.  To  ensure  high
lectivity and large ph effciency we
need daa on isotope shifis (15), hyperfine
structure (HES) of U-233 due to non-zero
nuclear spin, level lifetimes,
hotoionisation cre ions etc. Furthermore

house using  various

absarption  and

to be done for the first time and independently
in India, since no other country is as much
dependent on thorum uwtlisation as India.
Needless to say that the entire development has
o be done without the benefit of published

literature, data or report. This presents a truely a

F
to configure a process which minimises isotopic
scrambling during the collection of fons, one
needs to know various collision cross-sections
involving aroms and ions; the information of
which is also provided by spectroscopy.
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Fig.1. Spectrit of (U-235, U-238) [experimenta] and (U-232, U-233) fsimulated] for  typical first step transivion.
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Our efforts have been to generate this crucial
data base using a variery of theoretical and
expetimental techniques [6-8]. Our theorerical
work resulted in the first ever daa base for (U-
232, U-233) system. An example of these efforts
we show in Fig, | simulated spectra of (U-235,
U-238} and (U-232, U-233) systems for a typical
first step-transition. Note here chac the U-233
has a broad hyperfine structure and tha the odd-
even staggering of U-233 results in a small
isotope shift (U-232, U-233). It is also clear from
Fig.1 that the separation task in the clean-up
process is a demanding one, since overlapping of
spectra of U-232 and U-233 will be more as a
rule than an  exceprion. Somewhat  better
situation s presented in Fig.2, which shows
simulated  speccrum for  another  first  step
wansition  exhibinng  an  adequare  spectral
separation. An cxtensive simulation work has
helped us to identify the transition sequences
such as this (cf. Fig2) which form the

faundations of the Clean-up process.
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Fig. 2. Simulated spectrum af a tramsition of L2232 and U
233, wiich shows @ clear speciral separasion,

On the experimental side, conventional high
resolurion specrroscopic rechniques together wich
laser spectroscopic techniques involving one or
several lasers, operating under pulsed and
continuous modes, have o be implemented for
generating this data base for the clean-up process

[7.8]. High resolution spectroscopy  of
radivactive isoropes requires quite a different
approach from the conventional spectroscopy.
Only a few experiments would be possible with
radiaoactive clements and to gee the same
ameount of reliable data, new techniques have to
be devised. MNew high resolution spectroscopic
sources developed during the course of our work

are shown in Fig. 3.

Fig 3. Spectroscopic sources developed for bigh
resolurion  spectreicopy  related 1o the  clean-up
programme. Thete sourcer work with woilli 1o
micragram quantites of watoper of imterest. Top:
Hollow  catiode  discharge sowrcer for  ememon
specrrascapy and laer specoroicopy. Bostom: Atomic
beam  sowre for  high  resoluion  fluorewence

spectraicafy.

These sources work with milligram ra microgram
quantities of samples thereby avoiding the
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problems connected with radiacactive nature
(eg. U-232) of interest. In Fig4, we show high
resolution specerum of U-238, U-235 and U-233
recorded on a recording Fabry Peror Optical
Spectrometer. Capability such as this has been
achieved through innovarive approaches backed
by the expertise developed over the years. This
work has also thrown newer possibilicies on high
resolurion spectroscopy of higher actinides and
highly radioactive materials. The confidence 'in
our approach is provided by close matching of
the simulated and experimental atomic dara; an
example of which is presented explicitely in our
award winning paper [7] included in this
volume.

The spectroscopic dara provides only the initial
conditions for lascr-atom  ineractions.  The
selectivity and stripping efficiency are determined
by the kinetics of laser-atom interactions [3,0].
High selectivity is required in the < p

of the sample or the rarity of the isoropes
important for recovery of the LIS process and
thereby  minimising the number of  stages
required to obtained desired purity of the
processed material. We have done demiled
investigations of photoionisation  physics 1o
obtain the regions of operating parameters such
as laser and vapour characteristics. Various issuss
studied  here  are second  step  sclectiviey,
Boltzmann inaccessibility, spectral accessibiliry,
criterion for sclection of transitions erc. These
results give the first cur analysis of the physics of
the separtion task involved in the clean-up
process. In Fig. 5. we show the results of one
such study, where the selectivity and accessibiliry
is investigated as a funcrion of laser bandwidch
and axial remperature of the vapour. The
operating conditions of the process are decided
by the twade off between selectvity and
aceessibility, Our work on the selectivity physics
4 tdeli

process on two accounts; firsdy o minimise the
loss of the fssile isotope and secondly to

minimise the photon cost. High accessibility is

P g clarifies issues related 10
selectiviy, throughpur and recovery in the
U-233 clean-up process.
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Fig 4. High resalution spectrum of 5915 A% tranuition in uransm iotoper recovided in awr laboratory.

Experiments tuch ay this provide data on isotape shiftr and

progrinime.

strugrures required for the clean-up
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Fig 5 Vartanon of selecnvisy (%) (lgff scate] and
aceessibiliny (o) [right sestle] ar a funceion af laser band width,
T is the avial temperature of the vapour and scceibility refers
1o ahe spectral overlap of te atonmic transicion wirl runable
Luser. Simulations such as shis help 1o arvive process parameters
af the clean-up proces.

Another example of our work on "passive”
conerol is "denaturing” of zirconium which is
intimarely connected with INFC [9]. The
thermal reactors urilising thorium fuel cycle use
considerable tonnage of zirconium in the fixed
in-core components as well as in the fuel
cladding. Zirconium has five isoropes and the
neutron absorprion cross-secrion of 0L186 b is
mainly contributed by Ze-91 which has an
abundance of 11.2%. If the concentration of this
isotope in zirconium is reduced w 3%, the
absorprion cross-section will reduce w 0.088 b.
Use of such "denatured” zirconium for the
pressure tubes, calandria and cladding would
allow grearer design fexibiliry and extended fuel
cycles for nuclear reactors, both AHWRs as well
as PHWRs.

Since the deparuring of zirconium  involves
remaval of the middle isorope, the propased
method is LIS in atomic vapour. This method is
particularly arcractive in view of the development
of LIS process for U-233 clean-up. OF course
new specrroscopic  and  innovative  photo-

ionisation schemes need to be adapred. This need
stems from the face chat the isotope shifts in the
specrrum of zirconium is in the range of 100-200
MHz. This, along with the broad hyperfine
structure of Zr-91 {nuclear spin [25/2), results in
the overlap of the spectrum of Z-91 with the
spectra of the even isotopes, The absence of
spectral separation, therefore, makes selective
photoionisation of Ze-91 difficule. Lt is, however,
powsible to intraduce isotopic selectivity by
invoking alternate  photcionisation  physics
namely, selective phomwionisation by  laser
polarisation Induced population trapping, We
have developed extensive simulation procedures
which can be used for identifying the oprimal
transition sequences and laser polarisarions for
selective photolonisation of Zr-91. Our work
poines out o the special features of this
separation task and pravides the required physics
base for the process of denaturing of zirconium.

Coherent  Control of Atomic &

Molecular Processes

LIS is based on the concept of “passive” contral
since the isotope selectivity in phoroionisarion is
achieved due to instrinsic acomic properties such
as isotope shifts, When the photareacting system
is energerically degencrare, controlling  the
outcome of the aomicimolecular process
requires 4 more fundamental approach, One
such approach is “coherent contral” which is
based on the interference berween aptical
transitions.  This ph arises  when

atomic/molecular system is driven coherently
through two compering path-ways which exhibit
interference analogous to 3 double  shit
experiment in optics. This intereference in turn
can be conrrolled by parameters of the driving
fields enabling contral of excitation, ionisation
and dissociation of atomic/molecular systems.
This methadology provides Interesting solutions
in many areas of chemical physics ranging from

— 5 b
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Fig.6. Colerent control of the populations in the ybrid states W Top: One- v two- photon excitation competition set up
wsing laser of frequency @y and it’ second harmonic @ . Battam: The populatians of the bybrid staves Py a a function of
the relative phase 3= &) = 20y of the rwo pulied lasers exviting w=1 fo n=2 transition of the bydrogen asom, For devails

see Refi{11].
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lasers without population inversion to control of
chemical reactions [10],

An interesting example of the
provided by our theorerical work on the
production of dipolar hydrogen atom 24-2p
resonance hybrid, ={|2!}i|2p))fﬁ.

through the use of competitive one- and rwo-

control is

photon transitions from the ground stare [11].
Note here that the hybrid states are energetically
near degenerate and a wsual excitation process
will be nonsclective in the sense thar it will
populate hoth these states equally. By providing
two competing paths, we can control the
exciration to a specific hybrid state. In Fig. 6, we
show this control scenatio as a function of the
phase difference berween the lasers inducing the
one- and two- photon ransitions, Here complere
control over the production of specific hybrid
state is achieved by changing relative phase of
two monochromaric laser beams which alters the
degree of destructive interference berween two
paths of excitation. This aspect of conrrolling

cransiti without changing the mdiaton
intensity is interesting from both basic and
applied point of view. In molecular systems, we
have shown that similar control can be
established by comperition berween two-photon

optical excitation pathways [12],

Ta study such inrricare contrel phenomenon, we
require the state of the art theoretical models and
experiments. Qur investigations on spectroscopy
and dynamics of femuosecond, two colour,

relative intensities

0
0 30 180 270 380
relstive palarization angle &
Fig. 7. Experimental and th ! results o the fi

inteniity for @ VPO moleculy undergring a “dieect” runo-
photen sransition 4y a funcrion of the angle between the
polaration vectors of swo lasers. From tap to bottom, the
average punp power per dye luer (400 fi FWHM) are 470,
500, 540, 360 and 580 mW respecrively, The cos?el

pump-probe experi involving simul

and sequential two-photon excitation illuscrate
how theory and experiments go hand in hand
[13]. One of the consequences of our theory is to
predict cos?® dependence of the excited state
o-NPO

ion o cos20 dep

fluorescence  for molecule  in

d in azulene

iy varies as 0%, S0, 7(M6, 60% and 73%. For
desarls see Ref. (131,

molecule. Here @ s the angle between the
polarisation vectors of pump and probe lasers.
Furcher, this dependence can be « lied by
controlling the laser intensities, These theorerical

predictions were verified in rorality in a series of

—F = (s



controlled experiments. In Fig.?, we show these
experimental and theoretical results. This work is
of importance also in the measurement of dipole
moments of molecular stares and femrosecond
actinomerry,

Dievelopment of very sophisticated cheoretical
methods is a pre-tequisice for much of the
contemparary research. An

example of this is aur theoretical work in the area

SPeCIrascopic

of intense field laser-atom interactions [14,15],
The rapid developments in the laser technology
have now made it possible to realise very high
intensity (31012 Wem?) ultra shorr pulsed laser
sources, Such unprecedented intensiries are at the
arigin of a considerable interest in studying the
response of an arom or a malecule 1o intense
laser fields which include above threshold
ionization, high harmonic generation, multiple
jonization and stabilization in atomic systems.
Intense field laser-atom interaction s inherently
non-periurbarive since the atom experience a
laser clecrric field which is comparable w or
more than the Coulomb field of the aromic
Understanding  of the
respanse of atom ta such fields, therefare,

electron. nenlinear
requires an  explicic  non-percurharive  rime-
dependent approach. What we lovk here is the
dependent
time  dependent
sinuseidal porenial; a daunting rask even for 2

"direct”  solution  of the time

Shrodinger  equation  with

simplest atomic syscem such as one electron atom

and a ¢ in computational

hallenss bl
physics.
We have developed a methadology based on splic

{SOFFT)
technique and implimented i sucessfully on

operator  fast  Fourier  transform

Anupam parallel compuring machine, which can
be used conveniently for studying intense ficld

phenamena in hydrogen-like atoms and di

molecules. Such rtheoretical studies serve as a

direct test for comparison between experiments

and theary. In Fig.8 we show the probability of
ionisation of hydrogen arom by a 10 f pulse of
1012 Wfem2 intensity. Such caleulations are
possible 1o be done only in a few laboracories in
the warld. We have used this computational
scheme to study the problems of phase
dependenr excirarion, ionization and harmonic
generation.  These provide many  incersting
control phenomenon hetherto unknown in low

intensity regime.

0.85 -
=1000 ~500 0 500 1000

Time (atomic Units)

Fig. 8. An example of “exace” calewlation of intense field lser-
arani interaction. Shown i the growd state probainlity (7l
of bydeogen atom exposed i an imterse short dyrdson (10 f
FWHM) laser pubse. The calrudotions were performed uiing
splt aperatar fast Fawrter transform techmague on Anspan.

Laser Cooling of Atoms

So far we have seen the role of laser in
controlling the internal degrees of freedom. Laser
coaling is an area which looks o control and
manipulare the external degrees of freedom, the
positions  and  velocities, of amms  using
clectromagnetic fields [16-18]. Last two decades
have seen an enormoeus progress in development
of techniques to cool and trap neutral atoms and
ians. These echniques have made ic possible
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reach enrirely new regimes of low temperature
such as nano kelvin and o perform ultea high
precision experiments to test the elementary laws
of nature. The techniques of laser cooling and
trapping have matured to 4 point that they are
finding applications in other areas of science, c.g,
high  resolution mecrology.
nonlinear aptics, collision physics, condensed

Spectrascopy,

matter physics etc. Atomic cooling techniques
huve been used to cool dilure alkali vapours 0
sub-micro kelvin temperatures to achicve Base-
Einstein condensation; a phenomenon which
had eluded physicists for over seventy years, Very
recently, the atom laser, coherent beam of
massive bosans, has become a reality [18].

India has remained isolared from all chese
excitements for a long time, BARC has taken up
lead in this field and planned an extensive
programme on laser cooling and trapping of
atoms and ions in the IX FYT, This programme
alms at secting up a facility for laser coaling and
wapping of atoms and perform a variery of
cxperiments ac the foundations of physics. We
are developing this programme  with local
expertise and local rechnalogy. In thar regard
BARC, with it's inherent multdisciplinary
character, is an ideal place where such an acriviry
can flourish, In the DX FYT, the objecrives of the
programme are two fold: ultra-high resolution
spectroscopy for  fundamental  physics
experiments and experiments leading to Bose-
Einstein condensarion, We cxpect w ger
involved, in due course, in atom oprics which
refers to 2 fresh outlaok in which atomic beams
are thought of and manipulated like photons in
light beams and a collection of technigues for
doing such manipulations,

Development of laser coaling techniques, namely
various types of taps, is ceneal 1o all these
programmes. One of the most efficient traps for
neutral atoms 15 the magneto-optical trap

(MOT) which is based on the scactering force in
an inhomogenous magneric field [16]. MOT
provides an elegant way of obtaining large
sample of cold and wapped atoms. Ir has a
comparatively large trap depth and is capable of
achieving densities as high as 1012 aromsiec ar a
temperature down to a few micro Kelvin. We
have successfully developed and installed 2 MOT
in BARC for cooling of Cs atoms. This has been
made  possible  through & number  of
developments in the areas such as spherical
quadrupole magnetic field, ulra high vacuum
optical  chamber,  saturated  absorption
spectroscopy  using diode  lasers, wavelength
locking of diode lasers and aptics. Some of these
issues have been rackled for the first fime in chis

country.

Signal {arb. unit}

g4 qn b Tian

Time {msec)

Fig 5 Aw example of locking of the runable diode faier
frequency on the red nde of the conling transitian. The high
resaluston sacurited absorprion specerum of D2 trarsition af
i s clearly seen. The lacer it locked on she red vide (- 18
M) of the cooling transition Fed — F=3 of atomie Cr

An example of these efforts is shown in Fig. 9
where we show locking of the diode laser
wavelength about 10 MHz on the red side of the
cooling transition of Cs. In Fig, 10, we show a
view of the magneto-optical trap installed as a
part of the laser cooling facility in BARC. This
tap 5 a major workhorse in our planned
experiments on the cold and trapped atoms.
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Fig 10 A view of the magneso-oprical trap desigred and developed in BARC.

These experiments also include verifications of a
number of aspects of laser-atom interaction such
as non-classical effects, quantum jumps and
photon statistics [19-21]. We have also begun
wotk on the next generation of traps, i.e. "Clover
leaf" traps required for tighter and lossless
confinement  of meutral atoms as in  the
experiments for obraining Bose condensares [17].

Conclusions

The control of atoms, molecules and the
processes involving them is a central issue in the
contemporary  spectroscopy.  The  classical
perception of spectroscopy is to study the way
the quantum  systems behave, that is 1o
understand the atomic/molecular processes; the
outcome of which always decided by the laws of
probability and statistics. In the new scenario of

"ultimate” control, we think in rerms of serting
the rules of the game, pre-determining the
winner and modifying  the  spectroscopic
properries in such a way that the winner is always
the chosen one. The impact of this "new wave™
in spectroscopy has been so overwhelming that it
now encompasses a wide spectrum of areas from
very basic to very applied. This has also a
memendous  impact  on  many technologies
including nuclear technology, as shown by our
work on U-233 dean-up. The programmes
undertaken by us held promise for many such
areas of interest to our research centre,
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BIOMEDICAL APPLICATIONS OF LASERS

P.K. Gupta
Biomedical Applications Section, Centre for Advanced Technalogy
Indore, 452 013, India

Abstract

The nve o_,r’.fawnjor medical ufmgmms. and for thevapy initicied By photo-excitation of natural
chromap ar ! it is recelving considerable curvent atleniion.
Developments in these areas are expected to fave profimd iffuence on the quality of health care,
Therefore, an aetivity in these ardas was started ar CAT in 1992293 The Initial efforts have been
o explore the wve of laser fnduced fluoreseence speciroscapy for cancer diagnosis, and investigate
the photo-biological effecty of laser frradiation on [iving ovganisms. The avticle provides an
averview of the waork careied out af CAT in both these areas. Some of the new activities taken wp ar
CAT on devefopment of techniques for oprical imaging and laser micromanipulaion of

microsenpic objects are afse briefly diseussed.

Introduction
ASERS DUE TO THEIR SEVERAL
remarkable  properries  are finding

widespread applications in medicine'. The
use of lasers in surgery, which started within a
year of the invendon of laser, is now well
established. Lasers have made possible minimally
invasive  ulera-precise  surgery  with  reduced
patient trauma and hospitalization time. The use
of lasers for medical diagnosis is also attracting
considerable  inerest  and  significant
advancements are being made”™. This work is
motivated by the face that the onset and the
progression of a discase are often accompanied by
biochemical/marphological changes, which can
be sensitively monilored by laser spectroscopic
techniques. These techniques can therctore lead
to discasc diagnosis at an early stage before the
disease becomes difficult to manage, The other
impartant  advantages  offered by  laser
spectroseapic techniques are their potential for

in-situ, near real time diagnosis and the use of
non-ionizing  adianon which  makes  them
particularly suited for mass screening  and
repeared use withour any adverse effects.

Another area of growing interest is the use of
lasers for non-surgical cherapeuric applicarions™
It explaits light induced acrivation of narurally
veeurting or administered  phorosensitisers, A
good ciample  is  the  fast  developing
phorodynamic  therapy  of cancer”  where
photeexcitation of a tumor localized drug leads
to selecrive destruction of tumor with minimal
effect on healthy cdssue. There are also
indications that selective photoexciration  of
native chramaphore in the tissue may lead to
therapeuric effects, Clinical reparts available in
liverarure™ as well as resules from Choithram
Hospital and Research Center (CHRC)™,
Indore have shown thar irradiation with lasers or
other narrow bandwidch light sources can lead to
several therapeutic offects like accelerared wound
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healing, trearment of pulmanary tuberculosis and
treastment of pain of varous ctiologies. The

I it

mec tor these I cffects are not

very well undemstood. The elinical potential of
this rather simple and inexpensive therapeunnc
modality is motivating considerable work in this
direction and  substancial progress s being

made”’.

Realizing  the  profound  influence  oprical
diagnosis and phototherapy can have on the
quality of health care, work in these arcas was
initiated at CAT in 1992-93. Several studies have

Lot

induced fluorescence spectroscupy  for cancer
diagnasis; The results of the studies carried our
to investigate photo-biological effeas of laser
irradiation on living organisms are presented
next. This 15 followed by a brief discussion of
some of the new activiries taken up ar CA'lL

Laser Induced
Spectroscopy for Diagnosis of Cancer

Fluorescence  (LIF)

LIF has been used for diagnosing cancer in two
ways,  One involves
|

approach SYSTEMiic
of a drug like hacmaotoporphyrin

L v
been made to investigate the photo- gical
effects afl laser irmdiation on living organisms
and 1o explore the use of liser induced

derivative (HpI2) which is selectively retained by
the tumor, When photoexcited with light of
ppropriat length, the drug localized in che

fluorescence specrroscopy for cancer diag
Following studies on samples resecred ae surgery
or biopsy from patients with cancer of differemt
organs, syscems suitable for clinical use have been
develaped ar CAT. One unic has been installed
at 4 cancer screening ceneer for sereening patients
with neoplasm of uterine cervix. The other uni
hits been wsed @ carry out # pilol study on 25
patiepts  with  hisropachologically  confirmed
cancer of oral cavity and encouraging resules
obtained.

