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ABSTRACT

This report describes the activity of the Laser & Plasma Technology

Division of Bhabha Atomic Research Centre during the two year period 1996-

1997. This division is engaged in the research and development of high power

beams mainly laser, plasma and electron beams. Laser & Plasma Technology

Division has strived to establish indigenous capability to cater to the

requirements of Department of Atomic Energy. This involves development and

technology readiness study of laser, plasma and electron beam devices. In

addition, studies are also carried out on related physical phenomenon with a view

to gain better understanding of the devices. This report has been compiled from

individual reports of various groups/sections working in the division. A list of

publications by the several members of the division is also included.
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1. INTRODUCTION

Laser and Plasma Technology Division is engaged in the research and
development of high power laser, electron and plasma beams and their applications in
specialised areas, This report gives some of the significant achievements made during
1996-97

1.1 LASERS

Dye lasers are extremely useful for spectroscopic and photochemical applications.
Laser & Plasma Technology Division has been to engaged in setting up high repetition rate
copper vapour laser pumped dye laser oscillator, amplifier chains, with good output power,
beam quality and symmetry. As a long term objective, the use of water as a solvent for dye
laser instead of alcohol was studied. With suitable additives the lasing efficiency can be
increased and made comparable to alcohol medium. The thermal lensing effect was less
with water than with alcoholic solutions.

Laser photochemical studies have been carried out relating to carbon-13 and
hydrogen isotope separation by selective IR laser chemistry. Two kinds of wave guide
reactors were investigated and also temporally modified CO2 laser pulses and the effects
of laser intensity, duration and pressure on selectivity and yield were studied.

A number of analytical studies have been carried out to investigate optical phase
conjugation phenomena which occurs due to four wave mixing electromagnetic waves in a
non-linear medium. Some of the other studies are related to stimulated Brilluoin Scattering
and parametric instabilities in plasma. The propagation of a laser beam through a resonant
or near resonant medium can lead to significant change in the temporal, spatial and
spectral characteristics of the beam. A heat pipe oven was set up to obtain vapour columns
of 40-50 cm with typical vapour density-path length products in the range 1017 - 1018m2. A
realistic theoretical model for collisional relaxation of metastable levels in metal vapours
has been developed based on statistical theory of energy exchange. We have also carried
out analytical and experimental measurements of hyper-fine structure of atomic lines and
isotope shifts in radioactive elements. A special hollow cathode discharge lamp has been
developed in this connection.

A lithium triborate optical parametric oscillator pumped at 355 nm was designed and
operated. The overall energy conversion efficiency was about 10% with tunability from 430
nm to 650 nm was achieved.

For the study of ultra high pressure shocks and high density high temperature
plasmas, a 1-Joule/100 picosecond (10GW) Nd:glass laser has been developed. The on-
target laser intensity can be varied in the region of 1015 - 1018 W/m2 over spot sizes less
than mm. This corresponds to an ablation pressure 0.1-5 Mbar. A compact surface
roughness monitor has been fabricated using the surface reflection of laser at a certain



angle of incidence. The laser scan gauge described earlier, for measuring diameters etc.
has been further improved.

1.2 THERMAL PLASMAS

Studies on thermal plasmas related to the basic processes, development of devices
and technological applications were carried out. A variety of plasma devices in the power
range 30-300 kW operating both transferred and non-transferred arc modes have been
developed. Some of the significant investigations carried out during the period include
stabilisation of arc using axial/vortex gas flows and magnetic fields.

The major activity related to the development of high power plasma troches is the
development and characterisation of hollow electrode torches which is a recent concept for
generating inert, oxidising, reducing or reactive plasmas. The detailed characterisation
using magnetic stabilisation was carried out and the torch has been operated upto 70 KW
of power. Experiments were also carried out with conventional rod-electrode, transferred
and non-transferred arc torches to find out heat transferred to a substrate as a function of
torch-substrate distance at different power levels. It has always been realised that for
scaling up plasma devices, one has to non-dimensionalise the parameters. Generalised
current-voltage characteristics and torch efficiency in terms of non-dimensional parameters
were found and verified experimentally. A uigitising video camera system has been used to
acquire and process arc plasma images from DC transferred arc torches. Radial intensity
profiles have been determined. A modified atomic Boltzmann technique has been used to
spectroscopically determine the central-axis plasma temperature in a torch. The data has
been used to obtain the temperature profile across the arc.

A significant achievement was the plasma spray coating of mild steel, split mold for
uranium casting. The alumina coating was satisfactory upto 17 heats, and the major
advantage is that it is reusable after sand blasting and re-coating. A single^step process to
produce Fe-TiC cermet coatings has been developed through plasma spraying of ilmenite
powder in a reactive plasma environment. Diamond-like carbon coatings were developed
on different substrates for tribological applications. Controlled Environment Plasma Spray
System was integrated during the year and the operation of spray chamber with vacuum
systems and torch & job manipulating subsystems were checked. Trial spray operations
have been carried out to check the operation of the system.

A capacitively-coupled, diffusively-cooled, all-metal, RF discharge-based, CO2 laser
system has been developed. This discharge powered by an in-house built 500 W, 30.6
MHz RF power supply was operated in the pressure range of 1-100 torr. With an input RF
power of 200 W, a lasing efficiency of 10% was achieved at a pressure of 30 Torr.

The liquid metal magnetohydrodynamics (LMMHD) phenomenon is the study of
interaction of the flow of liquid metal in the presence of a magnetic field. Power conversion
systems based on LMMHD interaction can operate efficiently even with low grade heat.
During this year considerable computational work was carried out for the design of a
prototype LMMHD plant coupled to solar tower and incinerator waste heat. The proposed



system has water/steam as the thermodynamic fluid and lead/lead-bismuth alloy as
electrodynamic fluid. Under optimum conditions with a thermal input of 4 MW a 4 loop
system gives a conversion efficiency of 13.5%.

1-3 ELECTRON BEAMS :

Electron beam machines are characterised by high power densities ( > 1 kW/mm2)
and clean, high vacuum environment. This unique processing capability has been utilised
in the welding, melting and evaporation of reactive metals.

A 200 kW, 80 kV EB evaporation unit for strip beam generation was commissioned.
The individual units like chamber with vacuum system, electron gun, high power dc source
have been separately tested and integrated. The various components of a transverse EB
gun (12 kW, 12 kV) have been procured and are being assembled. One of the significant
parameters for electron gun heating of targets is the temperature changes and profiles on
the targets. A digital temperature profiler has been developed using the intensity of
radiation. Also a computer code was developed to study the thermal wave phenomenon
due to periodic heat flux.

A number of job shop operations have been carried out using the in-house built
150KV, 6KW EB welding unit. This included over 700 pieces of coronet welding for
Defence, porous metal electrodes, shut off plates for Kamini Reactor etc.

oOo



LASER ACTIVITIES

Dye lasers are extremely useful for spectroscopic and photochemical applications.
Laser & Plasma Technology Division has been engaged in setting up high repetition rate
copper vapour laser pumped dye laser oscillator, amplifier chains, with good output power,
beam quality and monochromaticity. As a long-term objective, the use of water as a solvent
for dye laser instead of alcohol was studied. With suitable additives the lasing efficiency
can be increased and made comparable to alcohol medium. The thermal iensing effect was
less with water than with alcoholic solutions. Laser photochemical studies have been
carried out relating to carbon-13 isotope separation by selective IR laser chemistry. Two
kinds of wave guide reactors were investigated and also temporally modified CO2 laser
pulses and the effects of laser intensity, duration and pressure on selectivity and yield were
studied.

A number of analytical studies have been carried out to investigate optical phase
conjugation phenomena which occurs due to four wave mixing electromagnetic waves in a
non-linear medium. Some of the other studies are related to stimulated Brilluoin Scattering
and parametric instabilities in plasma. The propagation of a laser beam through a resonant
or near resonant medium can lead to significant change in the temporal, spatial and
spectral characteristics of the beam. A heat pipe oven was set up to obtain vapour columns

of 40-50 cm with typical vapour density-path length products in the rangeiO17 - 1018/m2. A
realistic theoretical model for collisional relaxation of metastable levels in metal vapours
has been developed based on statistical theory of energy exchange. We have also carried
out analytical and experimental measurements of hyper-fine structure of atomic lines and
isotope shifts in radioactive elements. A special hollow cathode discharge lamp has been
developed in this connection.

A lithium triborate optical parametric oscillator pumped at 355 nm was designed and
operated. The overall energy conversion efficiency was about 10% with tunability from 430
nm to 650 nm was achieved. For the study of ultra high pressure shocks and high density
high temperature plasmas, a 1-Joule/100 picosecond (10GW) Nd:glass laser has been

developed. The on-target laser intensity can be varied in the region of 101s - 1018 W/m2

over spot sizes less than mm. This corresponds to an ablation pressure 0.1-5 Mbar. A
compact surface roughness monitor has been fabricated using the surface reflection of
laser at a certain angle of incidence. The laser scan gauge described earlier, for measuring
diameters etc. has been further improved.