Work has also been inintated ar CAT in some
other promising arcas. Onc of these is the
developmenc of rechniques for oprical imaging
through rurbid media. These have the porential
to provide sub-millimeter resolurion imaging
without the need for ionizing radiation and
associated risks'. The other activity taken up is
development of laser trap and microbean ser up,
These ser ups are finding widespeead applications
in biomedicine for non-coNTact
micromanipulation of microscopic objecs and
are expected to have an impact far beyond than
just being a new physical 1ol for binlogical
research”,

I this article we first provide an overview of the
work carried out at CAT on the use of laser

tumor fuorcsces, This Auorcscence is wsed for
derecrion and imaging of  the  rumor
Photoexcitation also leads ta populaung the
triplet  state  wia  intersystemn crossing, The
molecule in excited mipler state can directly reacr

with bi lecules or lead 1o g of singlet

axygen, which is roxic o the host ossue. The
resulting  destruction of the  host tisue s
exploited for photodynamic therapy of twmar,
From the point of view of wse in disgnosis this
approach has rwo drawbacks; a possible dark
roxicity of the drug and the possibility of drug
induced photosensitization. For example 2 major
drawback with the use of HpD has been drug-
photosensitization  of  the  skin
necessitaring the patient to avord light for 4 few
weeks. There is therefore interest in developing
tumor markers where the tipler stare is rapidly

induced

quenched  and  thereby  photosensitization i
avoided. The other approach, the one that has
received more attention in recent years, does not
use any cxogenous tumor markers. Instead ot
exploits for dingnosis the subtle changes in the
specerum s well as the  decay  time  of
fluorescence from native tissues as it transforms
from normal o the malignane state. The studies
carried our over the last foew years have shown
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considerable  promise of this approach for
diagnosis of the cancer of various organs like
Uterine cervix, esophagus, lung, breast, and oral
"3\'1[_":;

In-vitro studies at CAT

A schematic of the experimental arrangement
wsed ar CAT  for  ineviro studies  on
autofluorescence spectroscopy of human rissues is
shuwn in Fig. 1. It uses a home-buile pulsed N,
laser the ourpus of which 15 coupled to an optical
fiber [core diamerer 400pm) via dichroic mirror
that reflects N, laser radiation (3370m) and
transtmits longer wavelength fluorescence output.

The power of the laser pulse is monitored by a

beam  splizwer-photodiode  cambinari The
flunrescence from the tissue, kepe in contact with
the fiber, is collected by the same fiber and
imaged on the entrance slit of a scanning
monachromator, The wavelength-dispessed light
at the exit slit of the monochromaror is detected
by a photomuliiplier rube  detector. A
microprocessar-based system developed ar CAT
is heing used for an-line scquisition of N, laser

power and fluorescence  specrral  dara. For
excitation/emission specrroscopic studies ar other
wavelengths a commercial spectrofluoromerer
(SPEX, Fluorolog [T} was used. In the following,
we briefly summarize the resules of the studies
carried our at CAT on autofluorescence from
tissues from different organs.

PHOTO-
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Cancer of oral cavity

Oral cancer is one of the most common cancers
in India and several other South Asian countries,
Laser induced fluorescence technique s
particularly well suited for early detection of oral
cancers due to the easy accessibility of this organ,
Studies on 337 nm excited autofluorescence
spectra from oral tissues (alveolus, buccal mucosa
and the tongue tissue samples obrained from
patients with the cancer of oral cavity) revealed
significant differences in the rotal, specteally
integrated fluorescence intensity (Ea L(A) ;360 <
A< 600 nm) from cancerous and normal oral
tissue sites. In Fig. 2 we show a plot for the
spectrally integrated fluorescence intensity for
paired cancerous and adjoining normal tissue
sites of 12 patients (4 alveolus, 4 buccal mucosa

and 4 tongue) selected at random from the
d. The iderably higher

values of Ly I{A) for normal tissue sites is

patients i I
apparent. The mean value of Iy L{A) from
normal tissue sites was larger by a factor of 2
compared to that from cancerous tissue sites. At
the other excitation wavelengths (A, = 300 nm
and 460 nm), no significant difference in
fluorescence yield berween cancerous and normal
aral tissue sites was observed.

With 337 nm excitation use of L31,(4) alone as a

s dad 11

discrimination berween cancerous and normal
oral tissue sites. The scarter plots for the values
LA from all cancerous and the normal
tissue sites of the oral cavity are shown in
Fig. 3. The sensitivity and specificity values for
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discriminating cancerous  from normal  oral
tissues were ~%0% over the sample size
investigared”. Use of a sepwise multi-variare
linear regression (MVLR) analysis with ten input
parameters led to only a marginal improvement
in the discriminarion results™. It is pertinent ro
note that having a discrimination parameter
based only on Xal(A) has the advantage of a
much simpler experimental arrangement, since
no spectral resolution is required. It can however
be used as a good discrimination parameter only
when the difference in intensity values for
malignant and normal sites is much more than
the variations possible due 1o che various
experimental factors. Applicability to in-vivo
studies therefore needs to be investigated. The
LIF based approach is expected to lead to an
carly diagnosis and may allow detection of pre-
malignant alterations for which presentdy no

effective non-invasive method exists.

Breast cancer

Autofluorescence spectroscopy of breast tissue
with N, laser excitation showed that the
cncerous  tissue  was  considerably  more
fluorescent compared to the normal and cthe
benign wmor tissue™”, A scrter plot for the
integraced fluorescence intensity  from  paired
cancerous sites and  adjoining normal breast
tissue sites from 10 patients is shown in Fig. 4.
The ratio of the mean fluorescence intensity for
cancerous sites o that from normal and benign
tumor sites were -2.82 and 3.23 respectively in
the study involving 63 patients, 28 with ducral
carcinoma and 35 with fibroadenoma®™. With
300 nm and 488 nm excitation the

specificity, the discrimination results were poor
for discriminaring cancerous from benign tumor
tssue. With 337 nm excitation, the use of
fluorescence  intensity as  a  discrimination
parameter could however, discriminare cancerous
tissue from, both normal and benign tumer
tissue, with sensitivity and specificity values of »

99% ",

Excitation-emission  spectroscopy”  and  time-
resolved measurements™ carried out on breast
tissue aurofluorescence have revealed a significant
variation in the concentration of fluorophares in
malignant, benign tumor and normal dssue
types. Some of the predictions of the
spectroscopic analysis have been confirmed by
biochemical estimation”. This variation in the
concentration of the fluorophores explained why
the discrimination resules ok 1 with 337 nm
excitation were much berrer compared to thar
obrained with the wse of other excitation

wavelengths by other researchers”.

Although breast cancer is not a superficial
disease, the LIF based diagnosis of breast cancer
can be conveniently done during necdle biopsy.
This is of interest because X-ray mammography,
the best available means of detecting brean
cancer ar present, has two imporrant drawbacks,
First it leads 1o a very large number of false
positives, i.c., a very large proportion (60-90%)
of mammeographically abnormal detection tum
out to be benign upon invasive breast biopsy,
leading to avoidable trauma and psychological
stress to parients . Sccondly, frequent expasure
to ionizing x-ray radiation during }

has p tal hazards, h i

sites were more fluorescent than the normal.
However, no stadstically significant difference
was observed in the fuarescence intensity of
cancerous and benign tumor sites. Therefore,
while cancerous tissue could be discriminared
from normal with good sensitivity and

remote. Laser
screening ean be used without the adverse effects
assoclated with the use of ionizing radiation.
Further, the results of the in-vitro studies suggest
thar the LIF rechnique may offer much improved
specificiry.




Uterine cancer

The N, laser cxcited aurofluorescence spectra
from uterine tissue also showed significant
differences berween normal and cancerous rissue.
The differences in the spectra were quantified
using a  stepwise  MVLR  analysis,  The
discrimination score based on a 4 variable
MVLR analysis could discriminate cancerous
sites from normal with sensitivity and specificity
values of greater chan B5% in general and up
100% when the cancerous site showed red
fluorescence  characteristic  of  endogenous
porphyrins™.

Reasons for the spectral differences

differences requires that the fluorophores present
in the different rissue types are identified and
their relative concentrations estimared.

3 T
The resuls of  excitation/  emission™",

L
syme
studies™ carried our at CAT on breast and oral

i Y
-

ne and rime-resolved

caviry rissues suggest a significant variation in the
conc ion of the fluorophores in the different

tissue types. In particular, the studies reveal thar
while concentration of NADH is higher in
malignant breast tissues compared to benign
rumor and normal breast rissues”, the reverse is
true for tissues from oral cavity where NADH
coneentration is higher in normal oral tissues”,
These resules have also been confirmed by

ic of  NADH

An understanding o the factors responsible for
the significant  differences  berween  the
autefluorescence spectra of cancerous, benign
wmor and normal cissuc sites is cleady very
important.  This may nor only help in
optimization of the diagnostic system but may
alsa provide valuable biochemical informarion on
the cissue. Comprchension of the spectral

concentration in malignant and normal dssues
from breast and oral cavity”, The differences in
fluorophare  concentration  inferred  from
spectroscopic studies qualitatively explain the
observed  spectral  differences  in the
aurofluorescence spectra of the oral and brease
Tssues,

)

SINGLE FIBER FOR EXCITATION

Fig 5. A schemaic of the protorype LIF based rystem developed at CAT for in-uive reudies on cancer diagnois
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In-vivo studies

A schematic of the LIF based system developed
at CAT for in-vivo clinical studies is shown in
Fig. 5. It consists of a sealed-off N, laser {7 ns,
100 p), 10 Hz), an oprical fiber probe, and a
gareable intensified CCD  derector.  The
5 ic probe, developed in-k

e is a fiber

bundle, which has two legs; one conrains a single
quartz fiber (NA 0,22, core diamerer 400pm)
and the other coneains six quartz fibers (NA
0.22, core diameter 400pm). The central fiber
delivers excitarion light to the tissue surfice and
the six surrounding fibers collect  nssuc
fluorescence from  the surface area  directly
illuminated by the exciranion hight. The light
coming from the distal ends of the six collection
fibers is imaged at the entrance slit of a

polychromator coupled to the intensified CCD,
The fber bundle is enclosed in an §§ tube (9
mm outer diamerer). The tip of the probe is
shielded by a quartz opuical flac (2 mm chick).
This is to provide a fixed distance between the
tissue and the fibers for improved fluorescence
collecrion and to protect contamination of the
fiber tips with body fluids. A photograph of the
assembled unit is shown in Fig, 6.

One unir has been installed at a cancer screening

cenrer at ladore and is being used to record
q

ence spectra of diffe regions from
uterine cervix of parients screened for nevplasm
of uterine cervix. The other unit at CAT has
been wsed to carry out a pilot study on 25
patients  with  histopathologically  confirmed

squamous cell carcinoma of oral cavity”. The

Fig. 6 A photograph of the LIF based systems developed at CAT for cancer diagnasis,




discrimination  algorithm  developed  could
differentiate the squamous cell carcinoma of the
oral cavity from normal squamous rissue with a
sensitivity and specificity, towards cancer, of
86% and 63%, respectively. The results are
shown in Fig, 7. The reason for the relatively
lower specificity values appears to be the fact that
most of the patients who participated in this
study were at an advanced stage of malignancies.
Some of the visually uninvolved sites assumed o
be normal may therefore not be truly normal,

This follows because the normal appearing

L
]
| ]
=

| g 08 i %
_g 8 4 = "
= » 0.64 =® .l.
£ wm -
=5 = =
§ 804 . "" 1
= G
g =] 'I
£ 02 .

region surrounding the cancerous tumor may
have biochemical changes due to the field-cffect
Indeed, when the
discrimination analysis was carried out on the

of the malignancy.

basis of the specrra averaged over all cancerous
sites and the spectra averaged over all normal
sites from a patient, a sensitivity and specificicy
rowards cancer of 100% were obtained. The
remarkably good results obrmined on site
averaged spectra suggests that a few of the
normal sites had signarures very different from
the other sites of the group.
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Fig. 7. The posserior probabilities of being clasified as squamons cell carcinoma (SCC) for the tisue sites invessigased.
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Studies on Photobioactivation

The use of light for non-surgical therapeutic
applications exploits photochemical reactions
initiated by  photo-excitaion  of  natural
chromophores or exogenous drugs localized in
the tissue. Some well-known examples of the
therapeutic  use of light™ are i uwse in
the treatment of psoriasis, neonatal jaundice, skin
tuberculosis, photodynamic therapy of cancer,
etc, Several researchers have also reported that
irradiation with marrow bandwidth light (laser)
can have profound effect on cellular cultures and
animal models’ and can also lead to therapeutic
effects in humans™", like, accelerared wound
healing, trearment of pain of different origins,
cte.. Although the usage of lasers for non-surgical
laser therapeutic applications is growing it has
not yet become an established clinical modaliry™
because the mechanisms for many of the phato-
therapeutic effects are not very well understood.
The clinical potential of this rather simple and
inexpensive therapeunie modality s motivating
considerable  work  in this  direction  and
substantial progress is being made”. It is
pertinent to note that for these photo-therapeutic
applications any conventional light  source
generating the appropriate wavelength and with
the desired parameters (energy, pulse duration
ete.) can be used. However, the better control an

laser  light  characteristics  often  makes
phototherapy more convenient with the use of
lasers.

At CAT several studies have been carried out to
investigate the effect of laser radiation on cellular
cultures and animal models. Our studies™ on the
effect of N, laser irradiation on the skin of
animal models (albino rabbits and mice} showed
thae N, laser irradiation at cerain doses can lead
to a proliferation of cells in the active epidermal
layer of the rabbit/mice skin. Such proliferation
of cells can contribure 1o faster healing of the
wounds reported in several clinical studies,

Further, the fact that an inhibition of cell
proliferation  was observed ar  higher dose
highlights the importance of a carcful study of
the parametric dependence in order to elicit the
desired clinical response. Since macrophages play
an important role in the process of wound
healing, effect of light on macrophages has also
been studied and stimulation of macrophages
observed following He-Ne laser irradiation”.

The studies on narrow bandwidth light effects on
E-cols bacterial systems carried our at CAT have
provided two interesting results, First, it has been
observed” thar He-Ne laser irradiation can
stimulate respiratory clectron  transfer process
through change in redox state of respiratory
components. Since the production of ATP, the
source of cellular energy, is linked 1o electron
transfer such sumulation can lead w enhanced
metabolism.  Experiments  carried out  using
different inhibi for the respi y chain
components  suggest  that  the  primary

photoreceptor at He-Ne laser wavelength s
cytochrome d. Secondly, it has been observed™"
that He-MNe laser (632.8nm) pre-irradiation
induces protection towards UVC irradiation in
several  Evoli strains, The magnitude of
protection was found w depend on He-Ne laser
intensity, exposurc time and the period of
incubation berween He-MNe laser exposure and
subsequent UVC irradiation. The results also
suggest involvement of singlet oxygen in the He-
MNe laser induced protection. Recent experiments
with E-Coli strain KY706/pPL-1 suggest that the
induced protection is duc o He-Ne laser
irradiation induced induction of phr gene and
activation of SOS repair.

Studies carried our on red blood cell lysate™
showed thar N, laser irradiation induces
oxidation of hemoproteins. Mechanistic studies
and experiments with deoxygenated red blood
cell lysate rule our involvement of any reacrive
oxygen species and suggests that the process s
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photochemical and not intninsic photosensitizer
induced photodynamic reaction.. A single cell gel
electophoresis set up was also developed and
used to investigare UVA induced DNA damage

. : "
in mice peritoneal macrophages™.

Studies  on  photodynamic  effect of
photosensitisers on cellular cultures and animal
have also been initiated ar CAT. Studies were
carried out on the photodynamic inactivation of
Buactlius subtilis cells by He-Ne laser irradiarion in
presence of methylene blue (MB) and wludine
blue (TB). Results show thar ourside! the cell
boch MB and TB lead o photodynamic
generation of singler oxygen causing a decrease in
cell membrane fludity. However, whereas TB
remains outside the cell and does nor lead ©
generation of free radicals, in MB mediated
photodynamic  action, superoxide  radical
generated intracellularly 1s the major contributor
to the cell damage”. Investigations have also been
carried our photodynamic effect of MC540 and
ALA on cell lines of epithelial neoplasm and on
ALA induced accumulation of protwporphyrin
(Pp) in tumor and skin of fbrosarcoma bearing
mice. Effect of glucose pre-treatment and
fractionated delivery of ALA on Pp accumulation
in tumor and tumoer to skin rato of Pp owas
investigated. A pilot study on photodynamic
therapy of animal tumers has also been carried
out”™, This was a collaborarive wark with a group
at RMC to characterize a photwsensitiser drug
patented jointly by Radiation Medicine Centre
(RMC), Mumbai, and IIT, Mumbai.

Develop of Technig
Imaging

Optical imaging has the potential to provide sub-
millimerer resolution imaging without the need

for Oprical

for ionizing radiation and associated risks. The
fundamental problem with optical imaging is
that in contrast to x-rays optical photons are
strongly scattered in tissue, which leads w a

blurring of the image. Several approaches can be
used to pick our the useful image bearing light
from the background-scattered light’. One
approach is to exploit the face thar the scatered
light emerges from the tissue in all directions and
also takes longer time 1o emerge as compared to
the companent of light which does not undergo
any scattering or is predominantly forward
scattered. Therefore, using spatial filters and by
use of ultra-short temporal gares {of picosecond /
sub-picosecand
components can be filtered our. Though the

duration}  image  bearing

spatial resolution achievable in these technigques
is very high (few tens of microns), these can not
be used for imaging through large tissue
thickness since the amount of image bearing
light falls off exponentially wich the increase in
the thickness of the scattering medium. One
approach to address this problem is wo selectively
amplify the image bearing light using non-linear
oprical techniques, Experiments on  optical
imaging through rurbid media have been carried
aut at CAT using a Streak Camera with remporal
resolution of - 10 ps and also by wilizing
stimulated Raman scattering {(SRS) approach for
time garing. A spatial resolution of - 300 pm has
been abserved in the present set-up.

Development of Laser Optical Trap-
Microbeam Set Up

Development of laset trap and microbeam set up
has also been taken up at CAT because it is
finding widespread applications in biomedicine
for  non-contact  micromanipulation  of
microscopic  objects”.  Laser microbeam s
essencially a pulsed laser beam coupled o a
microscope. The large intensities (of up 1o 10"
Wem' with UV laser microbeam) generated ar
the focal point of the large numerical aperture
microscope  objective can be used o cur
perforate or fuse microscopic objects with sub-
micromerer accuracy. As these intensities arise
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only ar the focal poing, it is possible 1o work
within the depth of a transparent object without
opening it. Optical tweezer or laser optical trap
uses the light of a CW infrared laser for transport
of microscopic objects. Here, the gradient forces
arising due to the large gradient of light intensity
in the focussed laser beam and the resulting
gradient in the light pressure and the electric
field are used ro trap microscopic objects at the
focal point of the laser beam. Unlike mechanical
microtools, the oprical tap is gentde and
absolutely sterile and can be used 1o caprure,
move and position single cells or subcellular
particles without direct contact or significant
damage. A laser trap set up has recently been
made operational at CAT and used w wap
polystyrene  microspheres and motile bacteria
(preudomonas and E-Coli).

Conclusions

There exist considerable current interest in the
development of laser-based techniques for én-sitw,
near real time diagnosis. Several studies have
been cartied our at CAT on laser induced
fluorescence of rtissues resected ar surgery or
biopsy from patients suffering from cancer of

oral cavity, breast or urerus, These studies have
-

I very encouraging  resuls  on

discrimination of cancerous tissue sites from
benign tumor tissue or normal tissue sites. N,
laser based systems have been developed for
clinical studies and are being used for in-vive
studies on the diagnesis of cancer of oral caviry
and weerine cervix. A pilor study on 25 parients
with hutap&rholoslcaily firmed

bandwidth light on cellular cultures and animal
models so thar the mechanisms responsible for
the various photo-therapeutic effects are better
underscood, Several studies in this direction have
also been carried our ar CAT.
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SCALING OF THE STEADY STATE AND
STABILITY BEHAVIOUR OF
SINGLE-PHASE NATURAL

CIRCULATION SYSTEMS

P.K. Vijayan
Reactor Engingering Divisicn
Bhabha Atomic Research Centre

Abstract

Sealing methods for bath the sready state and stability behaviowr of single-phase natural

circulation systems have been i For st

Mow can be achieved by preserving just one

-phase systems,

lation of the steady siate
| parameter, Simwlation of the stability

behaviowr requives geometric similavity in addition to the similavity of the physical parameters
appearing in the governing equations, The scaling laws proposed have heen tested with

5 el ;
f [ data an single-; natural

Introduction

ATURAL  CIRCULATION IS
being increasingly employed in many

innovative designs of nuclear reacror
cooling systems. The basic advantage of natural
circularion systems is the enhanced safery due o
its passive nacure. One of the basic requirements,
which arise prior to the incorporation of such
systems in nuclear reactors, is the assessment of
their performance. Generally, in the nuclear field
the assessment is carried out by validared
computer codes, Code validation is usually done
with data obrained from scaled rest facilivies. The
topic of the present paper is the scaling laws used
for comstructing such scaled facilitles for
simulating single-phase natural circulaion, Such
a scaled facility in nuclear parlance is also known
as an integral test facility (ITF).

Sealing laws make possible the comparison of the
performance of different natural circulation

systems and to extrapolate che data from small
scale to protorype systems. Scaling laws for
nuclear reactor systems are arrived ar using the
governing  conservation equations, Ploneering
work in the field of scaling laws for nuclear
reactor  systems  have been carried ouwt by
Nahavandi e al. (1979), Zuber (1980) and
Heisler (1982). The scaling law propased by
Zuber is also known as the power-to-volume
scaling philosaphy and is widely used for the
conseruction of scaled rest facilities simularing
nuclear reactor systems. Power 1o volume sealing
can be applied to both forced and matural
circulation systems. However, the power-to-
volume scaling philosophy has certain inherent
disrorrions (especially in
comy ), which can

downsized
certain natural

PF
circulation  specific  phenomena  like  the

instabilicy (Nayak et al. (1998)). Hence it is
necessary 10 examine the scaling laws which are
specific to natural circulation. In the present
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paper, the reported scaling laws far single-phase
natural circulation loops are reviewed with
respect to their use for predicting the sieady state
and stability behaviour, Then scaling procedures
for single and two-phase systems are presented
and rested against the available data on the steady
state and  stability performance  of narural
circulation loops, This exercise has shown that
the steady state behaviour of single-phase loops
can be simulated by a single dimensionless
parameter, The simulation of the stability
behaviour requires simulation of at least three
1i jonless g in  addir 1o
geometric scaling. For the sability behaviour,
scaling of the characteristic equation (obtained
by the lincar stability analysis method) appears 1o

be the appropriate method for achieving
similariry.

Review of Scaling Laws

Several scaling laws have already been proposed
for the design of scaled loops simulating natural
circulation phenomenon (Zuber (1980), Heisler
(1982) and Tshii-Karaoka (1984)), All the three
scaling laws are derived from the governing
differential equations. Onc of the problems
associated with these scaling laws is thar the
number of similarity groups are too many and
they do not provide steady state or stability
solutions in terms of the proposed similariry
groups. Therefore, testing of these scaling laws
with the available experimental data is rather
difficult without the use of system codes. This
arises due 1o the fact thar more than onc scaling
parameter is a function of the flow raze, which
for a nawral circulation loop is not known
apriori. To overcome this problem, Vijayan er al.
(1992} proposed a scaling procedure by which

Tt roeee]

also secrion 3). They have also obtained the
stability solution in terms of the similaricy

FTOUPS.

Proposed Scaling Laws for Single-Phase
Natural Circulation

OUTLET INLET

Fig 1. Schemasic of wem-unifoerm digmeser natral
cireulation loop
Consider a simple nonuniform diameter natural
circulation loop as shown in Fig. 1 with a
horizontal heat source at the bottom and a
horizontal heat sink at the top. The heat sink is
maintained by providing cooling water to the
secondary side of the cooler at a specified inlet
P of T, In this analysis, the secondary

the steady state flow rate can be as a
function of just one similarity group, This
procedure  has  been  extended recemtly o

nonuniform diameter loops (Vijayan (1999), see

side temperature is assumed to remain constant.
The heat flux ac the heat source is maintined
constant. Assuming the loop o be filled with an
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incompressible fluid of constant propertics
except density (Boussinesq approximation where
density is assumed 1o vary as p=p,[1-B(T-T)}
with negligible heat losses, axial conduction and
viscous hearing effects, the governing differential
equations can be written as

a

E'O s Rl
W L 1
ri_-gp,g.jrdz——z[f ]?

f2)

where [=ELJA, Tt is also possible to absorh the
local pressure loss coefficienr, K inte an

equivalent length, Le such thar K = fLe/D,
With this correcrion, the momentum equation

can be written as:

AW WML
re - Taz-——3 [ ==L
a ~sepiTE 2p,§[DA’l

(3

Similarly, the energy equation for the different
sections of the loop is given as:

&T W_ar _ auh

= = Hearer
2 prfI;. & 4,p.Cp
......................................... (4a)
ar, W oer_ _ur(r-r) Cooler
a M @ ApCr
.[4b)
‘;_K Pipe

<ulde)

The above equations can be non-dimensionalised
using the following substitutions.

W T-T, 5 z
@=—r = L S=—y Z=—
, (a7;),, H H
‘ 4, D,
Tm—;a = ddl=_‘
1, 4, = D,
]

where (., 4, and D,
reference values of time, flow rate and hydraulic
diamerer defined as

are respectively  the

; N
= 1 ,=L§ and
L3

D, = _Zo L oo (6)

It is easy 1o sec that the reference time is nothing
but the loop circulation time. D, and A, are
respectively  the length  average  hydraulic
diamerer and flow area of the loop and the total
circulation length, L=EL. In case of negligible
lacal pressure losses, Z(L), becomes equal to the
total circulation length, L, of the loop. The non-

i

¥
?E+£§=—‘ heater ............{8a)
dr a, &5 ¥,

ST e o828 cooler.......{Bb)

e a, & A,
88 w a8

—+——=0 ipes o veeen B
dr a, o pipes fia
where  y=Elfa, | =L/L, (I )=(LJ/L,
Gr,=D'p PgaT Iy, and Se=Nu/Re, Pr.
Assuming  fully  developed  forced  flow

correlations are valid, the friction factor, [ can be

expressed as
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where p=G4 and bel for laminar flow and
assuming Blassius correlation to be valid for
rurbulent flow p and b are respectively 0.316 and
0.25. In a non-uniform diameter loop, it is
possible that some pipe sections are in turbulent
flow (Re=d000) and some in laminar fow
{Re<2000) and still others in rransidon flow
{2000<Re<4000}. However, if we assume the
entire length of the loop to be under either
laminar or turbulent flow conditions, then
equation (7) can be expressed as

dm_&
d!_

where N is a geometric parameter defined

L, <& Iy
wNg =73 WJ .................. 1y
Steady state solution

Tl!e.' gaw:mmg cquaunm far rh: steady stare

are ined by dropping the time
dependent terms. Alsa, by definition @ (the non-
dimensional flow rare) is uniry ar steady stare.
Therefore, the steady starr momentum  and

energy equations can be written as:

G, N
—2JOds = B i R 12
Ret 1%~ aret )
LS for heater ; Lﬂ:—St Rl 8
a, ds v, a, s AL
for cooler and L£=0 for pipes ..........(13)
a, d3

The steady state solutions for the temperature of
the various segments of the loop can be obtained
from Eq. (13} (see Vijayan (1999)). Using these

steady state solutions, the integral in equation
(12) can be caleulated as {de =1, for the loop

shown in Fig. 1. Hence, the steady state flow rate
can be expressed as

s [T T et

where C=(2/p)' and r = 1/{3-b). Thus, knowing
the value of p and b the constants C and r in
equation (14} can be estimated. For laminar flow
(where p=64, and b=1) equation (14} can be

rewritien as

05
G,
=0, 1?62!{ N, ] (15)

Similarly, assuming Blassius  friction  factor
correlation (p=0.316 and b=0.25) to be valid for
turbulent flow we can obtain the following

equation

Gr T
ir,

ReL 2 968 | sissisiienssiaiuiiania 16
&l [ % :I (16)

i

In the rtransition region, one can expect a
continuous change in the exponent of equation
(14} from 0.5 to 0.364 as well as for the constant
from 0.1768 to 1.96. It may be noted that both
equations (15) and (16) are the exact solutions of
equation (12) assuming the same friction factor
correlation to be applicable to the entire loop.
For closed loops, often the same friction factor
correlation may not be applicable for the enrire
loop even if the lvop is fully laminar or fully
turbulent. An example is a fully laminar loop
with part of the loop having recrangular cross
section and remaining part having circular cross
section. Hence, one has to keep in mind the
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made in deriving the relationship
(14) wh!]e applying it.

The relationship expressed by Eq. (14) is derived
for a recrangular loap with both the hea(er and

combine St and F.L, /A4,
dimensionless paramerer called St. Similarly, Gr,
and N, can be combined as Gr, /N so that

the transient and stabilicy behaviour can be
4

into 2 single

as

cooler having the h 1 ori For
other orientations also, it can be casily shown
that the same relationship holds good if the loop
height in the definition of the Gr, is replaced
with the centre-line elevation difference b

the cooler and the heater, Az (sec Vijayan er al.
(2000)). The same is true for other loop
geometries like the figure-of-cight loop used in
Pressurised Heavy Water Reactors (FHWRs).
For the figurc-of-eight loap, the heater power
wsed in the Gr, is the wtal power of both
heaters. The equations are also applicable for
|den"c-a‘ Heloch Hel-l p
systems if the paralle] dnnne]sflnups are replaced
by an equivalent path having the same hydraulic
diamerer and total flow area,

or

Stability behaviour

Equation (14) has shown that simulation of the
steady state behaviour is possible by simulating
Gr, /N, for any nawral circulation loop. The
wansient and stability behaviour, however, are
described by equarions (8) and (10), Substituting
the steady state  solution, the transienc
momentum equation can be rewritten as

r——{{&z’Z @ 'b}(pr‘z)z H[Gr“’ INEP *

17
From equations (17} and (8), it is obvious that
the transient and sability behaviours  are
governed by the physical paramerers Gr,, St and
the geometric parameters of N, v, V/V,, PL/A

an:l the area ratio a, To reduce the number of

d
H F

it is « y to

(piaplee

Yimy=n- (Gr. (DL, )7

p

Grhian
wlr)= ![;m;_,,. i ,ram'a,] ...... (18)

Further reduction in the number of independent
parameters is possible for special cases. For
examp]:. with a uniform diamerer loop,
(¥, /¥ )={L,/ Ly} a=1, ys1 and Ny =L,/D

so that

wlt) =T _HWE 1, and %J,......ug}
h

In addition to L (L, other length scales also affect
the stability behaviour. This can be established
by carrying out a linear stabiliry analysis. In this
method, the loop flow rate and temperature are
perturbed a5

o=, +oee” and B =0, +0ee™ ......(20)

where € is a small quanticy, @ and @ sre the
amplitudes of the flow and remperature
disturbances respectively, and n is the growth
rate of the perturbations. Substituting Eq. (20)
in equations (10} and (17}, and using che
continuity of temperature  perturbation  in
various segments as the boundary condition, the
characreristic equation for the siabiliry behaviour
can be derived. The characteristic equation for a
uniform diameter loop with horizontal heat
source and sink can be expressed as Y{n)«0
(Vijayan and Auscregesilo (1994)), where

(W S,) +2-B)  eesemeessmsseninnissssssnsneee21)




where y(n, Stm}——{l exp(-nH/L, )} exp(-n8,H/L }[&' 9:] and
w

[5.& -8:

o

|- et 1)1} ol s -5, 1)
iy

B+C
) D

B =t epl-as /L) i-explt /1) € - CbStnf gl 1)

and D =exp{St, L /L, }—exp(-n)  where
S=L/H and §, =s/H. 5, §, and S arc the
dimensionless distances from the origin {i.e, $=0
in Fig. 1) in anti-clockwise direction. It is
obvious from equation (21) that, apart from the
parameters listed in (19), the ratios of the lengths
are also required to be preserved to simulate the
stability behaviour.

Testing of Scaling Laws

The scaling laws presented in section 3 are tested
against cxperimental dara for both steady state
and stability behaviour.

Steady state behaviour

The steady state scaling laws were tested with
data obtained from simple low pressure and high
pressure loops. The data included both in-house
experimental data and those compiled from
literature,

In-house data

For testing of the scaling laws, experiments were
carried out in three uniform diameter rectangular
loops with horizontal heater and horizonral
cooler (Vijayan et al. {1992)). These loops (see
Fig. 2) had the same length (both total and
companent lengths) and height but different
internal diameters, These cxperiments helped 1o
establish the adequacy of Gr /N, as the scaling
parameter for the steady state flow as the data
from the three loops could be expressed in the

SiaE PP v ¥
) o B : I
& - i ;
I R=T T — T
| P
- 1 4 r
|
i 3t e 141 120 2 e
HEATER HEATER diioial
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Fig. 3 Steady state flow in uniform diameser loopr

form of Eq. (14) with the same valuc of C and r
(see Fig. 3). Subsequently, experiments were
conducted to study the effece of the ardentation
of the heater and the cooler as different rypes of
nuclear reactors  have different  orientations
of the hear source (core) and the hear sink (steam
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generator), For example, PHWRs have
horizontal core and vertical steam generators,
PWRs have vertical core and vertical steam
generators and VVERs have vertical core and
horizontal stceam generators, In view of this, the

‘Bade (2000) and Vijayan e al. (2000). The
steady state data  collected for  different
orientations of the heater and cooler are plotted
withour and with consideration of local pressure
losses in Figs. 5a and b respectively. The

heater and cooler studied included
the horizontal heater horizontal cooler (HHHC),
horizontal hearer vertical cooler (HHVC),
Vertical heater horizontal cooler (VHHC)
Further detils of the experimental loop (see
Fig.4) and data gencrated can be obtained from

7 | data is observed to be very closc 1o
the theorerical correlarions for all orientations of
the heater and cooler confirming the validity of
the correlations (15) and (16). Considering the
local g losses imp: the agr with

the theoretical correlations (sec  Fig. 5b).

£

&

+
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Fig. 4. Experimental loap to seudy the effect of arientation of the heat source and heat sink (all dimensiom in mm)
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Fig. 5. Effect of heater and cooler arientations on seady stase flow

Subsequent to this, experiments were carried our
in the high pressure nonuniform diameter figure-
of-eight loop FISBE (Facility for the Intcgral
System Behaviour Experiments, sce Fig.6), which
simulates the Marora Atomic Power Station.

Steady stare daca from FISBE are compared with
the present correlation in Fig. 7, which shows
good agreement. It may be noted thar for these

10 T .
i il EER el i
wo———t Turtners ow squmkon i

Fig 6. Schematic diagram of FISBE

Fig. 7. Comparisian of FISBE data with the theoretical

correlation

tests the loop was an all pipe loop with a tbular
hearer section, a single U-tube steam generator
and pumps replaced by pipe sections. Since the
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SG used anly one U-tube, more than 95% of the
loop hydraulic resistance was due to this.
Although the loop had several clbows, bends,
Tees and other firtings, these were mainly
concentrated in the large diameter pipe sections.
Hence the contribution of the local pressure
losses to the total hydraulic resistance became
negligible giving good agreement with the
turbulent flow correlation.

Comparison with literature data

Several experiments on  single-phase natural
circulation loops are reported in the literature.
The loops studicd can be categorised as Uniform
Diameter Loops (UDLs) and Nonuniform
Diameter Loops (NDLs).

Uniform Digmeter Logps (UDLs)

The UDLs experimentally studied include both
d. 4.1 md 1, + "w"
L3 L r
Considering the shape of rhc loop, the domd
loops can be further classified into rectang:

is observed between the data and the corrclation.
Beyond Gr,D/L, of 3x10°, the agreement is
found to be better.
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Fig. 8 Steady state natural circulation flow in UDLs wisheut
convidering local lostes

For all the steady state dara reported in Fig. 8, it

toroidal and fgure-of-cight loops. Holman-
Boggs (1960), Huang-Zelaya (1988), Misale et
al. (1991), Bernier-Baliga (1992), Vijayan et al,
(1992), Ho et al. (1997) and Nishihara (1997}
abtained experimental natural circulation data in
UDLs of rectangular shape. Uniform diameter
open-loops were investigated by Bau-Torrance
(1981, 1981a) and Haware eral. (1983),

Fig. 8 shows a comparison of the data with the
theoretical correlations for laminar and wrbulent
flow for uniform diameter loops. The
experimental data reported by Misale er al.
(1991}, Bernicr-Baliga (1992) and Ho et al.
(1997) are well predicted by the theoretical
correlation. Most of these data points are from
laminar flow region where the total local loss
coefficient is negligible compared to L/D due to
the large value of the friction factor. For the
range 2x10'<Gr_D/L <3x10" significant deviation

is d that Zl =1, But for all practical
configurations of loops, local losses are present so
that Z|>1. Hence, the observed deviations with
the theoretical correlation may be arributed
partly to the unaccounted local pressure losses in
these loops. To study its effect, the local pressure
loss coefficients due to elbows, bends, Tees,
orifices, ete. given in Streeter and Wylie (1983)
were used. The results are shown in Fig. 9. The
turbulent flow data is now closer to the
theoretical correlation indicating the significance
of the local pressure losses ar high Reynolds
numbers where the friction factor is very low.
The laminar region data is pracrically unaffected,
The daa  for the region
2x107<Gr /N <3x10" is now doser to the
theoretical correlation, but the deviation is still
significant. This is the region where the
correlation is not applicable as the loop is neither
fully laminar nor fully wrbulent. Instead the

Transition
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loop is partly in the laminar region and partly in
cither transition or turbulent regions.

Fig. 10, which shows reasonable agreement with
theoretical correlation in the laminar and the

flow regions. Significant deviation is

observed for the intermediate values of Gr /N,
where the flow is neither fully laminar nor fully
rurbulent. Similar trend was observed in the case
of UDLs. Interestingly, the parallel channel data
of John et al. (1991) and parallel loop data of
Jeuck er al. (1981) are also found 1o be in
reasonable  agreement  with  the  theoretical
correlation,

T EEEE R
G M,

Fig. 9. Steady stave nurural civenlation flow in UDLs wirk
docal losses

Nonuniform Diameser Loops (NDLs)

Most practical applications of natural circulation
employ non-uniform diameter loops. Common
examples are the nuclear reactor loop, solar warer
heater, erc. Most test facilities simulating nuclear
reactor loops also use non-uniform  diameter
loops. Depending on the op the
non-uniform diamerer loops can be categorised
as High pressurc loops and Low pressure loops.
Mast studies are conducted in the high-pressure

5P

test facilities simulating nuclear reactor loops.
Typical examples are the SEMISCALE, LOBI,
PKL, BETHSY, ROSA, RD-14, FISBE, ewx.
Some studies, however, are carried out in low-
pressure facilities. Examples are the experiments
carried our by Zvirin et al, (1981), Jeuck et al,
(1981), Hallinan-Viskanta (1986), Vijayan
(1988) and John et al. (1991). Most of the
available experimental data in a usable form (ie.
full geometrical details are known) are from the

facilities. High-p test
data in a usable form was available only from
FISBE. The data from NDLs are plotted in

P test

i
I

1w " ' ' 0’ 0* e

N,

Fig. 10, Steady stave flow m NDLs withour considering local
lpsses

Stability bebaviour

Experimental data on stability behaviour are few.
Even with the available dara, it is often not
possible to accurately estimate the parameters
isce Eq. 21) affecting the stability behaviour.
This is often caused by the fact that the hear
transfer coefficient U used in the St is flow
dependent, which makes it difficuly 1o estimare it
accuratcly, Due to this, the predicted stability
behaviour is compared for different loops to test
the validity of the scaling laws used. Figs. 11a
and b show the predicted stability maps for
laminar and rurbulent flow respectively for
different loops having the same length scale
ratios, but with different diameters. As expected,
the curves for all the loops merge giving a single
curve for the swbility behaviour. A prediction
was also made for che different orientations
of the heater and cooler for the loop shown in

1 b—
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(a) Lﬂﬂh’lar-ﬂow

(b) Turbulent flow.

Fig. 1. Seabilicy map for loaps of different diameter
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Fig. 12, Effect of heater and cooler orientations on the stability map
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Fig. 4. The results are given in Fig. 12. As
expected the results are found to be different for
the different orientations, as the length scales are
different even though the total circulation length
and diameter are the same. This emphasizes the
fact that simulation of the stability behaviour
requires preservation of the length scales in
addition to the physical parameters of St, Gr,
and N_. This is because the feedback effects are a
strong function of the residence time, which
depends on the length scale.

Conclusions

Secaling laws for single-phase natural circulation
systems have been presented. For single-phase
systems, the steady state behaviour can be
simulated by preserving Gr /N, same in the
model and prototype. Fol du: shblllry bduvmu.l.
scaling of the ch (obrai

by the linear stability analysis mcrhod) appears 1o
be the appropriate method for achieving
slmllml:y This n:qnm simulation of at least
three i in addition to
geometric  scaling for single-phase  loops.
Simulation of the stability behaviour of uniform
diameter loops requires preservation of the
length scales in the model and protorype in
addition to the similarity parameters appearing

in the nondimensional governing equations.