2-1 LASER ATOM INTERACTIONS

2.1.1 Electronic to Translational (E-T) Relaxation in Atomic Collisions

2.1.1.1 Relaxation in Metal Vapours:
[B.N. Jagatap]

Heavy elements have a number of low lying electronic levels. These levels all arise
primarily from the same electronic configuration and transitions between them are optically
forbidden due to parity selection rules. Collisiona! relaxation of such metastable levels has

4



been a subject of a number of investigations, both experimentally and theoretically. This
interest in the relaxation of electronic temperature in metal vapours stems out of it's
importance in the development of efficient high pressure metal vapour lasers.

A realistic theoretical treatment for relaxation in metal vapour requires a knowledge
of intermolecular potentials and the collision dynamics coupling the electronic energy mode
into the translational mode. The present understanding of these is far from complete. In the
absence of such detailed information, the statistical approach has generally been
employed to simulate electronic energy exchange in heavy metal vapours. We have
developed a new theoretical model based on the statistical theory of energy exchange and
have applied it to the relaxation of metal atoms both in the static vapour and atomic beams.
The collisions we consider in this study are

Al+AJ+E-*Ak+A, + E' (1)
where Am , m=1,2,.... are the electronic states of the atom A and E and E' are the

relative kinetic energies of the collision partners before and after the collision event. The
theoretical model developed to describe these collision processes is depicted in Fig. 2.1.1.
We introduce in this model Landau-Teller theory and obtain kinetics of the level to level
relaxation. The model obeys the principle of detailed balance and predicts the approach to
equilibrium correctly. In Fig. 2.1.2 we show an example of a static vapour to which this
model has been applied. It may be seen that the equilibrium distribution of populations is
predicted correctly by our model. More importantly the model quantifies the number of
collisions (usually 3-4) required to reestablish the equilibrium. This model can be applied to
various experimental situations such as the relaxation phenomenon in atomic beams,
pulsed hollow cathode discharges and laser ablated plasma.

2.1.1.2 Relaxation in a Pulsed Hollow Cathode Discharge
[B.N. Jagatapj

In our experimetal studies carried out earlier (G.K. Bhowmick, B.N. Jagatap, S.A.
Ahmad and V.B. Kartha) on pulsed hollow cathode discharges (PHCD), we had shown an
experimental evidence for relaxation of cathodically sputtered uranium vapour. In these
experiments, transient laser absorption spectroscopy in (PHCD) was employed to obtain
time-dependent populations of three lowest metastable levels of uranium. The basic
framework developed for E-T relaxation in atomic collisions can be employed to these
PHCD systems. We undertook to investigate this system in details for (1) this would help in
completely understanding the relaxation behaviour in PHCDs and (2) also provide an
independent validation for our simulation procedure. This work is the first ever attempt to
analyse the relaxation phenomenon in pulsed hollow cathode sources with a microscopic
theory and gives a newer perspective to the hollow cathode spectroscopy.

We note that the relaxation in pulsed hollow cathode discharges is by the collision
with the buffer gas atoms. Since the nobel gases do not have the low lying metastable
states, the relaxation kinetics in this case may be represented as

Ut+ X(iS0) + E->UJ+
1X(lS0) + E' (2)

where U^, k=1,2 are the metastable levels of uranium, X(%) is the singlet ground
level of the buffer gas X. The microscopic probability of collision event such as in Eq.(2) is
given in the statistical framework as



MODEL FOR SIMULATION OF ATOM-ATOM COLLISIONS

E-T Relaxation Cross-section -
(TDF Potential + Partial wave analysis)

STATISTICAL MODEL FOR ENERGY EXCHANGE
(Level to level Relaxation Probability)

LANDAU- TELLER RESULTS

RELAXATION KINETICS

CHECKS:
Principle of Detailed Balance

Microscopic Reversibility

1
TEST OF APPROACH TO EQUILIBRIUM

T
INPUT for U:

22 Levels of Odd Parity (up to 10,000 cm"1)
Complex Relaxation Kinetics

BENCHMARKS

APPLICATIONS TO AVLIS VAPOUR
Studies on : Effect of Knudsen Number

Freezing of Electronic Population
Boltzmann Accessibility

Fig, 2.1.1 Model for simulation of atom-atom collisions
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where g; and Ej are the statistical weight and energy of the electronic state Ej and E is the

total energy of the colliding partners.

In the pulsed hollow cathode discharges, this treatment is valid in the shorter time
scale where the kinetics is governed by the level relaxation. The long time evolution { t > 1
ms) is characterised by the diffusion of atomic vapour from the laser illuminated zone. We
complete our model by incorporating the diffusion process with a phenomenological
diffusion rate constant. This model then is used to follow the evolution of population in low
lying metastable levels of uranium in a PHCD. In Fig. 2.1.3 we show the comparison of the
experimental and the simulated kinetics. The experimental and simulated results are then
matched to obtain E-T relaxation cross-sections for collisions between uranium atoms and
buffer gas atoms.

Our work has shown that it is possible to extract basic collision physics parameters,
hitherto not known for refractory atoms. This application has given rise to many interesting
possibilities of studying E T relaxation. A number of experiments based on our theory and
simulations have now been proposed.

2.1.2 High Resolution Spectroscopy of Radioactive Elements
[B.N. Jagatap \, A.P. Marathe +, L.M. Gantayet \U .K . Chatterjee *, S.G. Nakhate
+, B.K. Ankush *, A. Venugoplan, *, S.A. Ahmad ' , A.P. Roy *, A.B.Patwardhan *
and A. Ramanujam #, * Laser and Plasma Technology Division, 'Spectroscopy
Division, * Fuel Reprocessing Division]

Measurement of hyperfine structure (Hfs) of an atomic line and isotope shifts in a
pair of isotopes are important in investigations of nuclear properties such as spin, magnetic
dipole moment, electric quadrupole moment etc.. Such a study of "nuclear physics via
atomic physics" has been immensely successful owing to the high sensitivity and high
resolution afforded by optical spectroscopic techniques. The stable isotopes of most of the
elements have been thoroughly investigated over the years. However, much work needs to
be done on the radioactive isotopes of many elements of interest. Recently we have
started a programme on high resolution spectroscopy of radioactive and rare isotopes.

2.1.2.1 Development of a Special Hollow Cathode Discharge Lamp
Hollow cathode discharge lamps (HCDL) has been extensively used as a

convenient source for spectroscopic investigations as it enables to get narrow spectral
lines for almost any element, especially the refractory metals. Usual HCDLs consist of a
cylindrical hollow cathode made up of element under investigation in a glass enclosure
fitted with optical windows and an appropriate anode (usually tungsten). This design,
although convenient for the common elements, is not at all suitable for carrying out
spectroscopy of radioactive elements. The amount of metal used for making a cylindrical
hollow cathode is generally in the range of 100-200 gms. Such amounts are prohibitively
large for rare and radioactive isotopes, and give rise to severe radiological safety problems.
In addition, the integrity of the entire HCDL assembly is questionable owing to the glass
enclosure.

8
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section. For experimental results see G.K. Bhowmick, B.N. Jagatap, S.A.
Ahmad and V.B. Kartha in AppL Opt. 30, 1893 (1991)
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We have developed a new liquid nitrogen cooled all metal HCDL which incorporates
several novel ideas and takes into consideration problems of handling rare and radioactive
elements. This new HCDL uses ~ 10 mg of element of interest which lasts for about 60-70
hours of operation. The hCDL is sturdy and intrinsically safe. In addition, it can be
conveniently loaded with a radioactive material, sealed hermetically in an a- protected
facility and transported to an inactive area housing spectroscopic instruments without any
stringent safety requirements.

2.1.2,2 Optimisation of the Performance of the Special HCDL
The concentric glow in HCDL is a fast electron maintained, recombination

dominated plasma region. Electron-excitation and ionisation, charge transfer and Penning
ionisation give rise to a wide range of atomic and ionic states of the buffer gas and the
element of interest. These processes are dependent on the discharge operating conditions,
such as buffer gas pressure and discharge current. Consequently, the discharge sustaining
conditions have to be optimised for an efficient use of a HCDL. This is particularly
important when the HCDL is operated with rare and radioactive isotopes.

In view of above, the performance of the special HCDL described in sec.2.1 was
optimised. To this end we loaded this new HCDL with natural uranium and conducted a
systematic study of the effect of the buffer gas pressure and discharge current on the
intensity of uranium and buffer gas lines. This study was then used to arrive at the optimum
operating conditions of the HCDL. We also studied the effect of cooling with liquid nitrogen
and other freezing mixtures on the intensities and line widths of the atomic lines. This study
was used to point out the mechanism of sputtering in the new HCDL.

2.1.2.3Hyperfine Structure of 5915 A line of U-233
Hyperfine structure (Hfs) of an atomic line is a result of splitting of atomic energy

level caused by the interaction of the electron with the nuclear magnetisation and non-
spherical charge distribution. Hfs studies provide a very useful information on the nuclear
properties such as the spin, nuclear magnetic moment, electric quadrupole moment and
the distribution of nuclear magnetisation over nuclear voiume (Bohr-Weisskopf effect).

Using the special HCDL developed for radioactive elements, we have recorded the
hyperfine structure of 5915 A line of U (1=5/2) using a recording Fabry-Perot optical

spectrometer (REFPOS). U loaded in a liquid nitrogen-cooled hollow cathode discharge
lamp (HCDL) with Ne as the buffer gas was used as the source of atomic lines. This HCDL
has been specially designed for handling rare and radioactive materials and the procedure
for loading of active material in this assembly has been standardised. The REFPOS
provided a resolution of ~ 106 which was sufficient to resolve all the m^nr hyperfine
components of 5915 A line. In Fig 2.1.4, we show the recorded HFS spectrum.