Nomenclature

A - flow area, m

a - dimensionless flow area, A/A,

b - constant in equation (9)

Cp - specific hear, J/kgK

D - hydraulic diameter, m

d - dimentienless hydralic di

f - Darcy-Weisbach friction factor

' - gravitational acceleration, m/s’

Gr, - modified Grashof number,
D/pBgaT/p’

H - loop height, m

k - thermal conducrivity, W/mK

K - local pressure loss coefficient

| - dimensionless length, L/L,

L - length, m

N - total number of pipe segments

N, - dimensionless paramerer defined
by Eq. (11)

Nu - Nusselt number, UD/k

P - constant in Eq. (9)

P - perimeter, m

Pr - Prandd number, Cpp/k

q - heat flux, Wim'

Q - total heat inpur rate, W

Re - Reynolds number, DW/Au

s - co-ordinate around the loop, m

s - dimensionless co-ordinate around the

loop, s/L,
St, - modified Stanton number
T - uime, 5
T - temperature, K

AT, - reference temperature difference in Gr_
defined as (QH/A nCp)

- heat transfer cocfficient, W/m'K

- total loop volume, m

W - mass flow rate, kg/s

z = elevation, m

Z - dimensionless elevation (2/H) or (2/Az)
Az - centre line elevation difference between
cooler and heater, m i

u
v

Greek Symbols

B - thermal expansion coefficient, K'
M - dynamic viscosiry, Ns/m'

6 - dimensionless emperarure

P, - reference density, kg/m'

- dimensionless time

T
@ - dimensionless mass flow rate

;'|°.



Subscripts

c - cooler

el - cald leg

c - equivalent
eff - effective

h - hearer

hl - hat leg

i - ith segment
p  -pipe

' - reference value
s - secondary
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BIOREACTOR TECHNOLOGY FOR LARGE
SCALE CULTIVATION OF PLANT CELL
SUSPENSION CULTURES AND PRODUCTION
OF BIOACTIVE COMPOUNDS

Dr. Devanand P, Fulzele
Nuclear Agriculture and Biotechnology Division
Bhabha Atomic Research Centre

Abstrace

A biareactor with helix impeller has been designed and developed at Nuclear Agriculture and
Biotechmology Division capable of growing high density plant cell suspension cultures. The design
of this bioreactor has been transferved 1o Kabra Drugs Limited, Indore under a teclhmology
transfer agreement. Mixing studies revealed that the helix impeller speeds of 80 rpm to 200 rpm
ensured uniform mixing of susp cultures. Cath hus roseus cell cultures cultivated in
100 fir bioreactor with an initial 11.5% packed cell volume 1o give an initial biomass to liquid
ratio 42.6 g’ fresh biomass at Kabra Drugs Limited, Indore. This resulted in production of a
biomass 32 Kg fresh weight within 16 days of cultivation, whereas natwral grown plant produced
2.3 Kgim'/vear. This work addressed the design and development of hellx impeller for 50 and 100

lir bioreactor for high density Carharanthus roseus cell suspension cultures.

EDICINAL PLANTS ARE THE

most exclusive source of life saving

drugs for the majority of the world's
population. About 8000 herbal remedies have
been codified in the Ayurveda, which is sl in
use in many aress today and large numbers of
bioactive compounds are life saving drugs [1].
Bioactive compounds currently extracted from
plants are used as food addirives, pigments, dyes,
fine chemicals, insecticides, cosmerics and

perfumes. ln vil:w of ih: gmwins wurld

and rapidly :mdmg na:ura] ccosystems, the
natural habitats for a large number of plancs are
rapidly dwindling leading ro cxtinction many
valuable species. One alternative is to culture

plant cells in hl\)lmur under controlled defined
g the bi hetic capacity to
syn:h:s;s: b:oactm: compounds. A number of
plants such as Cash bus roseus
vinblastine, ajmalicine), Tw lmuh (eaxol),
Nothapody foetida prothecin),  and
Artemisia  annua (aremisinin)  have been
screened  for  anti-cancer, an-AIDS, anti-
malarial and other useful bioactive compounds
for therapeuric use [2-4].

India is a rich source of medicinal plants.
Aromatics, oils  and  bicactive
compounds  bearing  plant  constitute  an

essential

important group of the India flora. Today, one
quarter of all prescribed medicines used in the
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USA is of the plant origin [5). Currently,

arc

most of these compounds by cultivation of
whole plants followed by extraction and
purificarion of the desired bioactive compounds.
The continuous production of the desired
bioacrive compounds requires repeated collection
of plant material and consequencly this leads to
the serious problem of depletion of natural
sources, Secondly, plants are not often readily
available. Mass cultivation of medicinal plant
species under narural conditions may not be
possible due to environmencal, ecological, or
variable  climatic  conditions, length  of
propagation or the need to use agriculrural land
o produce the primary foad eraps, Qualicy and
quantity of the products is also effected by
unforeseen environmental conditions.

Fig. 1. Mass propagasion of multiple shoot cultures af
Arvermisia annua

Bioreactor

Bioreacrors  provide nutritional and  clasely
contralled environment for optimum growth of
plant cells in which cells perform biochemical
transformation w0 synchesise  bioactive
compounds. Bioreactors have several advantages
for mass cultivation of plant cells. 1) it gives
better control for scale up of cell suspension
cultures under  defined parameters for the
production of bieactive compounds. ii) constant
regulation of conditions at various stages of
bioreactor aperation is possible iif) handling of
culture sueh as inoculation or harvest is casy and
saves rime  Iv) nutrient uptake is enhanced by
submerged culture conditions which stimulare
multiplication rate and higher yicld of bioactive
compounds. v} large number of plantlets are
casily produced and can be scaled-up,

Fig. 2. Scale-up of Casharanthus rosens cell cultures in @ 20
Ligre air
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Bioreactor Designed and D ated
for Cell and Organ Cultures

Bell-jar  bioreactors  designed  in Nuclear
Agriculture and Biatechnology Division for mass
propagation of cell and organ cultures. This
large-scale

cultivation of multple shoots and  plandet

bioreactor  demonstrated  that
cultures can result in production of plant
secondary products at levels higher than those of
whole plants The newly designed biareactor
proved thar any multiple shoot and plantlet
cultures could be mass propagased under defined
controlled parameters (Fig. 1), Cell cultures of
Cutharanthis rosews were performed in a 20 lie air
lift bioreactor for production of ajmalicine
{Fig 2).

The application of bioreactor system for large
scale cultvation of plant cells for the production
of valuable bioactive compounds is an active
field, whose application helds grear promise for
pharmaceutical industry. Large scale cultivation
of plant cells in bioreactor increases the biomass
praduction much maore thian the whaole plants are
grown in the feld. Culture cycles of cell
suspensions in bioreacror would be a question of
weeks and not of years as for example in case of
shikenin planr, which usually is not harvested
before  the age of five years. Successful
production of shikenin in biorcacror by cell
cultures of Lithospermum  erythrorhizon which
was the first commercial process using plant cell
cultures [6]. The commercial exploiarion of
bioreactor technology i an  alternative and
atcractive area for bulk producrion of bicacrive
compounds for therapeutic use,

Plant ells in liquid suspensions offer a unique
combination  of physical and  biclogical
properties thar must be accommodated in large
scale bioreactor process aimed at exploiting r}m:

Some of the well-known drawbacks of the cell
suspension cultures in bioreactor includes the
instability of the productive cell lines, the
slowness of the cell growth and praduction phase
and limited knowledge abour the secondary
merabolite pachways [7]. There are indications
that sufficient oxygen supply and proper mixing
in air lift bioreactors may not be suitable for high
density (2300 to 350 g/l fresh biomass) plant cell
suspension cultures, Secondly, the problem of
well-known shear sensitivity and rapid serting
characreristics of plant cell aggregates and cell
floating rendencies of the cell cultures have 1o be
solved when bioreacrors for plant cell culrures are
designed [8].

Plant cells are 10 to 100 tmes larger than
bacterial and fungal cells. Culrured plant cells
range from 20-40 pm in diameter and from 100-
200 pm in lengeh and embrace vacuoles up w
95% or more of cell volume, These features have
led ta the belief thar plant cells are shear
sensitive, Also, the oxygen requirement of plant
cells is low in comparison o the oxygen
requirement of microbial cells.  Such special
fearures of cultured plant cells  necessitate to
design and develop a impeller for bioreacror,
which could provide proper mixing and
sufficient oxygen  supply  throughout  the
bioreactor withour forming dead zones and will
not damage the cells during cultivation period.

The hydrod ic conditions in bi are
mast serengly dependent on the impeller design.
In view of this impartant point, a helix impeller
was designed and developed for 50 and 100 lic
biorcactors and Catharanthus raseus cultures were
successfully grown at high density (Fig. 3.
Bioreactors (50 and 100 lir capacity) were also
designed with several options 1o perform

continuous, semi-continuous, single and double

biomass and synthesis of biocacrive o

stage op maodes with plane cell culoures.
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Fig 3. A schematic representation of the helic impeller used for
the agitarion and rufficiens axygen supply w0 Carharanthus
rusens cells cultivares i 100 fit bioreactor

The geomerey of the helix impeller resuleed in
upward liquid pumping at the blades upon
counter clockwise rotation, Bioreacror with helix
impeller decreases the bottom and rop conical
slower mixing zones generated by other types of
the impellers. Agitation speeds ranging from 80
rpm o 200 rpm also improved mixing efficiency
af cell suspension cultures. Large scale cultivarion
of Catharanthus rosews cell cultures has showed
thar the bioreactor configurations with helix
impeller did not yield slower mixing zones of the
impeller ar speed ranging from 80 rpm and
above. Impeller speed lower than 80 pm
resuleed in sctting of cell aggregates suspension.
The viscous shear-thinning behaviour of cell

cultures, whose hamogenous mixing ar low shear
and proper oxygenation are problematic using
conventional or pneumaric agiration system for

bioreactors [9].

Fig. 4 A 100 lit bioreactor nicvessfilly commissioned ax
Kadra Drugs Limited, Tndore.

Bioreactor technology was tansferred 1o Mfs
Kabra Drugs Limited, Indore, a pharmaceutical
based company for large scale cultivation of plant
cell cultures and  production of bicactive
compounds  (Fig.  4).  Bioreacrar-grown
suspension cultures in 50 and 100 | bioreactors
were highly hamogenous in overall appearance
and compared well to those with cultured in
shake flasks. Microseopic observarions revealed
that both bioreactor and flask grown suspensions

comprised of single cells,

Cell culture experiments confirmed that the
biorcactors (50 and 100 | capacity) equipped
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with helix impeller is suitable for growing low to
high density cell suspensions. The most resulted
mixing speed was observed ac 140 rpm, which
was not related to cell lysis bur o excessive

of the P and  biomass

]

production at higher speed.

Mass Propagation of Catharanthus
roseus in 100 lit Bioreactor

Large scale cultivation of Catharanthus roseus cell
suspension cultures were performed in 100 |
biareactor (working capacity 75 |} equipped with
helix impeller. Cell suspensions were established

Skoog's  medium

in Murashige  and
supplemented with 24-dichlorophenoxy acetic
acid {9.05 pM) and kinerin (4.65 pM). Basal
medium was prepared in tap warer and marker
sugar to reduce the production costs af biomass
and bicactive compounds. Two week old
suspension cultures were used as inoculum giving
an initial biomass to liquid ratio of 42.6 g '
fresh blomass. The speed of che helix impeller ar
140 rpm and initial dissalved oxygen (pO,} was
maintained ac 30%. Cell cultures showed
uniform growth over a period of 15 days and
than reached ro stationary phase, Sucrose in the
medium was completely hydralysed within twe
days, and the monosaccharides were consumed
thereafter by the cells. The final yield of biomass
was 32 Kg fresh weight in 16 days of cultivation
in bioreactor. It was shown thar the 100 lie

bioreactor  displayed good  perfe in

growing high density Catharanthus rosews cell
suspension cultures (Fig. 5). The higher and
more  efficient upward suspension  pumping
capaciry at low shear rate of the helix impeller,
ensured sufficient and more uniform mixing of
the delicare plant cell suspension and their bewer
growth performance. This results demonstrared
that large scale cultivation of plant cell cultures

in bioreacror equipped with helix impeller is 2

viable technology for pharmaceutical ind

[ e e e i
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Fig. 5 Time couwrse data for cell pupension cultures of
Catharantin roseus in 100 lir bioreactor equipped with helix
impeller. Sucrose A LPacked Cell Volume B W,
Freitr weight - pH x——x.

The design of the helix impeller and its
mechanical feasibilicy and the mechanical sterile
seals rep key P of ful
bioreacrar, The industrial use of this gpe of
bioreactor configuration depends on the low

shear mixing efficiency and dissolved oxygen
(pO,) supply.

Many multinational pharmaceutical companies
have started their production units in India with
a view to produce bulk amounts of plant based
drugs. Currently, pharmaceutical companies are
using field grown plants followed by extraction
and purification process to achieve the fine
powder containing bicactive compounds. The
continuous production of anti-cancer, anti-AIDS
and other important life saving drugs requires
large number of natural grown plants, Therefore,
pharmaceutical companies are cutting plants
from the forest. It causes the serious problem of
depletion of natural sources and disappeared
several elite varieties of the medicinal plants. It is

the right time to take the opportunity to develop

indi biareactor technal

cco-friendly
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large scale commercial production of 4.
bioactive compounds and o protece the natiral

SDUICES.
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GAS DETECTORS FOR HEAVY
ION EXPERIMENTAL NUCLEAR
PHYSICS RESEARCH

D. C. Biswas and R. K. Choudhury
Nuclear Physics Division
Bhabha Alomic Research Centre

Introduction

AS DETECTORS HAVE PLAYED
Gan important role in nuclear physics

experiments since many decades. With
the advent of high energy heavy ion
accelerators, there has been a growing need wo
develop different types of gas detecrors to meet
various experimental requirements. Gas detectors
offer several advantages in comparison to other
types of nuclear radiation derecrors, such  as
varsatility in construction with regard ta size and
shape, variety in  the mode of operation,
uniformity  of detector thickness, flexibility in
detector thickness variarion by adjustment of
gas | i ity to radiation damage,
geod timing and pulse heighr characteristics
and ease of fabrication erc. Because of the above

advantages, various types of gas detectors are
extensively being used as jonisation chambers,
proportional counters and  avalanche detectors
for heavy ion reaction studies. Today, most of
the detectors used for tracking and imaging in
high energy physics experiments are based on gas
detectors. The use of gas derecrors has also spread
to many different fields of applied research, such
as Xeray and heavy ion astronomy, nuclear
L 1) 11 I

and protein cr etc.

'EE

An energetic charged nuclear particle traversing
in a gas medium interacts with the atoms of the
medium in many ways. Of all possible
interactions, the electromagnetic interaction is

generally many orders of magnitude more
probable than the strong or weak interactions,
and takes place by the incoherent Coulomb
interactions between the electromagneric  fields
of the incoming charged parricle and of the
medium, producing both  excitation and
ionization of the atoms of the medium. For
heavy ions of energies =1 MeV/u and above, the
energy loss is predominantly due to the inclastic
collision of the ion with the medium clecirons,
Hawever, at lower energies clastic collisions of
the ion with the medium nucleus becomes

P These i ions leave a trail of
electrons and jons in the medium, which are
collected by applying suitable clectric field o
produce an electric signal.

Gas lonisation Chamber Detectors

Gas ionisation chambers are largely used for
charged particle  spectroscopy  studies  where
identification of  the particle is done by
measurement of encrgy loss (AE) of an ion in a
thin transmission type detector together with
the residual energy (E;) by another detector.
Such an arrangement is commonly known as a
detector telescope. The particle identification is
based on the equation for the rate of energy loss
1.

AE(E, + AESKMZ', ()
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where, K is a constant, M is the mass and Z,,
is the effective charge of the jon. For energetic
light charged particles, Z, = Z, whereas, for
heavy ions Z less than or equal 1o Z and
depends on the energy of the ion. For fission
fragments, the effective charge Z is expressed as
Z .= 1Z. Here ¥ is the effecrive charge

diagram of the hybrid detector  telescope
developed at B.A.R.C, is shown in Fig.1.

and has & complicated  dependence on the
atomic number Z and encrgy of the fragment
21,

In case of heavy ions of low encrgy, one
requires a thin and uniform transmission type
AE  derecror  for  carrying  our  parricle
identification. For lons of Z=10-40, at energies
less than 2-3 MeViu, ir is desirable to have very
thin {1-4 um equivalent Si thickness} detecrors.
With the current  technology it s wvery
difficule 1o praduce uniform 5i detectors in this
range of thickness. The much greater uniformity
of a thin gas transmission detector gives it an
advantage  over silicon  detectors,  Different
types of detectar telescopes based on AE_-AF
and AE‘_-.&EW dereceors have been developed
and  used by us for measuring  the energy,
charge and mass of charged particles and fission
fragments produced in heavy jon induced
reactions at the pellerron acceleracor, Mumbai,

Hybrid AE, -E, detector telescope

The hybrid telescope which is developed [3] for
heavy ion experiments, consists of a1 gas
fonisation chamber for measuring AE and 2
surface  barrier detector o measure  the
residual energy loss (E,). These derectors are
eommonly used for identification of heavy fon
reacion products to measure their energy, charge
and mass. These detectors are also  suitable
for fission fragment messurement providing
good  scparation  berween  projectile  like
particles  and fission fragments, The schemaric

Fig, I Sehemasic diagram of hybrid telescope

It consists of a gas ionization chamber (10 cm
length) having a grid and a collector parallel w0
the ion tack and a surface barrier detector
(typically 500 pum thickness} ar the end inside
the gas medium. The main body of the detector
is machined from stainless steel material and
acts as cathode. The Frisch grid is construcred
by fixing 3 metallic mesh (95% rransmission) an
a rectangular frame made out of Cuo-plated
fibre glass. The anode plate is made of one
sided Cu-plated fibre glass. The separation
berween the cathode and grid is 40 mm and
grid to anode is 10 mm. The detector works in
ionisation region so that the pulse  height s
proportional to primary ionisation in the gas
medium. A collimator of 5 mm diameter is
mounted in front of the detector and 4 thin
{ 1-2 pm } polypropylene foil is placed as the
window to allow the reaction products enter into
the detector. This detector has been  used for
measuring fission fragment  angular
distributions [7] in heavy ion  reactions and
identification of projectile-like fragments (PLF's)
produced in heavy ion reactions at energies near
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the Coulomb barrier [5.6]. The AE-E, plot
rates the clear i

dividing the AE anode into multiple segments
and employing charge division technique. The

shown in Fig, 2 d
of various projectile-like fragments (Z=2 o 10}
produced in "F+"Th reaction ar 108 MeV.

F

256
3 ’
ST 10
& g,
H L .
5us e 8
= 7
<
sl 3
_ +Th 2t 108 MeV
*
1] i .
[ 118 W 6
E,{ Chamel o)

Fig, 2 AE-E,plat for varions PLFs produced i "F+" Th
restctioi ar 108 Mel?

Mudti-angle Fybrid (AE, -E, ) detector telescope
A multi-angle  particle  telescope having
common AE, backed by three silicon E
detectors at 9" intervals has  been developed
and it's principle of operation is same as the
hybrid detector  telescope  mentioned  above.
This detector s specifically useful to carry
out the angular distriburion of fission fragments

and  heavy
measurements have been carried  our on fission

ions. Using this  detecrtor,

fragment  angular disnibutions at near barrier
energies [8].

Pasition sensitive ionization chamber (AE_-E_)
detector

A trapezoidal shaped gas ionisation chamber has
been developed [4] for heavy don  reaction
studies, which can be used for particle
identification from the AE-E informarion and
the position measurement is obrained by

AE-part of the anode plate is divided into five
segments along the particle track and  the
alternate  segments are connected together for
position determination. With this detector one
can identify the particle and simulaneously
measure the encrgy as well as angle of the
reaction products.

Fig. 3 AE_-E, Posstion sensitive ionizavion chamber,

The main body of the dewecror as shown in
Fig.3, is machined from stainless steel marterial.
The detector assembly which consists of a
cathode, a Frisch grid and anode plate (AE pach
lengthe45 mm and E=90 mm)} all having
trapezoidal shape and mounted ar suitable
separations with teflon rods and spacers, The
schematic diagram of the detector assembly and
anode plate is shown in Fig. 4.