We have undertaken the analysis of the recorded hyperfine structure to obtain
hyperfine constants A and B. This analysis will provide information on the nuclear magnetic
moment and electric quadrupole moment of 2 3 3 U and the hyperfine anomaly (Bohr-
Weisskopf effect).

10
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2.1.3 Laser Cooling and Trapping of Atoms

[B.N. Jagatap+, A.P. Marathe+, K.G. Manohar+, S.G. Nakhate*, S.A. Ahmad *, and
R.C. Sethi*. +Laser and Plasma Technology Division, *Spectroscopy Division,
#APPD]
We have embarked upon the programme on laser cooling and trapping of atoms in

collaboration with the Spectroscopy Division in the IX FYP. This programme has been
identified as a thrust area of research in the basic sciences. Our programme aims at
developing local expertize and local technology to perform these experiments at the
frontiers of physics.

Work has been initiated on the development of a magneto-optic trap (MOT) of
neutral alkali atoms (Li, Rb and Cs). Major achievements in this programme are as follows:
Design and fabrication of MOT quartz cell is complete. The system is ready for installation.
Design of the spherical quadrupole magnetic field (SQMF) is complete. Fabrication of the
coils for SQMF is nearing completion. The vaccum accessories of MOT have been
designed. Fabrication is in progress. The mapping of the SQMF has been initiated. Design
of the all metal MOT is complete. The fabrication of this system has been undertaken.

2.1.4 Intense Field Laser-Atom Interaction

2.1.4.1 Phase dependent Excitation in Hydrogen Atom
[B.N. Jagatap and W.J. Meath*, *UWO, Canada]
We have been interested in the problems associated with the control of an excited

state population through changes in the relative phase of two lasers via simultaneous,
competing pathways originating from the ground state. These studies have far reaching
consequences in the controlled photo-dynamics of atoms/molecules and have shown to be
important in areas such as control of chemical reactions. In continuation with our work in
this area, we have investigated control of excitation in atomic hydrogen via one- vs two-
photon competition arising from it's interaction with intense pulses of femtosecond time
duration. Since such an interaction results in both multiphoton excitation and ionisation, we
study this problem theoretically employing the Split Operator Fast Fourier Transform
Technique (SOFFT).

Of several issues associated with the problem mentioned above, we are specifically

interested in the control of the hybrid states y ± ) = [|2s)±|2/?)]/V2 . Because of the

directionality of the wave function associated with these states, such a control scenario is
of great interest in devices to control the photo-current directionality and also in the laser
control of bimolecular reactions. To this end we set up the one- vs two photon competition
by two laser beams L, and L2 having frequencies ay - E2p-Eu and co2 = (E2s - £ J / 2 ,

phases 5, and 52 and electric field strengths Ei and E2 respectively. Such an excitation
scheme may be realised with a laser L2 and by obtaining Li by frequency doubling.

SOFFT calculations were performed with laser pulses having gaussian envelopes
(1-10 fs FWHM) and varied field strengths Ei and E2. These field strengths were chosen
from the perturbative analysis of the control problem. These fields also ensure that the
excitation is more dominant that the multiphoton ionisation. Denoting by P+ and P. , the

probabilities of excitation to hybrid states \|/+ and \j/_ respectively, we investigate

12



dependence of P+ and P. on the relative phase between two laser beams. For the control
to be total, we must arrive at the situations where P+ (P.) is maximised with P_=0 (P+=0).
For SOFFT calculations we use 16 angular momentum states with the field free 1s state as
the staring level. The wave function was sampled at 1/8 au in the radial co-ordinate out to
128 au. The time step used was 0.01 au.

In Fig. 2.1.5, we show the probabilities P+ and P., at the end of the laser pulses, as
a function of the relative phase. These results are for the pulses of 3 fs FWHM with
Ei=0.008 au and E2 =0.037606 au. Note here that for relative phase 5 = 5r282 = 0, P+ is
maximum with P. - 0. On the other hand, for 5 = n, P. is maximum with P+ - 0. We thus
show that by merely changing the relative phase between the exciting lasers, we can
obtain a complete control over the excitation of the hybrid states.

2.1.4.2 High Harmonic Generation:
[B.N. Jagatap]
High harmonic generation in intense field laser-atom interaction is an important

phenomenon, since it provides a way to obtain coherent sources in VUV and X ray region.
Due to inherent symmetry, atomic systems produce only the odd harmonics of the exciting
field. During our studies on the phase dependent excitation and ionisation of hydrogen
atom, we realised that the "symmetry" of the problem can be broken by one- vs two photon
excitation competition. Such a scenario is then expected to produce all harmonics (both
odd and even) of the driving laser field.

Our SOFFT methodology was updated to include calculations of high harmonic
generation. The methodology was tested on some results reported in the literature. The
one- vs two- photon excitation competition was set in a hydrogen atom as discussed in
Sec.4.1. In Fig. 2.1.6 we show the hanmonic spectra calculated with only one laser being
present. One can see only the odd harmonics. When one- vs two- photon competition is
introduced, we obtain odd as well as even harmonics as shown in Fig. 2.1.7. This
methodology of controlling the harmonic generation is of importance in the VUV and X-ray
laser systems. In Figs. 2.1.4 & 2.1.5, we could not calculate ail higher harmonics because
the field strengths used in these calculations were relatively low. For higher intensities, the
computations become extremely difficult on the sequential machine.

2.1.4.3 Parallel Computing
(B.N. Jagatap and H. Ladhe*, "Computer Division)

As indicated in 4.2, the intense field laser-atom interaction calculations are
intrinsically time consuming. These problems, therefore, require a high performance
computing solution. In collaboration with the Computer Division, we have parallelised our
SOFFT methodology on ANUPAM.

In the SOFFT calculations, the wavefunction is expressed as a time dependent
radial function in a large basis of angular momentum wavefunctions. With the increase in
the laser field strengths, the number of angular momentum basis increase making the
calculations nearly impossible on a sequential machine. For parallelising SOFFT
methodology, we have distributed the angular momentum variation over several processors
with each processor taking into account the variation over the radial coordinate. Such a

1 3



0.0 0.5

6/n

1.0 1.5 2.0
0.12

0.08

0.04 -

0.00
0.00

Fig. 2-1-5: Variation of the probability P_ (•) and P+ (o)of ± hybrid formation
at the end of the laser pulses of 3 fs FWHM as a fiinction of the relative phase
5 = §1-282. Here 8\ and §2 are the phases of the two lasers. For SOFFT
calculations, 5i is held fixed at 0 and 52 is varied. For other details, see text.

14



0

0)

c

en
o

4 6 8 10 12

Harmonic Order

14 16

Fig 2h &: SOFFT results on harmonic generation in the interaction of intense
laser fields with hydrogen atom. In this case only laser L2 is on. The laser
pulse is a ramp with fleid 82 =0.04 au and G)2=0-1875 au. Only odd
harmonics are present.

15



c

O

1 -

0

1

o

- 3

•4 -

i f

I

1

1 3CJ

1 4 " 2
V " \ _ ^

1

1

1 1

1 1

^ — _

1

1

1

1

• - ~ _ _

1

4 6 8 10 12

Harmonic Order

14 16

Fig. 24 y : Harmonic generation in one- vs two- photon excitation
competition in hydrogen atom. Specifications of laser L2 are as in Fig.3.
Laser L\ has s\ =0.0064 au and co2=0.375 au. Both odd as well as even
harmonics are seen in this case.

16



parrallelisation has resulted in giving an excellent time saving. These efforts will allow us to
investigate super-intense laser-atom/molecule physics.

2.1.5 Beam Propagation Studies in Atomic Vapour
[Sucharita Sinha, K. Dasgupta]

Propagation of a laser beam through a resonant or near-resonant medium results in
many interesting phenomena. Interaction of radiation with a nearly resonant collection of
atoms can significantly alter the temporal, spectral and spatial characteristics of the
propagating beam. Transient response of the medium to coherent pulsed excitations result
in coherent excitation effects such as seif induced transparency when a pulse having a
certain definite shape and field distribution can propagate through the resonant medium
without any attenuation and change of pulse shape. However, in propagating through the
medium, the pulse is apparently delayed because the medium absorbs energy from the
leading edge of the pulse and deposits it to the trailing edge of the pulse. Propagating
pulses having arbitrary field envelope split and stabilize into several pulses which can then
propagate through the medium without attenuation or deformation. This is known as pulse
break-up. Self-induced transparency is characterised by reduced absorption, pulse delay,
pulse deformation and pulse breakup. In order to observe these coherent effects it is
imperative that the pulse duration of the propagating pulse be much smaller than the
atomic relaxation times of the medium.

In addition to the coherent propagation effects, resonant enhancement of the non-
linear susceptibility in atomic vapours causes spatial effects such as self-focusing, trapping
and filamentation, self-defocusing and self-bending of the laser beam. Temporal effects
such as group velocity dispersion, self-phase modulation, self-steepening and delay of the
leading edge of the propagating laser pulse are also observed. Spectral propagation
effects include the generation of conical emission, appearance of shifted side-bands, non-
linear frequency conversion and mixing, and increase in the propagating laser bandwidth.
The study of these propagation effects is essential in the understanding of laser-matter
interaction.