The AE, and AE, pulses are summed after
proper gain matching o obrain the toral energy
loss in the AE section of the ionisation
chamber. The deector has been used in heavy
ion experiments for measuring fission fragments
in a number of heavy ion induced reaction
studies. The position in the reaction plane is
measured by the charge division method. The
AE anode  segment is splited into three
segments which are alternatively connected,
so that the average dE/dx is almost equal in both
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Fig. 4 Schematic diagram of () deteceor assembly, and (&)
anade plate for AE_-E_ pasition sensizive ipnization chamdber

the segments for the particles entering along
the cencral line of the detector, even far Bssion
fragments whase specific encrgy varies strongly
slong the range[3). Particles passing ar any
other angle will lose energies proportional to
the path lengths in AE, and AE, segments. A

position parameter defined as x=( AE- AE)/

(AE, + AE)is proportional to the particle
position and is relaged to the scatcering angle
of the particles in the reaction plane. The
position resolution is about 1.1 mm which
wanslates  w 0.75" (FWHM) in the angle
resolution of the detector which is quite good
for studying the angular distribution of fssion

fi s in heavy ion reaction

Fig. 5 shows a scaccer plot of AE, vs AE, for Cf
fission fragments obrained for a mask having five
slits each 1mm wide and separated by Smm,
fixed infront of the detector. Different bands are
seen corresponding o slit openings. The position
spectrum was obrained separately for the light
and heavy fission fragment groups and is shown
in Fig.6. In this geometry, the angular coverage
of the detector is 30° and the detector is useful
distribution  studies. In this
configuration of the anode plate, one can carry

for  angular

out online calibration of the position signal of
the detector, which is quite useful during the

cxperiments.
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Several experiments have been carried our using
this position sensitive jonization chamber in
combination with the hybnd detector telescopes
mounted inside the general purpose scattering
chambers shown in Fig.7. Because of large solid
angle { = 70 mSr } coverage, this detector is
mast  suitable for low count coincidence
experiments and has been used for many heavy
ion induced experiments to measure the fission

fragments.

large solid angle coverage of about 50 mSr [9].
Fig.® shows the schemaric diagram of the
detector assembly, Particle identification using
this derector is done by spliting the anode into
four regions, in which the reaction products lose
different amounts of energy depending upon
their charge and initial kinetic energy. To
measure the mass of the reaction products, the
time of flight rechnique is employed making
use of the large Aight length of about 1m from

Fig & Large Area Posiion Sensitive lonization Chamber

Large Area Position Sensitive lonisation
Chamber ( LAPSIC )

A large area position sensitive jonisation chamber
{LAPSIC) shown in Fig.8, has been developed as
one of the experimental facilities for heavy ion
reaction  studies. The main fearures of the
detectar are wide dynamic  range, good
resolurion,
sensitivity both in and out of reaction plane and

charge  and  mass position

the scatrering chamber to the entrance of the
ionisation chamber. The angular coverage in
the reaction  planc is 22" and the position
measurement is carried our by using the delay
line  method. The our of plane angle
information is obtained by measuring che drift
time of the clecrrons  berween cathode and
anode. This dewecror  has been  used for
studying  deep

inclastic  reactions and
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energy as well
as time of flight in heavy ion induced reactions
to obrain the fission fragment mass distributions.

ment of fission frag

A rypical AE, vs AE, plot is shown in Fig.10
shows a clear separation of fission fragments
from projectile-like fragments.

thin structure, these derectors have excellent
inherent  discrimination  for  low  atomic
number ions, ultra fast timing and very good
position resolution. The detector was tested with
fission fragmenes and the position resolution
of 0.5 mm has been obtained, For the target

COLECIOR PLATES §

AMOLE GMD &
TAAGEL F
XL EON
"-‘-..‘_

FRiScH owD 3 -
ANSE OO > —

Fig. § Schematic diagram of LAPSIC desector assembly,

Position Sensitive Multistep Parallel
Plate Avalanche Counter

Large area position sensitive multistep avalanche
counters have been developed in collaboration
with Saha Institute of Nuclear Physics, Caleurta
and used for detecting fission  fragments
produced in heavy ion induced reactions ar
Pelletron  accelerator  facility, Mumbai, The
posiion  information both in x and }‘
directions are obtained by the delay line method.
Because of very low aperating gas pressures and

derector distance of about 15 cm, the angular
resolution is abeut 0.15". A rypical x position
spectrum abtained for fission fragments is shown
in Fig.11. The dips in the spectrum indicate
the positions of nylon support wires of 0.6 mm

diameter,

As the angular resolution of these detectors is
excellent, two such detecrors were used for
detecting the correlated fission fragmenes [10].
By employing the folding angle rechnique,
various experiments have been carried out
w0 seperate the complete fusion and transfer
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induced fission events for sudying  the
angular distribution of fission fragments at near
barrier and sub barrier energies.

Use of the Gas Detectors in Nuclear
Physics Experiments

All the gas detectors mentioned above are
extensively used in heavy ion experiments ar
Pelletron accelerator facility, Mumbai and have
given  significant  boost o gas detector
technology for nuclear physics studies. The

important results obrained using these detectors
are:

i) M of fission frag energy,
charge and mass to study the specific energy loss
behaviour of fission fragments along the track
23]

(i) The angular discribution of projectile like
particles have been studied to understand the
role of projectile structure in - multinucleon
transfer and their importance in explaining
slope anomaly”, which was observed in the
single and multi-nucleon  transfer  reaction

probabilities for many rarger-projectile systems
[5.6].

(iii) Using the gas detectors, measurements have
been carried our on heavy ion induced fusion-
fission and  transfer induced fission  reaction
studies, for explaining the observed anomalous
angular anisotropies  for several systems ar
energies around the Coulomb barrier [11-12]. It
is ob d that the oriencari depend,

quasifission model could explain the observed
anomalous  peaklike  structure in angular
anisotropies at deep sub-barrier energies [13].

The measurements on  fusion-fission and
transfer induced fission reactions have also
yiclded many new results, which are of
Biad G “Dr an 4 43

of the mcchmil;n of mass, energy and angu]a:

momentum  transfer in  heavy ion induced
reactions leading to fission in heavy target nuclei.
These experi have provided imp

infc ion to und d the d ics of the
fission process [14-16].

Conclusions

Various gas detectors have been developed over
more than a decade for their use in experimental
nuclear physics at pellerron aceelerator, Mumbai.
Using these detectors it is possible to measure the
cnergy, charge, mass and position information
which are very useful parameters to identify a
heavy charged particle, Several measurements
have been carried out o understand the

ltinucleon transfer p and dynamics of
heavy ion induced fusion-fission reactions.
Devel are still in o i i

p
these detectars, design and fabrication of new
ionisation chambers as well as cathode stip
detectors. With the experience in gas detectors in
low energy nuclear physics experiments,
collaborative experiments are also being carried
our in intermediate nuclear physics experiments
at LNL, laly and in high ecnergy physics
experiments using PHENIX detecror ar BNL,
USA.
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Abstract

Knowledge of hyperfine structure (hfs) OF lines of UR233 is of pavamount fmporiance in

configuring an isolope mulei-step ph

scheme for the clean-up process. Since

the Isorope shift (IS) 8w233, 232} is small (a few tens of millikayser), the spectral overlap between
UR232 and U-233 is governed by the hfs pattern of U-233. It is imperarive that the spectral
transitions 1o be chosen for selective photolonisation must have smaller hfs extent to ensure high
selectivity in the Clean-up process, In this paper, we present our theoretical and experimental wark
on the hfs of U233, I what follows we discuss the hifs of 39154 line [0 e "Lq — 16900 e “K]

of U-233 as a case study.

Theoretical

HE HFS OF AN ATOMIC LINE IS A
I resule of splitting of energy level caused
by the interaction of the clecrron with
the nuclear magnetisation and nonspherical
charge distribution. The parameters governing
the spliing are hfs constants A and B thar
respectively signify the magneric dipole and
electric quadrupole interactions. Far the spectral
line under study the hfs constants are reported in
the literature for U-235 lsorope [1]. This
information along with the nuclear parameters
[2] (sec Table-1) was used to construct the
constanes A and B for U-233 isotope and obtain
the splitting patcerns of the lower and excited
levels. The i of the hfs p

were obrained using Racah algebra. The his line
spectrum. thus obtained was broadened using
Doppler function to represent a high reselution
spectrum obtained from a source ar a given
remperature, In Fig. 1, we give the simulated
hfsspectrum of 5915 A line of U-233. We may
note here that since [W,,,| > |yl the hfs of
U-233 has a wider width than thar of U-235.
Furthermare, the splitting pattern in U-233 is
regular as against inverted in case of U-235,

Table 1 : Nuclear Data for Uranium Isotopes
Isotope | Spin | pmm) | Q@)
U233 | 52 1 H03s +15
uass | T'"-bas +4.55
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Fig. 1. Simulased hyperfine spectrim of 5915 4 of U-233

Experimental

The simulated  spectrum providcs several

guidelines to obtain the spectrum experi 11}

radicactive clements. The amount of metal used
for making a cylindrical hollow cathode is
generally in the range of 100-200 gm. Such

Specifically, a resolution of -~ 10" is sufficient to
resolve the hfs as shown in Fig. 1.

Such resolution s conveniencdly offered by
recording  Fabry-Perot  optical  spectrometer
(REFPOS). To record a  high resolution
spectrum of a line of an element on REFPOS, a
hollow cathode discharge lamp (HCDL) is used
as 2 source of narrow atomic lines, especially of
refractory elements. Usual HCDLs consist of a
cylindrical hollow cathode, made up of clement
under investigation in a glass enclosure ficed
with optical windows and appropriate anode,
This design, although convenient for comman
clements, is not at all suitable for spectroscopy of

are prohibicively large for radieactive
isotopes, and give rise to severe radiological safery
problems. In addition, the integrity of the entire
HCDL assembly is questionable owing o the
glass enclosure

For the spectroscopy of U-233 (U-232 @ 2
ppm), we have developed a liquid nitrogen
cooled all meral HCDL which incorporates
several novel ideas and rake into consideration
problems of handling rare and radioacrive
elements [3]. This new HCDL uses - 10 mg of
U-233 oxide which lasts for abour 50 hours of
aperation. The HCDL is sturdy and intrinsically
safe. In addition, ir can be Iy loaded
with a radioactive marerial scaled hermerically in
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Fig. 2. Schemaric design of all mesal hollow cavbode discharge bunp for bigl resolution specerorcopy of 12233

an ot-protected facility and transported to an
inactive area housing spectroscopic instruments
satisfying all the safety requirements. In Fig. 2,
we show schemarically the design of this new
HCDL, This HCDL, operated with nean as the
buffer gas, was used as a source of U-233 atomic
lines. The

cantinuously

gamma  radiation  level was

meonitored  all  along  the

spectroscopic experiment and was found ro be ar
the normal  background level, The high
resolution  spectrum was  recorded  on
indigenously built REFPOS, Fig. 3 shows a view
of REFPOS facilicy which consists of a high
resolution  monochromaror,  Fabry  Perot
assembly and photon counting system. All these

systems are fabricated and assembled in BARC.
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Fig. 3. View of REFPOS Facility. Left ; Entrance slit of high resolusion monachromator with detector, Righ: Fabry Perot
asserbly with detecror.
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Fig 4. Hff specerume of 5915 A of L2353 recorded on REFPOS




In Fig. 4, we show the experimental spectrum of
the 5915 A line of U-233 as recorded on
REFPOS. This may be compared with the
simulated specrrum of Fig. 1. The scparations
and relative intensities of the hfs components are
in very close agreement in these two spectra.

In  conclusion, we have demonstrared
experimentally the hyperfine spectrum of a line
of U-233 and verified the simulation of same
spectrum based on the knowledge of U-235,
These methodologies are useful in generating the
requisite database for the laser clean-up process.
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ELECTRON BEAM WELDING OF
COPPER TO AISI-304 SS
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Abstract

Copper. when welded to Stainless Steel, causes hot cracking in the heat affected zone (HAZ).
The amount of copper that melts and mixes with the S8 in the weld pool doex not cause much
problem, However the Copper enriched HAZ on the 88 side can reach u temperature at which
Capper melis and penetrates the grain boundaries of 85, This phenomenon may result In grain
houndaries weakening and may cause cracking, Electron Beam (EB) Welding which is having
extremely low HAZ because of its very low heat inpui, can be well suited for the fusion welding
aof Copper to 55. ER welding of Copper to 85 was carried out for the fabrication of Rotating
Anade of X-ray generator fo be used in Linear Accelerator at Center for Advance Techmology,
Indore, A number of dummy pieces were welded inially with different weld parameters. Some
uf the weldings that weve carvied out af lower weld speed showed micro-cracks. Meratlography
of these specimens has traced grain hﬁundar\' hqwa.rmn of the ( apper in 85, The authors will

discuss the weld procedure, the mech [ and eval of the welds and
some af the technigies adapted to achieve defect free EE welding of the above dissimilar
material

Introduction electrical and elecrronics, Rotating anode

(Fig. 1), which consists of two copper to 55§
B WELDING IS THE BEST

Areetondt

joints is a component of X-ray generation

choice for welding of quip being used in Linear Accelerator,

materials because of its low hear
input, high power density and precisely
controlled  beam,  Moreover, EBW can
provide purest welding environment since the
welding is normally carried out in vacuum,
Copper to 55 weld joint has significant roles
o play in the ficlds of hcat transfer, power
[ and i cryogenics,

(ha: has been developed in Center for
Advance Technology. During EB welding
trial of the above component, problems like
heavy sputtering, bending of the beam and
micro-cracks were noticed, Sputtering and
bendi blem was climinared by proper
tacuslng and by off-seuing of the electron
beam. Most probable cause of the micro-
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cracks seems to be the grain bound

F\'Pr. i | Set Up

liquation of HAZ of stainless steel by ].lqujd
copper as suggested by Savage'. Several EB
welded test specimens were prepared ar
various powers and speeds to investigate
actual reasons of cracking and to find out the
solution of the problem.

EB WD  EB WELD
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COPPER  poTATING ANODE

All the weldings have been carried our by
using an EB welding machine, developed
indigenously in BARC, that is working since
last 18 years.

Specifications of the machine : Specifications
of the EB welder is as follows:

Capacity: GEW
Avvelerating voltage: 150 &V
Elecrron Gun vacusim: 5x10° mbar
Chamber vacuum: Sxd 07 mbar
Chamber size: 1500 x 1006 x
1000 s’
Speed, KoY table: 20 2000 mm
per min,
Sperd, rotary table: 0.5 — 20 rpm

Movements  of X-Y rable and  rotary

ipularor are | ble. Focused

beam diameter is abour 0.5mm ar moderate
power and about 2mm ar maximum power.

e ing of the fest st  Rotaring anode

Fig. 1 Schematic of rotazing anede

Fig. 16 Welded rosating anade

was mounted on the rotary table of the work
chamber ac an angle of 45 degree far the firse
weld and then horizontally for the second. The
test specimens, thar are essentially 3mm chick
plates, were mounted on specially designed
halding fixcures. Copper end-taps have been
provided ar starting and finishing ends of the rest
specimens.  One  millimeter  thick tantalum
backing plate was used for the test coupons to
avoid excessive pencrration, Tantalum has been
chosen because of its good behavior as backing
plare *artribured to its high melting point, good
thermal conductivity and non-contaminaring
nature.
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Table I: Initial weld parameters for rotating anode

[SL Na. Beam cnergy Job speed Beam power
L. 90KV ' 15 cnfmin. T35kW
z. 120 kv B mA 90 em/min. 306w
Table II : Weld parameters for test coupons
Sample. No. Beam Energy | Beam Speed Beam off-set | Penerration
V) Current(mA) | (em/min). | on Cu {mm) | (mm)
I 120 16 30 0.5-1.0 30
2 120 24 100 0.5--1.0 3.0
3 120 20 100 02 3.0
k! 120 28 120 Lo 30
5 120 14 20 1.0 50
6 120 18 100 nil 2.85

Weld Parameters

The weld penetration requirement for the
Rorating anode was 3 mm. The following weld
parameters were selected to provide 3mm

penetration on copper at low and high powers.

Table [T : Tensile test result

US| Sample | Failure 0.2% YS
{MPa) No. location (MPa)
135 1 weld fail 98
160.10 |2 weld fail 104.60
156 b weld fail 88
228.30 4 weld fail 124,90
168.10 5 PIMISS) 78.90

fail

Parameters for Test Coupons : Table 11 recorded
the various weld parameters with which the
weldings of the test specimens were carried our,

The above test coupons were prepared for
analysis,
Micrography including SEM and for Electron

Tensile  test, Micro  hardness
probe micro analysis (EPMA). Pre-heat passes at
low current were carried out before all the
welding.

provided in a few cases where sputtering or

Post-weld  cosmetic  passes  were
undercur had waken place. Vacuum in clectron
gun and inside the work chamber was 3x10 "
mbar and 5x 107 mbar respectively during the

welding operation.

Results

Tensile test : From the results of the tensile test,
given in Table-111, ic is observed that the welds,
that were carried out at higher speeds (sample
no: 2,3 and 4) have shown higher Yield strength.
Sample no. 3, which was welded with off-setting
the beam by less than 0.5mm on copper side, has
shown lowest UTS, In case of sample no. 6, the
electron beam was aligned at exactly on the joint.
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The weld pool in this case had diverred rowards
58 side and the specimen did not have full
penetration hence its tensile strength was not
tested.

M, -} Jores,

T}‘C micra L i
analysis were carried our for sample no. 2, 3 and

5. Two lines were selected on cach welded
section, near the top bead and near the weld
root. VPN. values were recorded ar an interval of
0.1mm along this line from the center, unil the
readings stabilized. Fifteen to rwenty readings

were taken for cach side of the welds among
which the maximum and the minimum values
are recorded in Table-IV, It could be observed
from the table, there is no significant change in
hardness values an S5 side. However on Cu side,
variation in sample number 3, and 3 s
significant, Whereas sample number 2, chac has
been welded ar higher speed did noc suffer much
change in hardness.

Table I11: Tensile test resule

Sample No, | Failure location 0.2% YS (MPa) LLT.S. {MPa)
1 weld fail 98 135
2 weld fail 104.60 160.10
54 weld fail 88 156
4 weld fail 124.90 228.30
5 P/M(SS) fail T8.90 16810
Table IV: Vickers pyramid test load: 100gms. 20x
Sample No, | ReadingNo. | Max. Value | Min. Value | Max, Value | Min.  Value
SS(V.ENG [SS(V.PN) [Cu(V.EN) |Cu(VEN)
oL 1. Top line 221 198 94 79
2, Root line 235 172 105 62
3 1. Toplne | 231 202 158 126
2. Roo line 231 194 168 104
5 1. Top line 226 205 143 102
2, Roat line | 235 190 100 58




Microstructural Investigation of
the Weld

The typical optical micrographs for the
welded specimens 3, 4 and 5 are shown
in Fig.2, 3 and 4 respectively. The optical
micrograph corresponding te Fig. 2 shows the
presence of micro cracks originating at the Cu
HAZ and propagaring into the weld pool.
There are no such kind of cracks or
micropores visible in sample no 4(Fig.3). This
interface is rather sharp and devoid of any

microctacks, However for the specimen 5, the
micrograph indicared microcracks. A rypical
scanning  elecrron  micrograph  for  the
specimen 5 is shown Fig. 4. This micrograph
clearly indicared the narrow HAZ, typical of
EB welded specimens. In addition, the
micrograph  also indicates  microcracks
originating at HAZand propagating into the
stainless steel. The migration of the liquid
copper into these cracks could also be noticed.

Fig. 2 Micracrackr developed in weld (sample no. 3, o aff-ses).







Electron probe micro analysis! Both poine
counting and intensity profiles for the
Fe(K-alpha), Cr(K-alpha), Ni{K-alpha) and
CulK-alpha), elements across the interface
have been established by EPMA. The electran
gun of EPMA was operated 15 keV and a
stabilized beam current of 20nA. ZAF
sofrware' has been used to convert the
intensity to atomic concentrations, A typical
clemental  diseriburion  corresponding 0

the specimen no. 2 is shown in Fig. 5.
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Fig. 5 EPMA profiles for specimen no. 2

A nearly homoegenous distribution of Fe, Cr,
Ni, and Cu could be seen from this profiles.
However the behavior of Cu-Ni binary is
quite complimencary to Fe-Cr system’, Poine
count analysis corresponding to three regions
marked (1), (2} and (3} in Fig. have been
corrected by ZAF procedure and these resules
ate listed in Table V. The weld pool
essentially consists of  Cu (90 w0 92
at.%).There is also some dissolution of Fe
(6.5 ar %) and very small quantity OF Cr, and
Ni. It can be seen from this table thar the
composition af Cu and Ni goes down and the

same of the Fe and Cr goes up at poine(1} and
(3) as compared o correspondi

compaosition at peint(2).

Discussion

During  the welding operation, it was
observed that if the beam is aligned exactly on
the joint, a negligible amount of Cu mels
whereas most of the melting takes place on S5
side. From the beam profile, it seems the
beam might have changed its path towards
stainless steel. These phenomena may be
attributed to the following reasons: (a):Large
difference of thermal conductivities berween
Cu and S5, (b}:Deveiopmn: of magnetism in
non magnetic steel due to phase change.ie
ferrite formation during the melting process,
{c):Production of electro motive force due o
dissimilar meral welding by EB,

However in this case the first reason is
predomi To elimi the probl i
was decided ro shift the EB towards the Cu
side of the joint, Two off-serting parameters,

a).2mm and b)0.5mm to 1mm were {(both at
higher speed) chosen. Tensile test resule
shows that the welded specimen with 0.2mm
off-setting {specimen no. 3) possesed poor
vield strength(YS) and uldmare tensile
strength{UTS). Whereas specimens that have
been welded by off-serdng the beam more
than 0.5mm, possesed good YS and UTS.
Micro hardness test (Table-IV), also revealed
that there is a large variacion in hardness value
on Cu side of the weld pool for specimen
no.3, whereas for the specimens, with more
beam off set, this variation is negligible. This
fact was confirmed by the microstructural
investigation of specimen no. 3(Fig.2), which
shows presence of smaller microcracks.
Microstructural  investigations  confirmed

o



absence of microcracks in specimens welded
at higher weld speeds (100cm/min, or morc).
Whereas during the low speed weldings,
microceacks appeared at HAZ and propagaced
through stainless scecl parent metal (Fig. 4).
This fact has been confirmed by tensile test
resules and micro hardness examinations. This
resule could be arribured to the fact that ar
higher speed there may be very limited nime
for diffusion and scgregation of solute
element during the cooling cycle.