With a view to study these propagation effects when a laser beam interacts with a
resonant or near-resonant volume of atomic vapour, a Heat-pipe oven (HPO) was set up. A
schematic view of the HPO is shown in Fig. 2.1.8. The HPO continuously generates a
homogeneous column of vapour having a well defined temperature and optical path length.
The HPO consists of a stainless steel tubing 1.5m in length, with quartz windows mounted
on either end. The inner wall of the HPO is lined with a stainless steel mesh, which acts like
a wick and provides capillary action. During operation, the HPO is heated in the middle and
the molten metal evaporates at the heated region and condenses again at the heat sinks
located at the two ends of the tube. The condensed liquid is then returned by capillary
forces through the wick to the hot zone. For effective capillary action the wick should be
initially de-greased and acid cleaned thoroughly so that adequate wetting is achieved
during the operation of the HPO.

The HPO was filled with Argon buffer gas at typical pressures of 1-5mbar, and
loaded with sodium metal. On heating to temperatures of 450-500C Sodium vapour
columns of length upto 40-45cm were obtained. This corresponds to Sodium number
densities of 101 /cm3. Vapour density (N) and column length (L) products ranging around
1013/cm2 to 1014 /cm2 at operating temperatures of 200-400C were estimated from our
observations on resonant absorption measurement in the medium.
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A narrow band pulsed dye laser (Rh6G) was set up having a bandwidth of 0.05 cm"1

and giving average output power of 200mW in the wavelength region of 589nm which
corresponds to the D2 transition in atomic sodium. The dye laser output when collimated
and propagated through the column of sodium vapour underwent strong spatial and
spectral distortion. The spatial profile of the dye laser beam emerging from the HPO was
recorded. The corresponding frequency detuning between the dye laser and the sodium D2

transition was recorded using a 1 cm'1 FSR Fabry-Perot interferometer. A Helium-Neon
laser was used as reference to correct for drifts in the Fabry-Perot interferometer.

In Fig. 2.1.9 are shown a few typical beam profiles for a laser beam, having a peak
intensity of 1kW/cm2, pulse duration of 20nsec, and propagating through a column of
sodium vapour for different values of detuning. At large enough detunings (Fig. 2.1.9.a),
the beam profile remained undisturbed on passage through the eel!. However, with the dye
laser blue detuned with respect to the sodium transition, we observed self-focusing of the
beam (Fig. 2.1.9.b). When the dye laser was tuned close to the D2 transition on the red
side there was considerable defocusing, accompanied with conical emission (Fig. 2.1.9.C).
The spatial distortion of the propagating laser beam was found to be dependent on the
extent of detuning and other operating parameters such as, incident laser beam intensity,
atomic number density, as well as the transverse intensity profile of the propagating beam.

The spectral modifications in the propagating laser beam observed by us are shown
in Fig. 2.1.10. Spectra! analysis of the emerging beam showed the presence of new shifted
frequencies which were considerably broader than the incident radiation. With the incident
laser tuned on the red side of the D2 atomic transition the new broadband shifted frequency
component was generated on the red side of the incident laser, while, for blue detuned
incident radiation the new frequency was generated further to the blue side of the incident
laser.

2.1.6 OPTICAL PARAMETRIC OSCILLATORS
[R. C. Bapna, K. Dasgupta and L. G. Nair]

2.1.6.1 Demonstration of a visible Lithium Triborate Optical Parametric Oscillator
We have designed and operated an LBO-OPO pumped at 355 nm continuously

tunable in the visible and near infrared region of the spectrum. Fig.2.1.11 shows the
schematic diagram of the experimental system. A Q-switched Nd: YAG laser ( delivering
150 mJ pulses of 5-7 ns duration at a rep rate of 10 Hz) operating in the TEM00 mode was
used. The infrared (1.06 (m ) output of the laser was frequency tripled in a scheme where
the frequency doubling in a KTP crystal is followed by sum frequency mixing in the LBO to
provide radiation at 355 nm.The beam in both the crystals were collimated to diameters
near 2 mm. An overall energy conversion efficiency of 10 % from 1.064 nm to 355 nm was
achieved. The OPO cavity was constructed with two flat mirrors with a cavity length of 30
mm. The reflectivity of the input mirror was 98% at the OPO signal wavelengths with a 90
% transmission at the pump and idler wavelengths. The output mirror had a 80 %
reflectance at the signal wavelengths. An LBO crystal with a cross section of 6 x 4 mm2

and 16 mm length was used. The threshold pump energy was about 10 mJ. A tuning range
from 430 to 650 nm for the signal wave, corresponding to 810 to 2 urn for the idler have
been observed.. The tuning range was limited by the spectral coverage of cavity mirrors
available to us. We anticipate no difficulty in obtaining continuous coverage from 415 nm to
2.5 urn with wide band mirror coatings. This wavelength range was covered by a crystal
rotation of -10° to + 10°.
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Fig. 2.1.9 Upper traces in all figures show spatial profile of laser beam (a) tuned far from
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20



Fig. 2.1.10 Intensity profiles across Fabry-Perot interfefometer fringes showing spectral profile of
the (Trace A) incident dye laser, (Trace B) transmitted dye laser and (Trace C)
reference He-Ne laser, when the dye laser is tuned to the (a) 0.3 cm *l blue side,
(b) 0.35 cm'1 blue side and (c) 0.45 cm'1 red side of the Sodium D2 transition.
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2.1.6.2 Modeling of an optimum pump pulse width for OPOs

A major limitation in the .use of OPOs has been the high threshold fluence. The
threshold fluence is especially high for OPO resonators which incorporate dispersive
elements for generating narrow-band outputs, thus making the resonator long and lossy.
As a result, high power lasers are required for pumping such OPOs. Due to this, besides
making such systems less affordable, the low repetition rate of high power YAG lasers also
limits the average powers of such OPOs. Attempts to use lower power pump lasers by
focusing the pump beam more tightly would limit the gain length of the OPO due to walk-off
losses and would also increase the diffractional divergence of the signal beam. In turn,
diffraction losses, as well as the signal bandwidth would increase. Minimizing the threshold
fluence of an OPO is therefore an important design consideration for narrowband, high
average power OPOs.

We have shown theoretically that for an OPD there exists an optimum pump pulse
width ( at which the threshold pump fluence for theOPO with a given resonator
configuration is a minimum ) and illustrated its importance by presenting computed results
for an LBO-OPO. The computed results for the threshold fluence and optimum pulse width
are shown in Fig.2.1.12 and Fig.2.1.13, for an LBO-OPO pumped at 355 nm under type-l
phase matching scheme (e -» o+o).

Fig.2.1.12 shows the dependence of the threshold fluence on pump pulse width at
a signal wavelength of 540 nm, for a resonator length of 6 cms and for different values of
the total reflectivity, R. In narrowband OPOs, set up with grazing-incidence-grating
configurations, equivalent reflectivity of the grating-tuning mirror combination is very small
due to the low diffraction efficiency of the grating at the large angle of incidence at which it
is used. For example, at an angle of incidence of ~80°, the diffraction efficiency of
holographic gratings may not be better than 60%. Since the grating is used twice in a
round trip, the equivalent reflectivity will be less than 36%. The importance of operating
close to the optimum pump pulse duration is evident from Fig.2.1.12 for such lossy
narrowband resonators. For a total resonator reflectivity of R = 0.35, the threshold fluence
increases from 0.69 J/cm2 to 1.04 J/cm2 when the pump pulse duration increases from the
optimum value of 4 ns to 15 ns which corresponds to an increase in pump pulse energy
requirement by ~ 51 %. On the other hand, for low-loss OPO resonators commonly used in
broad band free running OPOs or in injection seeded OPOs, dependence of the threshold
fluence on pump pulse duration is found to be considerably weaker beyond the optimum
pulse duration.

Fig.2.1.13 shows the dependence of the optimum pulse width on cavity length as
derived at a signal wavelength of 540 nm for different values of R. The optimum pulse
duration is seen to be smaller for a more lossy resonator. The computed results show that
considerable reduction in threshold fluence of lossy, narrow-band OPOs can be achieved
by using pump lasers with pulse duration close to the optimum value.

2.2 GAS LASERS

During the period under report, the activities were related to the two areas namely
CO2 Laser Systems and Argon Ion Lasers. High Power CW CO2 Lasers working at power
levels 0.5-2KW have secured a major role in industrial material processing applications in
high-tech fields including nuclear industry. The basic constraint on the output power
capabilities of these lasers is the removal of waste heat produced along with the laser
power, in so called Fast-Flow CO2 lasers the heat is converted away by the fast flowing
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gas mixture Such lasers offer a number of advantages like design simplicity, scalability
and compatibility with commonly available electrical power sources. The axial flow of the
lasing mixture ensures high beam quality of the laser beam which is essential for precisely
controlled operations The Section has a programme for development of 2-KW Fast Axial
Flow CW CO2 Laser.

An electron beam source capable of providing high energy electrons over a cross
sections area of approximately 10 x 100 cm2 was described in previous report
BARC/1992/P/001. It was incorporated as a preionising source in an atmospheric CO2

Laser system to successfully commission an electron beam controlled CCyaser
(BARC/1993/P/004). It is planned to use this system as an amplifier in a oscillator amplifier
system to build a CO2 laser tunable over the 9-11 ̂ m wavelength range. The electron beam
source can also be utilized as a preionizer for Rare Gas Halide excimer and N2 lasers.

With advances made in IR multiphoton Absorption Spectroscopy and allied field of
isotopically selective multiphoton dissociation of polyatomic molecules CO2 lasers have
acquired added importance. Tunable TEA CO2 laser provide discrete lines in the 9-11 pm
wavelength regions. Efforts aimed at developing tunable medium rep. rate CO2 lasers
capable of giving output energies of a few joules per pulse at repetition rates cf ~50Hz are
being made

The ability to generate CW powers upto tens of watt at a variety of visible
wavelengths and up to several watts in the ultraviolet has made Argon ion laser useful in
applications ranging from pumping tunable lasers to putting on the laser light shows. They
are used regularly to detect latent finger prints, create masters of video discs and compact
discs, make medical measurements, and perform fluorescence studies. New applications
for ion lasers continue to emerge, including producing 3-D models of parts in a process
called stereolithography, and serving light sources in confocal microscopes. Ion lasers face
a challenge from frequency doubled diode pumped Nd:YAG lasers. However, later has yet
to match the high power available from ion laser. Meanwhile solid state laser advance have
created new applications for ion lasers, e.g. pumping of tunable Ti.Sapphire lasers.

The section has a programme for making a laboratory model of 10 watt multi-line
laser and an engineered prototype of 3 watt flowing glass laser. The endeavours primarily
aim at meeting the requirements of Argon Ion Lasers by various units of BARC. A brief
description of the work carried in various areas mentioned above follows.

2.2.1 Fast Axial Flow CW CO? Laser
(Shailesh Kumar, R.Chandramouli)

During the year 1997, the following work bas been carried out in the field of
development of a kW, cw axial fast flow CO2 laser.

A 40 kV, 1 amp dc power source has been commissioned so as to provide pump
energy for the 2 kW laser under development. It has been operated with the existing 600w
laser with double gain section (70 cm each). The system output is limited by the heat
removal capacity of the convective cooling loop. To overcome this, a new flow with a pair of
heat exchangers has been designed. Design calculations relating to pressure drop, heat
transfer and tube layout were verified with the help of experts from Reactor Services &
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Maintenance Division, subsequently, an s.s. piping layout was also designed and is being
procured.

The current control feature of the power supply was employed to optimize the
ballast resistance that comes in series with the discharge load. Through experimentation,
the value of the ballast resistance was reduced to 40 kQ, bringing down the total dissipated
power by 1.5 kW. This resulted in an increased wall plug efficiency of 8.4% as against the
earlier value of 6.7% with sustained uniform glow discharges in both the limbs.

2.2.2 Electron Beam Controlled CO? Laser
(V.P.Singal)

A coaxial cable of one meter in length, 100mm dia, 7mh of inductance and 1.2 nf of
capacitance has been developed indigenously to generate a rectangular pulse of 5\is
duration. An electronic pulser has been designed and developed by using ten such coaxial
cables connected in Blumlien mode to generate of 150 KV-150 A-5^s pulses. This system
is now in operation and generates reproducibly electronic pulses of 130 KV, 130A and 5^s
and will be used to accelerate electrons in the gun chamber. Another Blumlien Generator
has been developed to produce electronic pulses of 50 kV, 5KA and 5ns duration. This
pulser consists of six capacitors of 0.1nf, 75 kV each, 5 coils of lO^ih each and a spark gap
of 50 kV. This pulser will be used for the main discharge of laser chamber. An electronic
circuit has been developed to synchronize both the pulses with a delay of 0.5ns. The whole
set-up has been tested successfully on dummy loads. Efforts are in progress to incorporate
these pulsers on laser system. It is expected that this system will deposit electrical energy
very efficiently in the laser system and may improve the CO2 laser output considerably.

2.2.3 Surface Treatment of Graphite Samples with C02 Laser Beams
(V.P.Singal)

Some experiments • were conducted to study the effect of laser irradiation on
graphite surface. 10J, 0.4 îsec pulses were focused on the graphite surface target with the
help of convex lens of ZnSe of focal length of 10 cm The spot size was of the order of 5
mm. SEM & XRD examinations were carried out before and after laser irradiation. It was
observed that XRD pattern changed after irradiation and new entities were seen on the
surface. Amorphous graphite was also irradiated and it was found that it became partly
crystalline. The changes on the graphite surface are attributed due to high temp, and high
pressure built up by laser photons.

2.2.4 Dynamic Grating and Fourwave Mixing
(Paramita Deb)

I have carried out transient grating measurements, in n-lnSb and n-HgCdTe
samples. Detection and identification of impurities and defects in these semiconductors
have long been topics of technological importance. Of particular interest is that location of
the impurity and defect status within the forbidden gap region of narrow gap
semiconductors. We have devised a single yet sensitive technique that locates the deep
levels with an accuracy of about 0.002 eV. The experiments were carried out with an TEA
CO2 laser which had a maximum output energy of 500 mJ in the multi-spatial mode, on the
10P (20) line. It was grating, tunable and mounted in the Littrow arrangement. In order to
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fulfil the two wave mixing geometry, the laser was split into two beams, each carrying 70%
and 30% of the energy respectively. The two beams overlap on the sample at an angle of
1° forming a grating period of 611 urn.

As an extension of this work, I have also carried out experiments on degenerate
four wave mixing. In comparison with second order processes, third order processes are
allowed in all media. Therefore, no symmetry constraints are imposed on the media under
study. The InSb wafer used as the non-linear Brewster incidence at the location of the
transverse spatial overlap of the input waves. The measure of efficiency of a DFWM
processes is the energy reflectivity, the quotient of the energy of the phase conjugate wave
and signal wave. In our experiment the maximum reflectivity obtained was 5.8%.

2.2.5 Operation of Rotating Dielectric Spark Gaps in the KHz Range
(D.J.Biswas & J. Padma Nilaya)

We have, in the past, demonstrated the high repetition rate and latch proof
operation capabilities of the rotating dielectric spark gaps (RDSG). We have shown now
that its unique geometrical configuration makes it amenable to scaling up the repetition rate
to kHz level. For this we drilled 8 holes each along two circles of diameters 24 cm and 18
cm on a disc of diameter 27cm in a staggering fashion. The outer holes were used to
charge up two identical condensers (5.4nF) and the inner holes were used to discharge
them in succession in to the same load. The charging and discharging spark gaps were so
located with respect to the holes of the dielectric plate that the operation remained short
circuit proof all the while. This simple arrangement enabled us to operate the spark gap at
1 2 kHz repetition rate.

2.2.6 Dispensation of Diode in a Resonantly Charged Repetitive High Voltage Circuit
(D.J.Biswas & J. Padma Nilaya)

When a condenser is resonantly charged, a diode is normally used between the
charging choke (L) and the condenser (C) to prevent oscillation of energy between them.
We have shown that the diode can be dispensed with by making use of a suitably
configured RDSG in such a circuit. If the size of the hole and the value of L are so chosen
that the time (W(LC)) taken by the condenser to get charged to the full voltage and the
time of passage of the hole between the electrodes of the charging spark gap is same then
appearance of the dielectric between the electrodes of the spark gap prevents any
exchange of energy between L and C. We have operated the device at 600 Hz repetition
rate satisfactorily.

2.2.7 On The 16 Micron Sequence Band Lasing in CO? Molecules
(D.J.Biswas & J. Padma Nilaya)

A coherent source emitting at 16 ^m wavelength finds application in laser isotope
separation of uranium. One of the widely studied techniques for effecting such lasing uses
the 02°O - 01 O transition of CO2 molecule. In order to reduce thermal population of 01 O
level which, in turn, facilities the realisation of population inversion, the gas here needs to
be cryogenically cooled to about 140°K, posing thereby a major experimental hurdle.
Furthermore, operation at higher pressure is not favoured owing to the increased resonant
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vibrational energy transfer from the Fermi levels to 01 O level. Although it has been
theoretically shown that higher operating pressure is possible if the increased relaxation of
the upper laser level can be offset by transferring population from the 00°1 to this level at a
faster rate, this cannot be realised in practice for the following reason. Transverse
discharge excitation, which is a prerequisite for reliable operation at higher pressures, is
difficult to achieve in a cryogenically cooled laser tube. Thus operation has always been
limited here to low pressures utilising easy to achieve longitudinal discharge which have
resulted in 16 nm pulses with energy of only few tens of microjouies. We have tried to
explore the possibility of lasing on the 16|im sequence band, which if successful, has many
merits over the normal 16jim band. The success of this proposed scheme relies on the