Conclusion

Autogenous sound welding of Cu to AISI 304
S5 is feasible by EBW process. Fabrication of
a number of rotating anodes have been carried
out with 120kV and 26mA focused beam.
The linear speed of the job was selected ar
100cm/min. The elecrron beam was aligned
at a distance of 1mm from the joint on Cu
side. Low power pre-hear pass was provided
for every job, Pressure rest as well as He-leak
detecrion test ware carried our on all the jobs
and integrity of weld joints were found 1o be
satisfactory.
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PHOSPHORUS DETERMINATION BY
DERIVATIVE NEUTRON ACTIVATION
ANALYSIS

Y. M. Scindia, A. G. C. Nair, A. V. R. Reddy and S. B. Manohar
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Bhabha Atomic Research Centre

Introduction

element in biological, physiological and

environmenral sciences. [t is ane of the
few elements, which is not amenable for direct
Neutron  Activation  Analysis  (NAA).  This
problem is circumvenred using Derivative
Meutron Activation Analysis (DNAA) method
(Ehmann  1987). Phesphorus  is  stoichio-
meterically complexed with a surrogate element

PHOSPHORUS IS AN IMPORTANT

having superior nuelear properties, which can be
easily assayed by NAA, The procedure involves
I ¥ Ty h

Iy us  with

e

dium and molybd in acidic medium as
malybdovanadophospheric acid (MVPA) and
extracting the complex inte methyl isobudy
ketone (MIBK). The organic phase was analyzed
by UV-Visible spectroscopy and NAA, Studies
were carried out on the complexation and
extraction behavior of the MVPA complex in
order to carry out DNAA. This method s tested
to cstimate phosphorus in Certified Reference
Marerials and water samples

Experimental

All the reagents used were of AR grade, A stock
solution of phosphorus was prepared from
potassium  dihyhrogen phosphate (KHyPOZ)
and from this a standard coneining 0.023
mgiml of phosphorus was prepared by dilution.

carrier of 0.1M were prepared from ammonium
metavanadate and ammonium  molybdae 4-
hydrate respectively. Methyl lsoburyl Kerone
(MIBK) used for precancencration of the
complex was of BDH make. All the standard
water samples were prepared wsing de-ionized
water. The concentration of phosphorus ranged
from 0.02 to 20 pglg. Two Cerrified Reference
Materials ~ (CRMs), namely, A-13 {freczed
animal blood), V-10 (hay sample) abtained from
TAEA were dissolved in 3 ml of conc. HNO3
and 0.5 ml of cone. HCIQ,. These were made
up to 25 ml in 0,1M, HNOj3, Sample solutions

were transferred by weight basis.

Results and Discussion

In arder to determine the stoichiometry of the
MVPA complex, two sets of experiments were
cartied out. In the first set of experiments,
vanadium concentration was kept constane {250
g, with molybdenum in excess (2500 pg) and
the concentration of phosphorus was varied. The
extracted MWVPA complex was analyzed using
LV-Visible spectrophotomerer, Fig, | shows the
variation of optical densicy as a funcrion of
phosphorus cancentration from which vanadium
to phosphorus ratio was found ra be 2:1. In the
second  set of experiment wanadium  and
phosphorus concentrations were kept constane in
the ratio of 2:1 and the concentration of
|J_LJ

o was varied.

Vanadium carriers of 0.01M and molybd
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Fig. 2 shows the variation of optical density as
funcrion of malybdenum concentration. The
mole ratio berween phosphorus, vanadium, and
molybdenum was found o be 1:2:10 under these
conditions,

MNeurron activated samples were assayed using
high-resolution gamma ray spectromerer, The
gamma ray specttum of the neutron activaced
MVPA complex is shown in Fig. 3. It can be
seen from the gamma ray spectrum that the

characteristic  gamma  rays  of silicon  and

germanium  that are also known 1o form
heteropoly acids with melybdenum and thar are
present in the matrix, do not interfere in the
analysis. The extraneous gamma ray peaks are
due to 10IMo101T¢c (191 keV, 307 keV) and

that of 38CL (1642 keV)) present as impurities in
polypropylene tbe. The method was rested for
lincar analyrical response by using standard
phosphorus

addirion  method  over  a

concentration range of 0,02-0.20 pg's.
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Table 1 : Result of standard water samples

Amount of Amount of Phosphorus
Phosphoras added in | determined in mg Pfml
{1t Plml)

.02 0.030+ 0,002

0.054 0057 + D003

0075 0,078 « 0003

0100 12T = (hO03

0.180 0,190 + 3.004

In Fig. 4 ™V acrivity was plotted a as function of

phosphorus  concentration.  The  relationship

bewween  V activity and phesphorus content was

found 1w be linear, with a correlation
coefficient(r) of 0.998, Table 1 shows the results
of phosphorus concentration in standard warer
samples analyzed. Upto 25-ml of water could be
preconcentrated effectively using 5 ml of MIBK.
The measured phosphorus contenr in the CRMs,
namely A-13 (animal blood) and V-10 (Hay
sample) are given in Table 2. The error quoted is
the standard deviation (lo} from wiplicare
measurements.  The percent relative standard
deviation (rstd) obtained by this method is 3-7
% and rhe percentage deviation from the
reported value is of the order of 4-8 %. The
main errors are associated with the counting
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statistics. The absoluze limit of detection [LOD]
under our experimental conditions of 15 min
irradiation, 5 min cooling and a neutron flux was
of the order 10 12 1 em2 s -1 was caleulated
using the Currie's formula (Currie, 1968)]

Table 2: Results of the analysis of phosphorus
in the two IAEA Certified Reference Materials
(CRM)

980+ 35 pglg

2.1+02mgg

1031 0.3%

LOD = 271 + 3.29 Cb /L, where Cb is the
background counts and L, is the live time, LOD
was found 1o be 0.07 ng in an interference free
condition. These values are superior to those
reported by Allen and Hahn, and Ehmann
(1987).  Allen  and  Hahn  wsed  the
rungstophosphoric acid complex. Tn this complex
tungsten is the surrogate clement and the
activated product "™ W was used to arrive at the
phosphorus concentration. They have reported a
detection limit of 4 ng and | ng respectively.
These values are much lower than the methad
using the fast neurron reaction 31 P{n,a) Al and
the limit quoted for ion sclective electrode (4
pgt and specrrophotomerry (10 pg) pg). Our
value compares better with the reported data.

Conclusion
chemical  procedure

accompanied by derivative neutron activation

A preconcentration

was developed and used 1o estimare phosphorus.
The characteristics of the complex are evaluared
in terms of the swichiomerry and  the
discrepancy with the reported literature observed
15 atmmbuted to different acid concentration
conditions. The method can be applied over a
wide concentration range in wvarying matrices,
Using this technique the absolute limir of
detection  achieved s 0.07ng. The entire
experiment  including the counting of the
samples can be completed within 3 hours. The
method is promising especially for water and
biological samples.
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Introduction

YDROGEN HAS VERY LOW
solubiliy (< 1 ppmw ar room
temperature) in zircaloy which s
widely used in nuclear  technology.
Consequently, the prescnce of hydrogen
exceeding a certain specification limit in zircaloy
components in thermal reactors eventually leads
ta the formation of zirconium hydride ultimarely
lting in hydrog britd (.2].
Dy ination of hydrogen/d i content
in zirealoy coolant channels of pressurised heavy
water reactors (PHWRs) has, thercfore, been
identified as onc of the crucial post irradiation
examination tasks for evaluating the incegrity of
the coolant channels for sustatned. trouble-free
use [3].

This paper gives the details of a hot vacuum
extraction technique coupled to an on-line
quadrupole  mass  specoromerer  for  the
determination of hydrogen in zircaloy samples.

Experimental

A high vacuum system has been fabricated for
hydrogen extraction and determinacion. In a
typical analysis, the sample weighing abour 20

mg is taken in the quartz reaction tube, The
entire system is evacuared o a vacuum berter
than 107 mbar. The sample in the quare tube is
heated by a resistance furnace. Degassing of the
sample is carried our at 450°C for 15 min. The
valve ar the outler end of the quartz tbe is closed
and the temperature is slowly raised ar 10%/min
w0 a emperarure of 1050°C and mainrained for
15 min. The valve is then opened and the
evolved gases are cxtracted out of the quanz tube
by an ejector pump for 15 min and allawed o
expand to a known volume. Pressure in the
system is measured by a Mcleod gauge. The
evalved gas composition is  determined by
feeding the gases to the an-line quadrupole mass
spectrometer (DATAQUAD Model DXM from
M/s Anglo Scientific, UK) through a microleak
valve.

Prior o the actual sample analysis, the expansion
volume was calibrated by analysing titanium stecl
LECO analysed standard with known hydrogen
concentration (28.1£5.1 ppmw)

Results and Discussion

A typical mass specorum of the evolved gases
indicated the presence, in addition to hydrogen
ion peaks (mfz = 1,2, 3, and 4), of moisture

— s =



Table 1: C of hydrogen in zircaloy samples d ined by HVE-QMS
Sample weight Total Total Relative P(H,) Conc.
® Pressure Intensiry H,/2+H, farm.) OfH,
{mbar} Intensity {pprw)
0,10838 48x 107 944x10° 27.03% 120G x 107 9.0
10.12961 G0x 107 B9 x 10° 28.55% 1.69x 10° 10.6
0.11720 6.5x 107 61 x 107 22.66% 145x 107 10.1
0.12466 63x 10" G7Bx 10" 28.71% 1.79x 10" 1.7
0.12625 65107 L77x 10" 29350 1.89x10° 12.0
0.13571 G6.7xib 390x 10" 25.34% 16Bx 107 0.1
0.04775 33x107  [419x10’ 16.45% 5.30x 107 9.0
0.12986 .5 x 107 7.88x 107 27 41% 1.80% 107 1.0
Mean 10,440.6

Concentration from inert gas fusion : 101 ppmw

miz) = 18), CO+N, (m/z = 28), O, (m/z = 32) Conclusions

and CO, (miz = 44),

Pripr to cach sample analysis, a blank spectirum
was recorded for all the masses of interest. The
signal intensities ar different m/z values were
blank

corrected  for  the  corresponding

It is possible 1o get isotopic information and also
the composition of evolved gases using HVE-

QMS technique. The information on hydrogen
and deuterium contents in zircaloy would help in

contribution.  The total of hydrog
(l{Hydrogen)} is given by [[H}/2+1[H]. If
deuterium is also present, the intensities at mfz =
3 (I[HD]) and 4(1[D,}} are also added. Relarive
intensity of hydrogen o the roral intensity
(I{Hydrogen)+1(H, 0)+1)COM+I(O)+1{CO,))
was wsed to obrain the partial pressure due to
hydrogen isotopes as a fraction of total pressure
of the evolved gases. Table 1 gives the hydrogen
content in a zircaloy sample in replicate analyses
employing HVE-QMS, The same sample has
been analysed by employing inert gas fusion
(IGF} method using a commercial hydrogen
dererminator, the results of which are also given
Table. It is clearly seen that the
agreement berween the results is good.

in the same

the eval of its "health” particularly with
respect 1o hydrogen embritdement, -
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Abstract

The uptake of UEVIY, PudtVi, AmgIil, Enfill), Csild and Seill) from mitric acid selutions by a novel extraction

Fics Tt
chr

o L
praphic resin with

adecyi-1,

fi de (DMDBTOMA) as stationary phase

fas been imyestigared. The order of uptake 5 PuttViz Uviie = dm ili-Ewiii=Selli-Caily. Batel and
column studies have been carvied out for the sorption behaviowr of ¥d (Am) from mirie actd solution. The
uptake of Nd (Am) i the presence of macro concentration of Feflll) has also been investigated

Introduction

Due 1o cheir chelating effect  penraalkyl
malonamides like DMDBTDMA are promising
exrractants for a host of tri, tetra and hexavalent
actinides from nirric acid medium [1] and thus
are useful for actinide partitioning from high
level waste, The main advantages of chis class of
extractants are their innocuous radiolytic and
chemical degradation produces and their easy
incinerabilicy which make them promising for
waste treatment [2],

E ton s hi . hod
I raf separation

combine the advantages of both solvent
exeraction  and  ion-exchange  techniques

efficienty [3]. The present work deals with
preparation, characierisation and use of novel

chromarographic  resin marerial  with
DMDBTDMA  as  stadonary  phase  and
chromosorb W as  the inerm  suppart,

Distribution behaviour of several actinides and
fission products was investigated using this resin
material in batch as well as column studies. The
effect of macro concentrations of Fe(IlT} on the
uptake of Am(lI} has also been evaluated in
batch as well as column studies in 4 M HNO,
medium. Column  studies also involve the
determination of breakthrough capacity of Nd
(Am} under varying acidiry conditions.

Experimental

The ligind DMDBTDMA was synthesised in
the laboratory following a reported method [4].

‘=31l_



The resin - was
prepared by equilibrating equal amaunt of (1:1
wtfwt) Chromosarb W obtained from John's
Manville and DMDBTDMA in acctone for
abour 24 hrs. After blowing off the solvent by

passing N, gas the martcrial was vaccum dricd to

extraction  chromatographic

constanr weighr. Radiometric assay of *Am,
"MEy, "Cs and ™S was carried our by
gamma counting in a Nal (1) scintillation
detector. “'U and *"Pu were estimated by alpha
scintllation counting employing roluene based

extractive scintillator.

The sorption of the radionuclides from nitric
acid medium was measured by contacting a
known amount of the resin material (- 15-20
mg) with a known volume of the desired acid
containing the radiotracer in a thermostared
water bath for | hour. Distribution rane (D)

of the resin material to the activity per ml of che
aqueous phase, The columns were prepared by
packing abour 500 mg of the resin material in a
glass column (4mm x 10mm). The flow rate was
adjusted to 4 ta 6 drops per minute.

Results and Discussion

Fig.1 shows the plot of D, with varying HNO,
concentration  suggesting that the order of
extraction is Pu” » UO,” » Am" > Eu” » §r">
Cs', Nicric acid uptake was found to be - 6.0 +
1.0% by the resin material in the range 1-6M.
These observarions are in conformity with the
solvent extraction studies reported earlier {5].
Barch swudies for the sorprion behaviour of
Am(ILl) ar 4M HNO, under varying Nd loading

conditions (1.8-18.2 g/L) indicatc decrease

; B ; 5
was evaluated as the rario of the activity per gram in Do to - 4.0 ar 18.25 gfL of Nd (Table 1).
16000 = e
— /
1000 / = A AUO
-
100 -
= /-;—::—; :___.—""“"_..__,_‘:...__‘_' Am®*
= - Eu?*
10—
& 1o =
=
S
a1 = o\_::_u._:‘
3 Cs*
001 T T T T T 1 v - y
i 2 3 4 5 &
- [HNO_], M

Fig. 1 Variation of D,, vatues with HNO, concentration for several actinides and fission products
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Table 1: Am uptake from 4.0M HNO,
under varying Nd Ioadmg conditions

HMNO, was sufficient to elute >95% of the
loaded Nd{Am).

U coneentearion
(gL} Table 3: Variation of breakthrough capacity of
1.82 Nd{Am) at various nitric acid concentrations
363 [FNO, M| Breakehrough capatity
5.47 5 of Nd (Am)
7.30 "B!E Dfl'ﬂﬁlﬂ
10.95
14.60
1825

Table 2;: Am uprake from 4.0M HNO,
at macro concentration of Fe(I1)

e [ s |
] ponfl bt AR R Y

Table 4; Effect of macro amounts of Fe(III)
on Nd(Am) loading at 4M HNO,

Fe concentration D,
L
0.50 229
101 SR
2.02 58
303 3.6
4.04 S
6.06 R

The presence of Fe(lll) affects the americium
ion extraction significancly [6]. The effect of
macto concentration (0.5 -6 gfL) of Fe(Ill} on
Am(lll} sorption was investigated at 4.0M
HNO, (Table2). A significant decrease in D,,
was observed from 48 (as pure tracer) 1 1,85 in
presence of Gg/L of Fe(lll). Breakthrough
capacity of the column marterial for Am(IIT)
(using Img/ml Nd{lll} + -
derermined at various nitric acid concentrations
(1-6M HNO,} (Table 3). An increasing trend in
breakthrough capacity was found with acidicy
upto 5M HNO,. Effece of macro amounts of
Fe(Ill) on the Nd(Am) loading was cvaluated at
4M HNO, (Table 4). Column studies on the
effect of macroconcentration of Fe(lll) on

Am tracer) was

Nd(Am} loading indicate decrease in Am loading
similar to the barch studies. 6GmL of 0.01M

Fellily | Breakihrough capacicy of
mg/mkL ~ NdiAm)
mglgm of resin

0.5 9

1.0 8

2.0 7

30 6

5.0 5
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PREPARATION AND THERMAL STUDIES
ON
Pu(MoO,), AND Na,Pu (MoO,),
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Summary

HE SOLID STATE REACTIONS OF
I NaMoO, with Pu(MoO }, were carried
out in different molar proportions  ar
various temperatures. Thermal studies
of the compounds have been studied using
thermogravimerric (TG) and differential thermal
analysis (DTA) rechniques. The products formed
during the thermal decomposition of the
reactants were identified by Xeray diffraciion
method.  XRD dara of Pu(MoO),  and
Na Pu(MoO ), were indexed on orchorhombic
and terragonal system respectively. On hearing
isothermally ar 1200°C, Pu(MoO)), gave Pul,
whereas  NaPulMoO ) formed a mixiure of
PuQ, and Na PuQ, ar 1400°C..

Introduction

M olvbd, e

P fission  product
formed in large quantity in the nuclear reacror.
Reaction of molybdenum with other fission
products changes the behaviour of the fuel,
Sodium metal is used as a coolant in liquid metal
fast  breeder reactors (LMFBR). Uranium,
thorium and plutonium are used as nuclear fuels.
In accidental condition, sodium, actinides and
Mo may interact among themselves and form

different compounds. A systemaric sudy o
prepare and characterize some compounds in
alkali l-actinide-molyld Vi

system had been carded our by Dien [1,2],
Tabuteau eral had  sudied  alkali-meral-

1 : Tohd
Y

: g quaternary
system by means of liquid-solid equilibrium
diagrams and X-ray diffraction [3]. However,
thermal  studies an sodium  plutenium
malybdates has not been reported so far. Earlier
we have reported Xeray diffracrion and thermal
studiecs on  TI-Th-Mo-O and Na-U-Mo-O
systems [4,3]. In condnuarion of our earlier
work, the present work has been carried our 10
study the thermal behaviour of Pu{MoO)) and
Ma Pu{MoO ) .

Experimental

Pu{MoQ)) was prepared by heating the mixture
of PuO, and Mo in 1:2 molar ratio in
platinum boat in air, initially at 500°C for 2
hours and then further ar 800°C for |5 hours,
]"Ll{Ml:!(.)'].l and Na‘MoOl were mixed in
different molar rarios and heated upro 600°C in
air. TG and DTA patterns of the compounds
were recorded in platinum cups in Mettler
Thermoanalyzer ar the rate of 10°C/min in a
flowing stream of dry air. Preheared alumina was




used a5 reference  marerial  for  DTA

The progress of the reaction and
purity of the producr afier each heating was
monitored by taking X-ray diffraction  parerns
of the products on DIANO X-ray diffractomerer
using CuKet radiation (% = 1.54178 A)

Results and Discussion

The XRD  dara of Pu{MoO ), was indexed on
orthothombic system  with lattice paramerers a
<9424 b=1005Aand c = 1398 Aand dara

of NaPu(MoO) was indexed on tetragonal
sysemwitha = 5.18 Aand c = 1128 A
TG and DTAmn'csofPu{MuCI‘],inshmvnin
Fig)l. TG curve showed no weight loss upto
900°C, showing the thermal stability of the
pound. An endott DTA peak was
obscrved ar 950°C due to the melting of the
compound. The end product formed ar 1200°C
was confirmed as PuO, by weight loss calcularion
and by X-ray diffraction method.

Figl, TG and DTA curver of Pu(MeO ), in air

Fig2. TG and DTA curver of Na PufMoO,), in air
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Pu(MoO ) and Na MoO, mixed in equimolar

proportion and heated in air upro 600°C, leads

to the formation of Na Pu(MoQ ). Formation

of the compound can be described by Eq. (1),
600°C

Na MoO (s} + Pu(MoO ) (s} ——m

N Pu(MoO)) (5)

Thermogram of Na Pu(MoO ) is given in Fig.2.
TG curve did not show any weight change up
to 1000°C. The DTA curve showed an
endathermic peak ar 740°C due to the melting
of the compound. The X-ray diffraction patterns
af the compound  before and after melting were

identical, suggesting the congruent melting of
the  compound.  Further  heating  of

NaPu(MeQ) upo 1400°C  led 1o the
formarion of mixture of Na PuQ, and PuQ | The

decomposition of Ma PulMaQ ) in air can be
shown by the following Eq. (2).