availability of large population in the 01 0 level and therefore can take advantage of the
fact that the gas is required to be hot here. When an electrical discharge is initiated in the
hot CO2/N2 mixture, the vibrationally excited N2 molecules would resonantly transfer a
significant fraction of its energy in elevating the CO2 molecules from 01 0 to 01 1 level.
With increasing temperature, the population of 01 1 level would thus rise at the expense of
00°1 level population. If this population can be quickly brought to 03 0 level with the help
of a transfer laser, population inversion would exist between 03 0 - 02°0 and 03 0 - 02 0
levels giving rise to sequence band lasing since 020 levels relax much faster compared to
03 0 level. A hot band CO2 laser can be used as a transfer laser. In fact, transfer of
population would be far more effective here, for a Q-branch hot band line can be used to
transfer the populations simultaneously from all the rotational levels in the 01 1 level. The
slight mismatch between various Q-branch lines, arising out of the centrifugal distortion,
can be compensated by the pressure broadening of the transitions. As helium depopulates
01 0 level, addition of this would hinder the realisation of population inversion on the
sequence band transition. In Helium free operation, large molecular density of CO2 and N2

can be maintained at relatively lower operating pressures. This would help in maintaining
glow discharge and also achieving single mode operation, essential for isotope selective
experiments, with relative ease. We note here that such operating conditions can be met
for a conventional TEA CO2 laser by utilising spiker sustainer excitation technique. Another
significant advantage here is that high repetition rate operation capability is in built in this
system as in the case of copper vapour lasers. This is because the energy that remains in
the gas after the termination of each pulse would help maintain the required temperature.
Towards substantiating the merits of this sequence band scheme, we have performed
preliminary numerical computation based on rate equation model. We have written down
the rate equations involving population of all levels those participate in the sequence band
lasing. With the conditions of a transverse electric discharge, we have, using a Runge-
Kutta routine, computed temporal evolution of ail the level populations at different gas
temperatures. Maximum population inversion that is achievable on the sequence 16fim
bands has been shown as a function of the gas temperature in Fig.2.2.1. It would be seen

that as temperature increases from 300°K to 1000°K, the gain exhibits almost 100% rise.

2.2.8 Engineered Model 3- Watt Flowing Type CW Argon-Ion Laser.
(A. Pandey, N. Govindarajan)

Second cw tunable laser system, capable of delivering multiline output power in
excess of 1- watt at 20 amp, with efficiency of 0.02% has been successfully commissioned.
The improvement in output power and efficiency have been achieved by incorporating
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some important modifications in the first 500-milliwatt laser system, which was reported in
the earlier annual report BARC/1995/P/012 The tuned output power on different lasing
wavelength is given in Table 2.2.1.

Table 2.2.1

Lasing wavelength (A0)
4765
4880
4965
5017
5114

Power (mW) at 20 A

80
600
80
25
260

Molybdenum discs are being incorporated in the centre of carbon discs in order to
control the carbon powdering, which strongly influences the Brewster window performance,
hence laser output power and efficiency. Preliminary test on the effect of combination of
carbon and molybdenum discs, have been already carried out and highly satisfactory
results have been obtained.

Effects of spacer width and magnetic field on the performance of laser have been
experimentally studied. It has been found out that output power of the laser and influence
of axial magnetic field on it increases with decrease of spacer width as shown in Figs.2.2.2
and 2.2.3 respectively. The improvement is attributed to more efficient gas transfer and
better heat dissipation during the discharge. Work on increasing the output power by
increasing the active plasma length is in active progress.

2.3 LASER APPLICATIONS

2.3.1 Laser Photochemistry:

Molecular Isotopic Photochemistry Section has continued to pursue the
developemental activities relating to Carbon-13 and Hydrogen isotope separation by
selective IR laser chemistry. During the present reporting period a significant progress has
been made in the above mentioned areas :

2.3.1.1 Carbon-13 selective MPD in waveguide reactors
{V.Parthasarathy, S.K.Sarkar]

Investigations of batch photolysis runs on Carbon-13 selective MPD of CF2HCI in
waveguide ( WG ) reactors have been completed. The highlight of this work is the
demonstration and evaluation of two waveguide reactors made of pyrex and gold-coated
copper tube for use as efficient photochemical reactor. The former one was found to be
more promising in terms of better photon utilisation, cost and ease of fabrication.

This apparent difference in behaviour of the two WGs was rationalised on the
following understandings : the oxide glass surface possess a larger reflection coefficient for
obliquely incident light than any metals near 1000 cm"1 , though the latter has higher
reflection coefficient for normally incident light. It has been evaluated that glass
waveguides can have transmission loss smaller than metallic one due to reflection of the
obliquely incident light which is more or less (though not perfectly) total near 1000 cm"1 .
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This criterion applies regardless of the existence of K, the imaginary part of the complex
refractive index of the material which can be related to its attenuation coefficient.
Transmission characteristics thus provide useful guidelines to optimise the performance of
any WGR. Therefore we conclude that the performance of WG should be evaluated with
the working pulsed laser under focussing as used in the actual IRMPD experiments, though
a CW-laser measurement may yield good transmission result. .

The relative yield enhancement for the presently employed waveguide reactors with
respect to a normal reactor is moderate but nevertheless significant. A modest gain of 2-3
in dissociation yield compared to normal cell with high enrichment factors of 150 - 200 was
obtained. We envisage that better results are possible with improved beam coupling and
working with longer waveguides. Our primary aim was to maintain a high selectivity of the
process while improving the yield at the same time. Therefore, we employed a range of
focal fluences which were barely above threshold values favouring high enrichment. Even
any minor reduction in the beam energy during the early passage through the WG can
considerably reduce decomposition yield for the resonantly absorbing species. Further,
there can be complications in cases where more than a single waveguide mode is excited.
Under such circumstances, the available beam energy gets distributed among the various
modes and modifies the fluence pattern so as to supress the yield enhancement in the WG
compared to normal cell. The results obtained, therefore, are quite promising since WGR
can be readily incorporated in a flow configuration with minimum dead volume. Such a
system has good potential for scaling up of the laser separation process.

The present work was designed to study the reaction kinetics in batch experiments
in order to obtain the best performance for a chosen working molecule. In this step,
controllable variables such as exciting laser frequency, pulse energy, pulse duration, buffer
gas pressure etc. are chosen to optimise the objective functions such as selectivity, yield
and operating pressure. For engineering photochemistry, a study of continuous reactor will
be necessary so as to minimise the deterioration of batch performance due to transmission
loss, beam fluence inhomogeneity, back mixing, wall-enhanced reaction and so on. We
have already modelled the beam propagation problem in WGR. Although the various
intertwined parameters for the reactor design may vary from one isotope to another, one
can probably take cue from the well established continuous stirred tank reactor (CSTR)
approach.

2.3.1.2 Enrichment of Carbon-13 with temporally modified CO? laser pulse
[V.Parthasarathy, S.K.Sarkar]

In isotope selective photochemistry via infrared multiple photon dissociation (IR
MPD) , one is primarily concerned with the selective excitation of a desired species by a
pulsed CO2 laser and its subsequent reaction. The interplay dynamics between various
energy transfer processes, V - V, V - R,T , both intra and inter- molecular, which are in
direct competition with radiative excitation limits the overall operating pressure for a desired
selectivity.

Excitation by a conventional TEA CO2 laser which has a temporal profile of about
100 ns spike and a few ms tail restricts the substrate pressure to typically less than a few
Torr depending on various criteria like energy absorption by the system, laser intensity,
spectral selectivity ete. At higher pressure, serious selectivity loss occurs due to collisional
processes which poses a major problem in a practical laser separation scheme where high
pressure (> 100 Torr) operation is desired to reduce the reactor size and compressor cost.
This may be tackled by employing a CO2 laser delivering short pulses. In the past, there
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have been a few succcessful studies in this direction by using a modified temporal profile
of a TEA CO2 laser. These short pulses can be obtained by various techniques like mode
locking ( both active and passive ) , free induction decay, pulse slicing with electro-optic
switch. However, output pulses from these require further amplification for any useful
application due to their very low energy content. One of the simplest and least expensive
ways short pulses (a few tens of ns duration) with appreciable energy output could be
generated is by employing a " plasma shutter cell " (PSC). Briefly, this involves laser
induced dielectric breakdown of a gas kept in PSC. The gas which is normally insulating
and transparent to the radiation at ordinary intensities is rapidly transformed into a highly
conducting, self - luminous , hot plasma by the action of the high intensity laser pulse. The
resultant plasma interacts with the excitation pulse and modifies its temporal profile.
Though only a few IRMPD experiments were carried out using such an excitation source,
we found this technique to be convenient for assessing the potential of short pulse
irradiation for inducing isotopically selective dissociation at high pressures.