2MaPuiMaO) (s} + 1120, (g) & Na,PuO, (5)
+ Pul, (s) + 6 MoO () o)

The formatien of Na,PuO,(s) and PuQ,(s) was
identificd by weight loss calculation as  well as

by X-ray diffraction analysis.

The reaction of PuiMoO) and Na MoO in 2:1
molar ratio at 600°C did not form higher
molybdate. However, the XRD partern of
product  was  identified a5 mixture  of
Na Pu(MoO ) and Pu(MoO ) .
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Molybdenwm is an important fission product formed in large
Reaction of molybdenum with
ather fission products changes the behaviour of the fuel. Sodium

quantity in the nuclear reactor.

metal is wsed as a coolant in liquid metal fast breeder reactors
(LMEBR). Uraniwm, thorium and plutonium are used as nuclear
fuels. In accidental condition, sodium, actinides and Mo may
interact among themselves and form different componnds.
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A STUDY OF SOLID STATE REACTION
BETWEEN STRONTIUM CARBONATE AND
RUTHENIUM DIOXIDE
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and

S. R. Dharwadkar
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Abstract

A solid siate reaction between serontium carbonate and ruthenium oxide is studied employing
thermagravimetry, effluent gas analysis and XRD rechniques. In addition to temperature, other
parameters such as ambient atmosphere and compaction of the reaction mixture influenced the
reaction rate. The rate of reaction was much higher in oxygen compared to that in argon. The

compaction of reaction mixiure decreased the reaction rate.

Introduction

UTHENIUM (Ru) AND ALKALINE
R:nh elements such as strontium (Sr)
d barium (Ba) are among the major

fission products (1], During reprocessing of
spent fuel, these fission products form the major
part of high level liquid radicactive waste
(HLW). These fission products are highly
radicactive and arc immobilised in an inerc
| ! i rﬂl’

fusion. The molten glass so formed, is then
poured into the 55 canisters and transferred 0
the interim storage. In the alternate procedure,
the waste is first calcined to ger the calcined
mass, The same and the preformed glass mixture
is heared above the fusion remperature and
poured into canisters, Some of the oxides such as
thase of Ru, Te and Cs have appreciable
volatility and therefore can vaporise from the
reaction mixture during vitrification and can get

matrix, The steps ¢ p
management of HLW, are immobilisation of
HLW in the glass mawix, pousing in S§
canisters, their intetim storage and  ultimare
disposal in underground repasicories [2].

In general, two methods are employed for
immobilisation of HLW in glass [3]. In the first,
the slurry ¢ dditives and
HLW are heated above the fusion remperatire in
a fumace. The processes involved in the
virrification are evaporation, calcinadon and

ining glass fe

deposited on piping and other locations in the

plant,

The present study is aimed at trapping the
vapours of Ru from HLW during the stage of
calcination / vitrificarion. It is observed thar, by
trapping the volatile Ru on alkaline earth
carbonate can convert Ru to alkaline carth
ruthenare, which is thermodynamically stable.
In order to understand the formation of
ruthenate, efforts were made to synchesize the

same. In this paper, we present a case study of
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the solid state reaction berween alkaline earth
carbonate $¢CO, and the ruthenium dioxide for
the formation of SrRuO, and recommend the
optimum  conditions under which such
compounds can be prepared in pure form.

Experimental

All the chemicals used in this investigations were
of analytical grade purity. The alkaline earth
carbonates and ruthenium oxide were procured
from 5.D, Fine Chemicals, Mumbai and Arora
- Mathey, Calcutta, respectively. The
thermogravimetric  analyses of 1:1  reaction
mixture of SrCO, and RuQ, in flowing oxygen
and argon was carried on simultancous TG/DTA
unit  (SETARAM, Model TG-DSC-92-16)
employing the heating rate of 50C/min. A steady
flow rate of 2.5 I/hr was maintained during the
TG runs.

In additon to TG, separate experiments were
performed for on-line manitoring of evolved
CO, in the reaction. In two separate
experiments, purified argon and oxygen were
passed over the reaction mixture placed in the
uniform temperature zone of fumace. The CO,
gas evolved in the reaction was swept by these

monitoring the relative change in the intensity of
most intense lines of the product and reacrant
phases in the recorded X-ray pattern.

Results

Thermogravimetric curves for 1:1 powdered
mixture of $:CO, and RuO, recorded in flowing
oxygen and argon at 5°C/min are shown in
Fig.1.

Wea s

S, T S L . i
Wempra i e

Fig ! TG curses of 1: mixture of SrCO, anel RuQ, recorded
in flawing argom and axygen

From the mass loss in the TG, reaction berween

of the mixiure could be

carrier gases into the ic cell g
the  standardised solution of CalOH), The
change in conductance of Ca(OH), solution as a
function of time was monitored on X-T
recorder, The experiments were performed at
series of temperatures in the range 600 o 800°C.

The samples in these experiments were employed

the P
expressed stoichiometrically as in equarion-1.
hear

Identification of the product of the TG by XRD

both in the form of loose powder and peller.

The reaction products obtained after the TG run
and on heating the mixtures ar different
temperatures were characterised by Siemens

and lisation of Ca(OH}), in which
CO, was absorbed, further confirmed the
stoichiometry of the reaction. It is interesting to
note from Fig.1, that, the reaction in oxygen was
initiated at much lower temperature and
proceeded much more rapidly. Alsa, the

X-ray diffractomerer, Model D-500, employing
the Cu Ka ( A = 0.154 nm) radiation. The
progress of the reaction was followed by

P of the beginning of evolution of
CO, in both the cases was abour 250°C lower
compared to that for the thermal decomposition
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of pure $1CO, under identical conditians. One
of the intriguing fearures of the TG curve for the
mixture tecorded in argon, is the intermediace
step, in Fig.l at around 950°C. This could
probably be, in oxygen atmosphere, the reaction
was completed  before the initiation of the
of pure S:CO, (-950°C),

whereas; in argon, the reacrion rate was slower

decompuosition

and reaction was not completed prior o the
decomposition af pure 56CO,,

o
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Fig 2 XRD pasterns of SrCO, + RO, heated at 600C in
Ar and air arm,

The difference in the reactivity of the mixture
observed in TG experiment carried out in
oxygen/air and argon gas atmospheres was also
evident in the isothermal experiments followed
by Xeray diffraction. The XRD pacterns of the
powdered mixture heated in air and argon at
600°C for 5 hours {Fig, 2) was clearly different,
While the reaction in air was virtually complete
indicating the absence of peaks of S§¢CO, and
Ru(, the mixture heated in argon showed
presence of  these reactants,  The reaction of
d mixture followed by the
aof evolved CO,, employing the conductomerric

apparatus described earlicr, further confirmed the
observarions made by TG and XRD. The plots

transformed o) versus  time

calculared from the conducrivity data abrained at

of  fraction

the reaction temperature of 800°C for the
reaction mixeures heated in oxygen/air and argon
are compared in Fig, 3,

[ —

Fawer In alr wimusphers

‘_,_._.——‘q\
Prwder [z argin simasphere

Fig 3 Plot af alpha vs time ae 806°C in differens

ENVIrARMERE

It can be seen thar ar BOOPC the reaction in
argon did not proceed beyond  -30%, bur was
almost complete far the mixture heared in
oxygen/air. An additional interesting part of this
investigation is the influence of compaction on
the reactivity of the mixture. The o versus time
plots obtained from the conducrivity data on the
powdered sample and the peller {compacted at 8
tons/sq, inch) in oxygen armosphere of identical
weight ar B00°C are compared in Fig, 3. It can
be seen thas, in the case of powdered sample, the
reaction is complere in ahout 50 min., while in
casc of peller, the same was completed only ro
of 70%. The diflerence in
the reactivity observed in the conducriviry dara
was also obvious from the XRD partern of the

the extent

samples heat treated ar 700°C for the same
length of tme (5 hours). 1t was observed thac
the ratio of the strongest peak intensity of
ScRuO, to RuQ, is much higher for the powder
compared 0 thar for the
(Fig. 4),

pelleted  sample
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Fig 4 XRD pattersis of 5rCO0, » RuO, heated a 700C in

Discussion

The rﬂu]tx on the solid state synthﬁu af
4 here are id; |
to those for other aikali.ne earth metal ruthenates,
namely, those of barium and calcium [4]. In
general, the solid state reaction for the formation
of ruthenates from the reaction components can
be expressed as in equation-2.

b

hear
MCO, (s) + RuO, (s) —p MRuO3 (s) +

COZ () wereermeeeeeee oo {2
Th i ic curves led both in
oxygen as wr.l.las argon, show thar the reaction in
oxygen is g ive and is completed before

the decomposition temperature of S1CO,. The
reaction i argon  is  relatively slow, buc
nevertheless, occurred ar temperature much
lower than that of the decomposition of pure
SeCO,. It was however nor complete below the
d:tampom:mn temperature of pure SrCO,. The

g of temperature of evolution of CO, in
a mixeure  relative w o thar of S1CO,
decompaosition could readily be und d on

hange in Gibbs energy for the reaction in
equation-1, compared to that of the
decomposition of S$rCO, which could be
expressed as in equation -3.

heat
5:CO, (s} —» SO (s) + CO, (g ..cvee(3)

Since the formartion of SrRuO3 from §rCO3 and
RuO, is a solid starc reaction, compaction was
expected to increase the rate of reaction. But, it
was observed that, compaction decreases the rate.
This observation of reduced reactivity of the
mixture on  compaction can  be readily
understood in terms of build up of CO2
pressure, in  the pelleced sample.  Such

t i of F of sample on
thermal d postion of meral carb are
common and  well documented  [5]
Decomposition  of  SrCO,  is  suppressed
considerably if evolved CO, is not swept away
from the sample, The stagantion of evolved CO,
in the reaction, in the compacted sample resulted
in the suppression of the forward reaction. In
the case of powdered sample, the evolved CO,
can diffuse readily and get mixed up in the

ambient environment.

Tt is observed that the reaction rate leading to the
formmon of SrRuO is enhanced considerably in
the oxidisi at all temp

musludsmdlc:p:culamnthat there must be
a chemical reaction involving oxygen as one of
the reactant species leading to the formation of
ruchenate. It is known that, RuO), (s} reacts with
oxygen at high remperature to form RuO,(g) [6],
which is ble and disproporti ar low
temperatures. It is possible that the metastable
RuO,(g) formed in the presence of oxygen, reacts
instantaneously with 5rCO, to form StRuQ,.
The reaction could be presented in a following

the basis of the formation of StRuQ, in the

reaction.  This may be due 1o more negative

Heat
RuO2 () + % 02 (g) —» RuO3 (g ... (4)

o



Hea
RuO3(g) + ¢ CO3 (s}—-—p SIRuO3 5) + %
02 (g) + CO2 {g) vrrmrricmninns (5

Thus, the overall recrion is,

heat
SICO3 (s) + RuO2 (s) —w5RuO3 (5) +
CO2 () orrnen e (6)

Conclusion

From the observations made in this investigation,
it can be concluded thar the reaction involving
the synthesis of  SrRuO3 from SrCO3 and
RuO2 should be carricd out on powdered
mixture in the presence of oxygen, since oxygen
acts as a catalyst,  The compound SrRuO3
formed is highly stable. The study indicares thar,
there is possibility of trapping the Ru in
volatilised form (RuQ3, RuO4 erc) from the
vessel off gas from the witrification furnace,
employing the heated column of S1CO3 wich the
supply of airfoxygen. The volatilised species of

Ru will react with SrCO3 and will get converted
into a stable StRu03 compound.
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The present study is ained at trapping the vapours of Ri
stage of calcination | vitrification. It is observed that, by trapping the volatile Ru
on alkaline earth carbonate can convert R to alkaline earth ruthenate, which ic
thevmodynamically stable.  In order to understand the ﬁumm‘.wﬂ of ruthenate,
gﬁorm were pade to synthesize. the same. In this paper, 'a_ae’ ,Wes@nt a case study of
the solid state reaction between alkaline earth carbonate
ruthenium dioxide for the formation of SrRuO, and recommend. the optimim
conditions wider whieh such componnds can be prepared in puve form.
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Introduction

ETERMINATION OF ARSENIC
D(M] is important from the point of

view of environmental and biclogical
purposcs. Some studies are reporeed in literature
[1-9] using different derivatising agents for
preparing volatile chelares of As(III), As(V) and
arganic arsenicals viz. monomethyl arsinic acid
(MMAA) and dimechylarsinic acid (DMAA). In
continuation of our work [10] the development
of GC-M$ methodology for trace elements
determination biological  samples,  we
investigaced two different derivatising agents viz.
MN-tert-buryl dimethyl silyl-N-methyl-
trifluoroacetamide (MTBSTFA) with 1% ten-
buryl dimethyl chlorosilane (TBDMSCI} and 4-
Nuoraphenylmagnesium bromide (4-FPMB) for
preparing the chelates of As(III), As{V) and
organic arsenic  vie, dimethyl arsenic  acid
{(DMAA), also known as cacodylic acd, The
sensitivities of three different modes of ionisation

in

viz, elecrron ionisation (EI), positive chemical
ionisation  (PCI)  and  negative  chemical
ionisation (NCI)} were evaluated and mass
specira obrained were compared to identify the

base peak of c g
informarion on As for achieving a high sensitivity
in quantitation.

Experimental

The GC-MS system used was 2 Finnigan MAT
4500 mass spectromerer based on quadrupole
mass  analyser and a  Finnigan  A2008
Autosampler.  Perfluorotributylamine  (PFTBA)
was used to optimize tuning for El, PCI and
NCI. Methane was used as the reagent gas for
PCI and NCI at an ionizer pressure of 0.80£0.05
torr and an analyser pressure of 1.4 x 107 torr.
The EI, PCI and NCI tunings were optimized at
m/fz 100 and 502; 219 and 414; and 414 and
613, respectively, After tuning, scans were
abtained from m/z 50 to 630 in 2 seconds. 70
eV electrons were used in the EI, PCI and NCI
modes.

The As-chelates were prepared using MTBSTFA
and 4-FPMB in independent experiments using
aqueous solution of As(Ill) as AsO, in 10%
HNO,, methanolic solution of As(V) s As,0,
and merhanolic solution of DMAA. First, the
teri-buryl dimerthyl silyl (-BOMS) derivatives of
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inorganic and organic arsenicals were prepared
by treating As,0,. As,O, and DMAA dircctly
with MTBSTFA. Seccond, the ©-BDMS
derivatives were prepared by first synthesizing the
pyrrolidine dithiocarbamares of As(IIl), As(V)
and DMAA. The roluene solutions containing
these derivarives were evaporated to complete
dryness at 40°C under a steady stream of |, gas.
The dried residues were dissolved in 200 pL of
ethyl acetate and 50 pL of MTBSTFA was added
and used for preparing arsenic derivatives,

The fluorapheny! derivatives of As{Ill), As(V}
and DMAA were synthesized by first prcparmg

their respective  pyrrolidine  dithi

observed thar the BDMS derivatives of As
clured at lower than the flurophenyl
derivatives and showed a simpler and cleaner EI

mass spectra. From the mass spectra recorded on
different arsenic chelates mentioned above, it was
observed thar the derivatives of As(III) or As(V)
formed  directly with MTBSTFA  were
(C.H, Si} AsO, Irrespective of As(lID) or As(V)
taken initially, With DMAA, the derivatisation
resulted in the formation of (C,H,,Si),AsO, with
small amounts of (CH,8),AsO, with each
compound showing distinet elurion peak in GC-
MS. When derivatisation with MTBSTFA was
performed by first preparing the pyrrolidine

followed by treating with 8-10 drops of Grignard
reagent (4-FPMB) [10].

One mL of the metal chelare, containing 200 to
400 ng of As, was injected into the GC in the
splitless mode using autosampler. A 15 m x 0.32
mm i.d, cross-linked dimethylpolysiloxane (DB-
1) cpillary column with a 0.25 pm film
thickness was used in these studies. Ultra high
purity helium (99.999%) was the carrier gas.

Results and Discussion

A typical El mass spectrum of As(FC6H4)3 is
shown in Fig. 1. The fragmentation parterns
observed with EI were interpreted through a
combination of PCI and EI mass spectra. Ir was

dithiocarb of As(Ill}, As(V} or DMAA,
the derivarive formed was (C H,,5i),AsO,. The
4-FPMB derivatised inorganic as well as organic
arsenicals o As(FC.H,), independent of the
starting form of As.

Among the three different modes of ionisation
used, EI was found to give the highest sensiriviry
for As quantitation whereas NCI was found 1o be
the least sensitive for both the derivatives of As.
For example, the relative sensitivity values for
EUPCl were found to be 6, 12 and 2,
respectively, for direct  dervatisation  with
MTBSTFA, derivarisation with MTBSTFA
(hlnus'l P lidi fithi b iﬂd
derivatisation with 4-FPMB,

Bochwraund Subireci B
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Conclusion

The results obtained clearly show that for the
assay of As by GC-MS, derivatisation with
MTBSTFA or with 4-FPMB chrough
pyrrolidine dithiocarbamates can be employed.
Direct derivatisation of As with MTBSTFA
would not be useful in real-life samples because
this would d d the quantitative dissolut

of As(lll) and As(V) in an organic solvent
miscible with MTBSTFA. The BDMS
derivarives of As formed with MTBSTFA do nat
required silation of the GC column. The final
choice of the derivatising agent would, however,

depend upon the quantitative and reproducible
recovery of As when carried through the entire
I d Since As is a mono-isoopic element,
another element g5 a suitable internal standard or

another external standard would be required for
As quantitarion by GC-MS,
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ISOTOPE RATIO MEASUREMENTS FOR
PLUTONIUM IN ISOTOPIC REFERENCE
MATERIALS BY THERMAL IONISATION
MASS SPECTROMETRY (TIMS) USING
TOTAL EVAPORATION TECHNIQUE

S.K. Aggarwal
Fual Chemistry Division
Bhabha Alomic Hesearch Centra
and
R. Fiedler and S. Deron
Safeguards Analytcal Laboratory
Saibersdorf, Vienna, Austria

Introduction

OTAL EVAPORATION METHOD-

ology is expected o circumvent the

ubiquitous  problem  of  isorope
fractionarion during isotope ratio measurements
by TIMS. lsotape fractionaton has, in fact, been
plaguing the overall accuracy achievable in the
derermination of Pu and U isotope ratios and
concentration in dissolver solution of irradiated
fuel and in other complex marrices. Henee, it
was of interest to verify experimentally and
determine, if any, the residual isorope
fracrionation factor commonly called as B-factor
or K-factor. These studies were performed on
MAT-1 (Pu) mass spectrometer wsing different
isotopic reference materials of Pu available ar
SAL and obrained from [RMM, Belgium; NBL,
USA and AEA, UK.

Experimental

Different isotopic reference materals of Pu
(IRMM-290 serics, Al, Bl, C1, F1 and Gl)
prepared at IRMM, Belgium by mixing highly

enriched “'Pu0), and "'Pu0,, and certified with
overall uncerraingy of 0.01% or berer for
“Pul"Pu isotope ratios were used. In addirion,
the other isotopic reference marterials of Pu
available from [RMM, Belgium (CBNM-047A);
NBL, USA (CRM-144, NBL-128, NBS5-947)
and from AEA, Harwell, UK (UKPu5) were also
used.

Replicate mass spectrometric analyses {15 ta 25
filament loadings) were performed on each of the
isatopic  reference  marerial  using  the
Measurement  Protocol (MP 16) far  total

p technigque g lly used at SAL
The protocol was based on heating the ionisation
£l

"H 2
@ oa PETATURE COFTESP g 0 A

signal of 275 mV for ""Re' o ensure nearly same

filament in different mass

spectrometric analyses, Then the sample filament
was heated slowly ar pre-defined rate (50
mASstep) to a temperature so as to ger the sum of
the ion current of all the isotopes of Pu
corresponding to about 40 mV. Afer achicving
this pre-ser signal strength, the heating of the
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sample  Alament was continued at one of
the three defined  heating  rates {50 mA/Sstep,
10 mAfstep or 1 mA/siep) depending upon the
signal strength; and the ion current integration
was performed. The integration of the ion
current was continued until the Pu’ signal
strength fell below a pre-defined value {about 40
mV). This usually involved the heating of the
sample filament 10 a current of abour 6.2 A
which was also pre-defined in the measurement

protocol and maintaining it ac this value until
the sample was practically exhausted.

Results and Discussion

The results obrained from the replicate mass
spectromerric  analyses of  different  isotopic
reference materials of Pu are given in Table 1. A
number of interesting observations were made
during the mass specrrometric analyses as well as
during dara evaluation.