Freon - 22, CF2HCI, is an excellent system for practical separation of carbon
isotopes. Its well resolved carbon isotope shift facilitates highly selective photodissociation.
It has a simple and facile laser chemistry. By virtue of its very low absorption cross section
at 1045 cm*1, irradiation can be performed upto 100 Torr at a fluence < 4 J cm*2 by normal
100 ns pulses with a favourably low energy expenditure per separated carbon atom.
Presently IRMPD of CF2HCI has been studied under collisional conditions in the context of
carbon-13 enrichment. Intensity and pressure effects have been investigated with
temporally modified pulses generated from a TEA CO2 laser using a simple, inexpensive
plasma shutter device. Our results show that it is possible to achieve highly selective
dissociation even upto a sample pressure of 250 Torr by 40 ns pulses under appropriate
condition.

a.Short pulse generation from PSC
A commercial TEA CO2 laser (Lumonics 103 - 2) tuned to 9P (22) line (1045 cm"1)

was used in all the runs . The plasma shutter cell (17 cm long and 5 cm diameter) made of
brass and glass components was fitted with two plano-convex BaF2 and ZnSe lenses (f =
10 and 7 cm respectively). The laser beam was focused inside the tube by the first lens
and rendered parallel again after passing through the second lens. High purity helium at
various pressures was used in the plasma cell to generate short pulses. Suitability of He as
a plasma medium was evaluated in terms of energy efficiency (Eextracted / EinCident) and
duration of short pulses generated. Pulse energies were measured by a calibrated
pyroelectric detector (GenTec - ED 500). A fast, room temperature, mercury-cadmium-
telluride detector (Edinburgh Instruments, rise time < 1 ns) in combination with a 300 MHz
digital scope (Lecroy 9450 A) was employed to capture the temporal profile. Pulse-to-pulse
reproducibility of the plasma switch was found to be quite good (typically a few ns). Using
different lasing gas mixtures with various amounts of N2 , we have further investigated how
the temporal profile of incident pulse influences the generation and characteristics of the
short output pulse.

Table 2.3.1 describes the results in terms of spike duration and energy efficiency for
short pulses obtained from the plasma cell for different He pressures. Increase of gas
pressure results in a gradual shortening of the transmitted pulse. However, the energy
efficiency for the output beam gets progressively reduced.

In laser induced dielectric breakdown, the extremely rapid transformation from
neutral gas into hot plasma takes place in three distinct phases, viz, (a) initiation, (b)
formative growth and the onset of breakdown and (c) plasma formation accompanied by
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the generation of shocks and their propagation. There are two mechanisms proposed for
the initial ionisation: One involves ionisation by multiphoton absorption while the other
involves cascade ionisation assisted by collisions. For excitation with an IR laser source,
first process would involve simultaneous absorption of over hundred photons and is,
therefore, less probable. As soon as conditions for the onset of breakdown are satisfied,
ionisation growth will continue as long as the irradiation continues. There then follows the
rapid plasma development stage and production of a highly ionised hot expanding gas in
which further laser light absorption, heating and hydrodynamic processes become
increasingly important. As the electron and ion concentrations increase, electron - ion and
ion - ion interactions can contribute to the growth mechanisms. The gas will remain heated
for substantially longer than the duration of laser pulse which created it, but the extinction
processes of recombination, diffusion , radiation and conduction remove energy from the
plasma region , and local thermodynamic equilibrium with surrounding gas is established in
about ms time scale. Thus laser induced dielectric breakdown acts like a switch allowing
leading edge of the exciting laser pulse to pass through the plasma cell as a short duration
spike while absorbing / scattering the remaining part of the incident light. Fig. 2.3.1 shows
the typical short pulse generated from the normal pulse.

With increase of gas pressure, threshold for breakdown goes on decreasing leading
to an earlier onset of plasma formation. This results in a faster switching of the excitation
pulse with a concomitant shortening of the transmitted pulse through the plasma cell.
Energy efficiency for the output beam, however, gets progressively reduced because larger
part of the excitation pulse gets absorbed / scattered..

While trying to improve upon the energy of the short pulse with N2 rich lasing gas
mixtures delivering higher input energy, we found that tailing occurs in the extracted pulse.
It appears, therefore, that under the present experimental conditions, residual part of the
excitation pulse emerges as a tail after plasma extinction. This behaviour is more
pronounced in the case of shorter (~ 30 ns) pulses which are generated at higher helium
pressure in the plasma cell. In a separate study, we have investigated the temporal
characteristics and partitioning of energy between the short spike and long tail of the
output pulse {cf. Table 2.3.2) . We have also used such modified pulses for isotope
selective studies to see whether energy variation in the tail can help to improve IRMPD
process.

b. Isotope selective photolysis by normal and short pulses
We have made a comparative photolysis study of CF2HCI at various pressures

using tail - free 100 ns FWHM pulses and also shorter pulses keeping irradiation conditions
the same. For runs involving 100 ns pulses, plasma cell was kept in evacuated condition
while for shorter pulses it was filled with appropriate pressure of helium. Emergent beam
from the cell was found to be well collimated and was focused into the centre of a pyrex
photolysis cell (50 cm long , 3 cm dia., overall volume 473 cc) by a BaF2 lens. Commercial
grade CF2HCI (Mafron - 22) was used as such after several freeze - pump - thaw cycles .
Gas chromatography (Shimadzu RPR - G1) and mass spectrometry (VG Micromass 6060
F) were used to quantitatively measure the product formation and its carbon isotopes
distribution Atom fraction ratio, (13C / 12C) was measured for C2F4 by mass spectrometry
from (m / e) peaks at 81 (^CF^CF), 82(*12CF2

13CF / +13CF2
12CF) and 83C13CF213CF)

respectively with a precision of ± 1 %. The combined analytical data yielded the
decomposition yield for C -13 and C - 12 bearing species , viz , *Y and 12Y respectively.

The individual dissociation yield , 'Y (i = 13 or 12) is given by :
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'Y ={ 1 - ( j N m / >N0 ) 1An> x f (1)

where 'No and ' N m correspond to the number of species containing the isotope' i ' before
and after irradiation with ' m ' number of pulses respectively.' f ' is the ratio between total
reactor volume and irradiated volume. The dissociation selectivity "S" is defined as the ratio
of C-13 dissociation yield with respect to C-12 dissociation yield.

i.e., S= 13Y/12Y (2)

On selective excitation for the C -13 species, CF2HCI undergoes facile dissociation :

13CF2HCI > 13CF2HCI* > 13CF2+HCI (3)

where 13CF2HCI* represents a highly vibrationally excited molecule. Dimerization of
difluorocarbene results in the formation of tetrafluroethylene enriched in C -13:

13CF2 + 13CF2 > 13CF2
13CF2 (4)

Depending on the excitation selectivity, collisional energy transfer etc, some
dissociation may occur for the C - 12 species resulting in 12CF2 formation. 12CF2 thus
formed can interact with either 13CF2 or 12CF2 producing different isotopic variants of Q.F4.
Ultimate isotopic composition of the product depends on a number of parametric conditions
prevailing during the photolysis which are discussed below.

c. Intensity effects
For a small molecule like CF2HCI, laser intensity has a strong influence on its MPD.

Fig. 2.3.2 shows the dependence of 13Y, 12Y and S on incident energy for the photolysis of
100 Torr CF2HCI by 100 ns pulses covering a fluence (<f>) range upto 5.2 J cm"2. While there
is a steep dependence of Y in the threshold region (~ 2.5 J cm"2), ft is less pronounced for
C - 1 3 species above 3 J cm'2. For C - 1 2 species, however, the effect continues to
dominate although at a diminished rate leading to a sharp decline in the selectivity. As the
fluence is increased by a factor of three, S value drops from 170 to 3.

These results enable us to conclude that an increase in intensity causes a stronger
excitation of the undesired isotope compared with the desired one giving rise to a lower
dissociation selectivity. Several studies on the spectra of multiphoton excited molecules
show a broadening effect and diffusing of structure, if present, with increasing intensity.
Therefore, irrespective of factors responsible for such changes like new multiphoton
resonances, weak transitions, power broadening etc, one can expect that an increase in
intensity, in general, brings down the selectivity. It is difficult, however, to carry out
quantitative interpretation because our measurements have been taken at very high
CF2HCI pressure where inter isotopic V-V exchange effects overwhelm purely field effects.

d. Pressure effects
Increase in gas pressure leads to rather a great number of collisions taking place

during MPD. It has been observed that the processes of V-V, V-T and rotational relaxation
may have a pronounced and under certain conditions, a very significant effect on the MPD
process and the observed yield for CF2HCI dissociation. In the case of excitation of a two
component medium, collisional effects on selectivity are decided by different action of
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multicomponent collisions! processes which could have many possibilities. The existence
of several types of relaxation processes with varying rates causes the effect of collisions on
selectivity to be highly dependent not only on the excitation conditions but also on the
properties of the molecule being excited and the type of collision partner.

Here we present the essential results obtained in studying the influence of collisions
on MPD selectivity. While describing these results, we will try to systematize them from the
viewpoint of the contribution of different processes. A decrease in selectivity, S with
increasing gas pressure is attributed to the process of V-V exchange as a result of which
transfer of vibrational energy to unexcited non-resonant isotopic molecule takes place
during collisions. This causes the dissociation of these molecules to increase via two
pathways : (a) the molecules with undesired isotope so excited are able to dissociate
during the laser pulse and (b) post pulse dissociation through vibrational energy pooling.
One more factor bringing down the S value is through the decrease in Y of the desired
species as the pressure rises. This, for example, may take place when a considerable
contribution to Y is made by the dissociation of C - 13 molecules in relatively long lived
states just above the dissociation limit. Such species are more vulnerable to collisional
deactivation.

Effect of collisions on decomposition yields and selectivity were investigated at two
different fluences in a pressure range of 50 - 150 Torr by 100 ns pulses. In this pressure
regime, system undergoes several tens of collisions during the laser pulse which facilitate
the V-V exchange :.