Table 1: Comparison of the certified and experimentally
determined isotope ratios in Pu reference marerials

Code Certified Observed B factor/atom (%)
{Arom Ratio) +ia +la {1o)
TRMM-230-A1 057560 0.97545 -0.0051 + 0.0040

{242/239) (0.0041%) {0.025%) [25)"
TRMM-290-F1 0.,099440 0099483 0.0144 + 0.0043
{242/239) (0.0055%) {0.025%) 1191
IRMM-290-G1 986712 987088 0.0124 + 0.0042
(242/239) (0.0055%) {0.025%) [24]
TRMM-290-B1 0.432957 0.432996 0.0046 + 0.0037
(242/239) (0.0032%) {0.013%) 123]
TRMM-290-C1 214378 2.14423 0.0071 + 0.0036
(242/239) (0.0036%) (0,0058%) [20]
CBNM-047-A 0770461 0.772611 0.0560 £ 0.0190
(244/239) (0.095%) (0.043%) [16]
NBL-CRM-144 15.11568 15.11086 -0.0320 £ 0,0250
(240/239) (0.023%) {0.016%) (211
NBL-CRM-144 2101811 21.00782 ~0.0160 £ 0.0072
{2420239) (0.019%) {0.015%) 21]
WBL-CRM-144 | 7.98G6H74 7986289 -0.0015 + 0.0058
(244/239) (0.027%) {0.0219%) [21]
NBL-128 1000977 1000464 D.0170  D.0059
(242/239) (0.013%) (0.030%) [21]
NBS-947 241118 0.241024 -0.0390 + 0.0610
(240/239) (0.060%) {0.0062%) [14]
NES-947 0.015599 0.015560 -0.0830 % 0.0570
(242/239) [0.17%) (0.051%) [14]
UKPu-3 (965337 0,964327 0.1050 £ 0.0560
(240/239) (0.055%) (0.014%) [18
UKPu-5 1025620 1.026322 0.0230 % 0.0300
(242/1239) {0.0909%) (0.027%) [18]
UKTu-5 0335914 1.336570 0.0390 + 0.0240
| (244l239) (0:12%) (0.0429%) (18}

‘Measured in November 1997

"Replicare mass spectrometric analyses performed




In some cases, when the total number of scans
collected during the measurement were low (say
50) compared o the usual number of scans
ranging from 100 to 250, the experimentally
measured isotope ratios (242239, 244/239) were
higher compared to the usually obtained ratio.
The less number of scans are ohserved in a few
cases, probably due to improper setting of the
sample magazine/ extraction lenses focus during

© lled mass

specrrometric  analysis.  During  the  data
acquisition for UKPu5 sample, it was observed
that sufficient Pu’ signal is obuined always
withour hearing the sample flament. In other
isotopic reference  materials, dara collection
started only after heating the sample filament to
appreciable temperature (filament current of 1.5-
1.BA), This difference in the analyrical
conditions could lead ro different B facror, if
any, during the analyses. A comparison of the
experimencal  data with the certified  values
indicares that the B factor determined can be
related 1o the origin of the certified reference
material. For example, the B-factors devermined
using the isotope ratios ““Pu/™Pu arc negarive

while those determined using “Pu/*"Pu and
“Puf*"Pu isotope ratios are positive in case of
UKPu3 and UKPu5 (i.e. prepared in UK). For
the reference marerials NBS-947, CRM-144 and
NBL 128 (i.e. prepared in USA), the B-factors
irrespective of the

d are always negari
isotope ratio used. For the isotopic reference
materials prepared in IRMM, Belgium from
oxides, the B-factors are very small (less than
0.02% per mass unit) but these lic in both the
directions.

From the experimental data on “'Pu/,Pu and
“Pu/*Pu isotope ratios of CRM-144, NBL-128
and [RMM-29( series reference marerials, it can
be stated thar using rotal cvaporation and the
existing isotopic reference materials, the B-factor
per mass unit is less chan 0.02%. This is in
contrast to the studies performed at SAL using
the uranium isotopic reference materials when no
B-factor was observed. This corroborates the
studies  published from the laboratory in
Trombay showing that the B-factors for U and
Pu are different and thar the B-factor for Pu is
higher than thart for U.

Table 2 : Mean precision values (Pu isotope ratio measurements in reference materials)

Nuclides Isotope ratio value Precision (%) Mean precision (%)
240/239 0.24 0.006
0,96 0.014 0.012
1512 0016
2421239 a.015 0.051
0.099 0.025
0.43 0.013
0.97 0.025
1.00 0.030 0.024
1.03 0.027
214 0.006
9.86 0023
21.02 0.015
2441239 0.34 0.042
0.77 0.043 0.035
7.99 0.021
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There is need to have some more new isotopic
reference materials of Pu with certified ™'Pu/"Pu
as well as “'Pu/™'Pu isotope ratios to confirm the
existence  of small but measurable  mass
discrimination effects even in total evaporarion
measurements and also to resolve the discrepancy
of conventionally expecred negative B-factor (as
observed in case of CRM-144, NBL-128,
IRMM-290/A1) versus positive B-factor {as
observed from IRMM-290/B1, C1, FI, G1).

During the data evaluation from replicate mass
spectromesric analyses, it was observed, as shown
in Table 2, that the external reproducibility was
dependent on the mass difference berween the
isotopes measured excepr for CRM-144. These
values ranged from  0.010-0.020%, 0.020-
0.030% and 0.040-0.045% for “Pul/™Pu,
*Pu/ TPy and  PulPu isorope  ratios,
respectively. This is another indication that
inspite  of using  the toral  evaporation
methodology, there is small residual B- factor
present for Pu and  this is affectng  the
reproducibility of the isotope ratios as a function

aof the mass difference beoween the two isotopes

measured.

It was also of interest to study the influence of
starting ion current prior to intégration, on the
measurement of Isotope ratios. For this purpose,
the reference marerials CRM 144 and IRMM
290/A1 were analysed using  different  ion
intensities (20 to 200 x 107" A) at the start of the
measurement.  Replicate  mass  specrrometric
analyses were carried out for the two standards ac
four different values of the starting ion intensicy.
Measurements ar SAL are normally performed
with a starting current of 40 x 10" A, The Pu
isotape ratios determined from the two reference
materials are given in Table 3, There is no
significant  difference in  the isorope rarios
measured using varying values of the starring jon
current and maoreover, thete is no clear trend
ahserved for the dependence of isotope rarios on
the starting jon current. This showed that there
is no additonal bias intreduced in isotope rario
measurements by the total evaporation method.

Table 3 : Effect of changing sum jon current paramerer in dara

collection protocol of total evaporation for Pu isotope ratio determination

Sum ion current [Observed | Certified) Isotope Ratio
290/A1 CRM-144
242/239 2421235 2441239
0.97560" 21.01811° 798687
20 mV 0.99981 [6]° 0.99967 [7]" 1.00004 [7T
= (0.010%) (0.031%) (0.024%)
40 mVY 0.99985 {25} 0.99951 [21] 0.99993 [21]
{0.025%) (0.015%) (0.021%)
100 mV 0.99991 [10} 0.99956 [11] 100015 [11]
(0.006%) {0.0194) (0.023%)
200 mV 0.99997 [a] .99970 [7] 1.00004 [7]
{0.087%) (0.020%) (0.033%)
Mean 099987 0.99961 1.00004
= (0.005%) (0.009%) (0.009%)
‘Certified value

5 :
Replicate mass spectrometic analyses
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Conclusion coneriburion of different species produced during
b ) — evaporation and jonisation in a surface jonisarion
Thisiabove: shudiey evnphadice’ e pbed. oF miive source. These studies will Further screngrhen the

isoropic. reference materials for pluonium 10 g o oduced by TIMS and will be very useful

: that the isotopic fracrionarion effects are HiEg : e
conflem P o in improving the precision  (external] and

imi sing total evaporation :
complerely eliminated using P accuracy values ta berter than 0.1% in the next

and jon current inegration  methodology. il it

Further, it is necessary to examine the percentage
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VACUUM DECOMPOSITION PATTERN
OF FERROUS AMMONIUM
SULPHATE - A QUADRUPOLE MASS
SPECTROMETRIC STUDY

Y. Sesha Sayi, P.S. Shankaran, C.S. Yadav, G.C. Chhapru and K.L.Ramakumar
Fuel Chemistry Division
Bhabha Atomic Aesearch Centre

Introduction

URING OUR ATTEMPTS TO
develop an analytical technique for the
derermination of sulphur by vacuum
ion extraction-guadrupol mass
spectrometry [1], preliminary experiments were
carried out by taking ferrous ammonium sulphate

b

as  reference  macerial.  Measurement  of
composition of gases evolved by quadrupole mass
spectrometry revealed that apart from S0, gases
N,O, NO and NO, were observed. But no peak
due to ammonia NH, could be detected,  With a
view 1o ! fing the d position
behaviour of ferrous  ammonium  sulphare,
detailed investigations were carried our, Instead of
adapring the conventional thermal  analysis
techniques, quadrupole mass spectrometry has
been employed to moniror the product gases
formed. The present paper gives a bricf account of
our observations on the decomposition of ferrous
ammonium  sulphate  under  vacuum  ar

temperatures 600°C to 1040°C.

Experimental

Equipment

The hor vacuum extraction-guadrupole mass

spectrometer employed for the present studies has
been described in our paper [1]

Chemicals

Analytical grade feccous ammonium sulphate

Methadology

Known amount of che sample was loaded into the
quartz tibe and the entire system was evacuated
ta 107 mbar. The sample was then heated at the
required temperature for 30 minures under staric
vacuum conditions and the gases released werc
extracted into a known valume. The gas pressurc
and the composition were then determined by
online differential oil manomerer and quadrupole
mass sperromeser respectively.

Results and Discussion

The fragmentation patterns of N,O, NO and
NO, are taken from the mass spectromerer's
library. Fractional sbundances of cthe parent
molecular peaks at mfe ‘s 30, 44 and 46
corresponding  NO, NGO, and NO,
respectively were calculated from the reference
specira. These were in turn used to measure the
intensities of these mass peaks obtained in the
sample analysis, A typical mass spectra obuained is
given in Figure 1. A separarc experiment was
carried out 1o record the “blank” mass spectrum.
The incensities ar different mfz values were
corrected for the blank. From the intensities of the

—



Fig.

various fragmentation peaks, rotal intensiry of lh:

M. Wﬂfmnﬁmﬂ'ﬁ'

From the Table, it can be seen thar NO formartion

parent molecular peak is ¢
The relative intensities of various nirrogen oxides
normalised with respect 1o N0 were calculared
and given in Table 1,

Table 1 : Relative intensities of nitrogen
oxides

with temp up to B00°C, and
ahove this temperature it decomposes which is in
agreement with the literature daa [2], Bur ar all
temperatures N0 is the predominant species
contrary to its reported behaviour [2], On the
other hand Ar 1040°C small quantity of NO, is
abserved. Huw:vtr, both N,O and NO, are

TEMPERATURE (°C) N,0:NO,: NO expected 1o pose at these No
600 1.0:0E mass peak due o NH, Eﬂuldbgdgmgduill
ures investigated. To substantiate the
on 169220 obsem.non.s. it is desirable to carry our further
3-:0 1o :l 3 waork to study the decomposition of nitrates and
1040 1:001: 0
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mmonium salts on these lines in vacuum, air and

limited oxygen supply.
Mitrogen content in the sample was also
compured from the ¢ of N,O and

N, and it was found to be well within + 5% of

the expected value from its staichiomerry.
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X-RAY AND THERMAL STUDIES ON
TI-Pu-Mo-O SYSTEM

N.D.Dahale, S.K. Sali, K.L.Chawla, R.Prasad and V.Venugopal
Fuel Chemistry Division
Bhabha Atomic Research Centra

Abstrace

The quarernary TI-Pu-Mo-0 system was  investigated  for the first time and preparation and
characterisation of new compownd namely TLPu(MoOy; was carvied ow. The compuund way
indexed on orthorhombic systems. Pucd; and MoOs were mived in 1:2 molar ratio and heated in
platinion boat at 600°C to get PufMoQy,  ThMal), and PuiMoy, were mixed in 1] molar
ratio and heated at S00°C.

S00°C fair)
PufMoOy; + ThMeQ, = ThiPuiMoc),

XRD pattern of ThPufMo(y); could be indeved an orthorhombic  svstems with cell
parameters a = {00356 A4, b = 24805 4 Compound  TH.Pudoy,, was heated up o
F200°C in Meuler Thermal Analvser in air at the rate of 100 min.  Simultaneows TG,
DTA and DTG were vecorded TG dfid not show any weight change ap to 700°C. The DT4
curve of this ¢ | showed fonther: peak at 365°C due 1o meling of e
compound. This was confirmed by physical verification of the sample. X-ray  diffeaciion
pattern before and meling were identical indicating TP utMoQ s melts congruentdly. While
on controlfed cooling, sharp endothermic peak ar 460°C was due crystallisation. Isothermal
heating ar 1200°C gave the product, which was identified by XRD as PuO; .

This paper was adjudged the Third Best paper at the National Symposium and
Conference on Solid State Chemistry and Allied Areas (1504399), held at University
of Jammu, during Ddﬂ&er?& 30, 1999,
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NORMALIZED DZ/DT WAVEFORM
FOR EASY ASSESSMENT OF
PERIPHERAL BLOOD FLOW
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Absrract

A mew waveform called the normalized impedance pleth hic waveform has been tntroduced
for the easy assessment af peripheral bload flow. T}ns wve,\"orm ix abtained by taking the natueal
logarithm of the i impedance of the body segment and then differentiating with respect
to time. The waveform thus obiained has ity amplitude proportional to blood flow index in the body
segment. This waveform gives an advamtage to the clinician for casy and quick interpretation of the

data in the manner similar to that of elecirocardiography.

Introduction

Impedance Pletl was introduced by
jan Nybocr as far ba:k as 1940 for the
assessment of ceneral and peripheral blood flow.
He proposed parallel conducror theory for the
estimation of peripheral blood flow in a given
body segment and correlated the impedance
plethysmagraphic estimates with the acrual flow

in in-vitro experiments and demaonstrated high
degree of correlation (6). According to this
theory, the change in blood volume AZ is given
by the following relationship:

AV=cpy xLUZG2%AZ i d 1)
where p, is the resistivity of the blood ($3-cm),

L is the length of the body segment (em), and Z;
is the basal impedance of the body segment.

Equation 1 was further simplified for the
estimation  of peripheral  blood  flow by
substituting ¥ in place of p=L3Z, (1.5)

AV AZIT viieessiissciis g i ()

This equation was used 1o compute blood flow
in the limb segment per 100 cm? of body tissue
per minute by substituting V=100cm® and
measured values of Z, and AZ.

AZ could be measured by the Nybuver's back
projection method (6}, Kubicek's forward slope
methad (4) or the venous occlusion principle (5),
The former rwo methods suffer from drawback
of an ercor in front projection or the extension of
forward slope. The venous occlusion principle
had the advanrage of giving enhanced signal as
AZ was integraved over a long interval of time in
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contrast o the other two methods, (which
measure AZ for one cardiac cycle). However,
venous occlusion principle method also suffered
from the following drawhacks:

1. This method could be used to estimate the
petipheral blood flow only in the distal
segments  of  the extremities  due o
application of a rourniquet in the proximal
part of the limb, Thus it was passible o
derect the decreased arverial blood flow in the
limb but it was nor possible to specify
approximate  anatomical location of the
arterial block.

. Due o application of toumniquer, the
method became off line and it was not

possible 1o assess peripheral blood flow in
real time and therefore rendered the method
unsuitable for monitacing,

In parients with deep vein thrombosis or pacients
having oedema in the extremities due to other
pathological conditions such as lymphangities,
renal failure, congestive cardiac failure, erc., the
amplitude of the signal recorded was very low
and could lead to a false diagnosis of peripheral
arterial occlusive disease.

In view of the above, Parulkar ct. al. (7) used
dZidr waveform for the measurement of AZ per
cardiac cycle in the manner similar w thar used
by Kubicek et al. {1 ta estimate the stroke output.
Accordingly, they compured blaod flow in ml
per 1000 em' of body dssue per cardiac cycle
commanly known as Blood Flow Index (BE[
from the following relationship:

BEI=10005ARTIZa 1ovvriroeeen e pienenes (3)

where A_is the amplitude and T, is the durarion
of the systolic wave of the dZ/dt waveform.

The BFI thus obrained was found to decrease
significantly at and below the sight of arterial
occlusian i an extremity, Jindal ex al, (2)
employed Parulkar's method and investigated

311 patients with peripheral arterial occlusive
diseases. In addition to Blood Flow Index, they
introduced  differental pulse arnval ume to
differentiace berween the narrowing of an artery
and an arterial block. Comparison of their data
with angiographic observations revealed the
sensitiviry and specificiey of this rechnique 1o be
97.5% and 98.1% respectively for che diagnasis
of peripheral arterial occlusive discases.

Thls mc:hod appcanod 0 be of choice far the

gt el
nen-invast of perip arterial

occlusive diseases. Hawcv:r the visual inspection
of the waveform withour taking cognizance of
the value of basal impedance Z, could mislead
the clinician about the estimate af peripheral
blood flow. The interprerarion of data had
therefore o wait dll the BFI is caleulated and
therefare the method did not appear suitable for
the long term monitoring of the patients. Wich
this in view we undertook the development of
notmalizing the dZ{dt waveform with respect o
the base impedance value so that the amplitude
of this new waveform is representative of the
Blood Flow Index in the body segment. The
principle and method employed for obtaining
this new waveform and the results obrained with
this new waveform are presented in this paper.

Materials and Methods

The normalization of the dZ/dt waveform has
been obtained by using lmpedance Cardio-
vasograph system developed at BARC. The

plified black diagram of imped cardio-

vasograph is as shown in Fig.1. It comprises of a

sine wave current source which passes user
selectable  sine  wave current  of constant
amplitude with 50Hz frequency through the
body scgment under investigation. The vollage
signal developed along the current path is sensed
by sensing electrodes. This signal is amplified
filtered and buffered 1o obtain 2 volrage signal

Z that is proportonal o the i
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Sine wave Patient Sensing Amplifier Detector

Current Source [~ —| clectrodes [ » & Filter
| 2y (from PC)
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| Amplifier | g
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Fig ! o

electrical impedance of the body segment under
investigaion. This Z signal is used w obtain
AZ{t) by using a differencial amplifier and Z,
signal obtained from PC. Z is also used to obtain

dZ/dr signal by using an electronic differentiator.

The signal NdZ{de (1/2 x dZ/dt) is obrained by
using 4 logarithmic amplifier and a differentiator.
The Z signal is fed 1o a logarithmic amplifier to
obrain the narural logarithm of Z (In Z), The
output of log amplifier is fed to an electronic
differentiator to obrain normalized dZ/dr.

Any ane of the three outpurs AZ (1), dZ/dr, and
NdZidt is sclecred by PC with the help of
multiplexer. The outpur of the mulriplexer is
digitized and sent to PC for the processing and
display of the putpur waveform,

Results and Discussion

Fig.2 (a) shows the dZ/dt waveforms ar different
locations at the lower extremity af a normal
subject. As can be seen from the figure the dZ/dc
waveform varies significantly from location 10
location. This variation in principle can be due
oot

1. Non-uniformity in the arca of cross-section
i an extremiry.

2. Variation in tissue composition  from
location 1o locarion in an extremiry.

3. Presence of an arerial occlusion in the

proximal part of the body segment.

The variation in amplitude of dZ/dr waveform
due to tissue composition varlation or arterial
occlusion is proportionally reflected in value of
Blood Flow Index (BFI). Hence this variation is
of importance to the clinician for the study of
peripheral haemodynamics. But the varlation in
the amplitude of dZ/dt waveform due to non-
uniformity in area of cross-section of the limb is
always accompanied with proportional vaniation
in the value of the basal impedance, Because of
this it does not cause any significant change in
the value of BFL. As seen from Fig.2 (a) the value
of dZfdt is comparauvely greater in the calf
region as the value of Z, is more in the calf
region while the value of dZ/dr is comparatively
less at chigh, as the value of Z, at thigh region is
less. Thus the clinician will not be able to give
the diagnosis just by looking at the graphs. Fig.
2(b) gives the recording of NdZ/di waveform
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in same subject from corresponding locations. As
can be seen from Fig.2 (b) the varation n the
amplitude of NdZ/dr is nearly independent of
the basal impedance value and therefore it is clear
that the amplitude of NdZfdt is proportional o
BFI. Thus it direedy reflects the haemodynamic
variations, A clinician can therefore have just a
loak at the waveforms and interpret in 2 manner
similar to that of ECG records.

To conclude, the amplitude of dZ/de fi
depends on blood flow index in the body
segment and also on the basal impedance value
of the seg being di d. Therefore the
value of the basal ;mpﬂdxnu: had o be raken into

ideration while peric g the di is. In
contrast to this th: :rnpiltudc of Nxd.z-l’d(
wavefarm is independent of the basal impedance
value and is directly related o the blood Aow
index in the limb segment. The clinician can
thus give the diagnosis just by visual inspection
of the waveforms.
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A new waveform called the normalized impedance
plethysmographic .w?'wéjﬁ"rm has been introduced for the easy
assessment of peripheral blood flow. This waveform is obtained
by taking the natural logarithm of the instantaneous
impedance of the body segment and then differentiating with
vespect to time. The waveform thus obtained bas its amplitude
praportional to blovd flow index in the body segment. This
waveform gives an advantage to the clinician for easy and
quick interpretation of the data in the manner similar to that
of electrocardiography.
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