13CF2HCI* + 12CF2HCI > 13CF2HCI + 13CF2HCf (5)

12CF2HCf thus formed may end up in the vibrational quasi - continuum and undergo IR
MPE / MPD leading to lowering of S. At a moderate fluence of 3.4 J cm'2, both 13Y and 12Y
continue to increase in a modest way up to about 100 Torr (Fig. 2.3.3 ). However,
selectivity is maximum at around 50 - 75 Torr in the range investigated and then begins to
drop slowly which could be due to the difference in rate of rotational relaxation for the two
isotopic molecules. But beyond 100 Torr, the accelerated V-V deactivation of C-13 species
with consequent increase in 12Y leads to a sudden drop in selectivity which is about 20 at
150 Torr. The general trend of our results for photolysis of 50 -150 Torr CF2HCI by normal
pulses of 9 P(22) line at 3.4 J cm"2 is similar to that reported in the literature for a pressure
range of 10 - 200 Torr by 9 P(20) irradiation at 3.2 J cm'2 and for a range of 7.5 - 75 Torr by
9 P{26) at 4 J cm'2 fluence. We have further found that increasing the fluence to 5.2 J cm"2

resulted in an enhanced dissociation of C-12 species even at an early stage of about 50
Torr. Moreover, selectivity values which were much lower than those at moderate fluence
irradiation at a given pressure dropped to a very low value of about 2 at 150 Torr. Our main
aim in this study is to overcome selectivity constraints in normal pulse excitation. This has
been achieved ( vide infra) by employing temporally modified short pulses for irradiation at
high sample pressures. For example, we have shown that a high selectivity of 70 can be
preserved even at 250 Torr for photolysis with 40 ns pulses.

e. Pulse duration effect
A fairly reasonable modelling has been done to correlate the selectivity with V-V

exchange rate constant, kv.v, total gas pressure, p and laser pulse duration., tp . It follows
from the model that in exciting a minor isotopic component (fractional abundance, XQ « 1),
it is possible to work with a high gas pressure if the spectral dissociation selectivity So is
large enough to be > 1/XQ . In this case, the enrichment depends on the partial pressure,
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po of the desired isotope ( p0 = P *o ) a n d s o t h e operating gas pressure could be
sufficiently high. For CF2HCI photolysis, with right choice of excitation frequency,
temperature etc., above condition can be fulfilled and a dissociation selectivity of 90 could
be maintained even at 100 Torr total pressure of CF2HCI. By fitting experimental results on
various systems to this model, it has been possible to arrive at a general condition : p0 So

JVv tp = constant, for optimising various experimental parameters. Therefore by changing
tp , we can affect the contribution of V-V exchange on the measured value of selectivity
and hence vary the dependence of S on pressure.

For photolysis runs in this category, pulses of different durations { 100 - 30 ns )
were generated by adjusting helium pressure in the plasma cell. CF2HCI pressure was kept
at 100 Torr and average focal fluence was 4.0 J cm"2 in all these runs. The results are
given in Table 2.3.3. By decreasing the pulse duration by a factor of three down to 30 ns,
we could further improve upon the selectivity to 200 at 100 Torr sample pressure. An
estimate of kv.v from these measurements was found to be 106 Torr I s'1 which is typically
the value for such a small molecule.

Similar information was obtained by working with a shortened pulse on higher
sample pressure while retaining the dissociation selectivity at a fairly high level. Fig. 2.3.4
shows the dependence of 13Y, 12Y and S on system pressure while working with 40 ns
pulses. At a fluence of 3.7 J cm "2 , collisions play only a marginal role on the
decomposition yield of either of the isotopic species in the pressure range investigated. A
high dissociation selectivity of about 150 is maintained throughout compared with those
from photolysis by 100 ns pulses (cf. Fig. 2.3.4). When the focal fluence was raised to 4.5
J cm "2, S was found to be - 40 at 50 / 75 Torr, and - 70 for a substrate pressure range of
100 - 250 Torr. At 300 Torr, it dropped to 8.

Investigation of the influence of N2 in lasing gas mixture on both temporal profile
and energy partitioning between the spike and tail components was done under two
conditions , viz., ( i ) evacuated plasma cell and ( i i ) with 300 Torr He. Such temporally
modified pulses with varying tail energy content were employed in the photolysis of 100
Torr sample. The motivation of applying such temporally long pulse was to see any
modification of yield / selectivity of the process. We have seen that increasing pulse
energy in the ms tail part of a 100 ns FWHM pulse resulted in a drastic fall of selectivity.
However, when 30 ns FWHM pulses in conjunction with varying tail energy were employed,
selectivity could be maintained at a similar level (-100 - 200) (cf. Table 2.3.2 ) as obtained
with the short spike only. This can be understood by considering CF2HCI as a small sized
molecule having a high lying quasi-continuum onset which also suffers from molecular
sticking in the last stages of discrete vibrational ladder. Therefore supply of extra energy in
the form of tail merely populates the vibratiohal levels of discrete ladder without causing
any noticeable enhancement in dissociation yield and hence the selectivity. On the
contrary, quantum efficiency of MPD in such cases are observed to be lower compared
with that obtainable using tail-free pulses.

Summarising, we have standardised a technique based on laser induced dielectric
breakdown in He to generate TEA CO2 laser putses of short duration with good reliability
and useful energy output. These pulses have been successfully employed for carbon - 13
enrichment in the photolysis of neat CF2HCI at pressures as high as 250 Torr. Optimisation
of these results are expected to be very useful in the scaling up of C - 13 enrichment by
laser separation method.
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2.3.1.3IRMPD of Haioethane Compounds

Collaborative investigations with Chemistry Division on a series of Haioethane
compounds were continued. These hydrochlorofluoro carbons (HCFC) are potential
candidates as substitutes for CFC compounds and also as working molecule for laser
separation of Hydrogen. The IRMPD of two such compounds namely 2-bromo-2-chloro-
1,1,1-trifluoroethane CF3CHBrCI and 1,2 - Dichloro - 1,1 - difluoroethane CF2CICH2C!
gave rise to intense visible light emission between 300 and 750 nm due to various
carbenes. The effect of various experimental parameters such .as laser energy, pulse
duration and substrate pressure on the emission has been studied. Infrared fluorescence
studies have also been carried out to explore the vibrationa! excitation of the
photoproducts. A self-consistent mechanism was proposed explaining the complex
photodissociation dynamics of the systems.

Table 2.3.1: Experimental conditions and results for short pulse generation in PSCa

Gas

He

Pressure
(Torr)

0
200
250
300

Spike duration
<ns)
100
56
40
36

PSC Output energy
(J)

0.64
0.22
0.29
0.10

% Efficiency(b)

100
33
35
18

Note:
(a) 100 ns FWHM pulses with very little tail were used for excitation
(b) Efficiency is defined as the ratio of output energy to incident energy of the beam

entering the PSC after normalizing the window losses

Table 2.3.2: Photolysis with pulses using variable nitrogen in the lasing gas mixture (LGM)

LGMa

(litre per
minute)

0:1:8
0.1:1:8
0.2:1:8
0:1:8
0.1:1:8
0.2:1:8
0.3:1:8
0.4:1:8

Hepr.
in PSC
(Torr)

0
0
0
300
300
300
300
300

t
(Pulse)
(Total)
(ms)

2
3
4
2
3
4
4
4

t
(Spike)
FWHM

(ns)
100
100
100
37
31
32
30
32

E
(Total

output)
(J)

0.64
0.65
1.11
0,24
0.56
0.66
0.83
1.00

E
(Spike)

(J)
0.58
0.34
0.33
0.17
0.06
0.10
0.07
0.10

E(Tail)

(J)
0.06
0.31
0.78
0.07
0.50
0.56
0.76
0.90

13Y

x10 3

14
3.9
44
1.7
1.6

0.87
1.5
9.5

12Y

x10 6

930
650

18000
11
8

4.3
15

5000

Selectivity

S

15
6

2.4
154
200
202
100
1.9

(a) Note : LGM = N 2 : CO 2 : He <J>=3.4 - 5.6 J cm*2 in these runs
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Table 2.3.3: Photolysis with pulses of variable spike duration a

Hepr.
inPSC
(Torr)

0
100
150
200
300

t
(Pulse)
(Total)
(ms)

3
3
3
3
3

t
(Spike)
FWHM

(ns)
100
83
50

36.5
31

E
(Total
output)

(J)
0.65
0.48
0.34
0.53
0.56

E
(Spike)

(J)
0.34
0.18
0.10
0.13
0.06

E(Tail)

(J)
0.31
0.30
0.24
0.40
0.50

13y

x10 3

3.9
1.87
1.16
1.04
1.60

12Y

x10 6

650
12
7.6
9.3
8.0

Selectivity

S
6

156
153
112
200

(a) Note : 100 Torr CF2HCI was photclysed at 4 J cm'2 fluence in all the runs.
LGM :0.1 :1 : 8litre per minute

2.3.1.4 Chemical Dynamics of Laser Selective process:
(A.K.Nayak, R.S.Karve, V.Parthasarathy & S.K.Sarkar)

Chemical dynamics of elementary gas phase reactions is extremely useful for
various activities of our isotope selective investigation. This will help us in identifying (a)
suitable scavenger for capturing the desired isotopic species as stable end products in
IRMPD scheme and (b) suitable reactant for extracting the desired photoexcited species in
laser induced chemical reaction. The expertise and infrastructure developed can also be
utlised to interact with automobile and chemical industries for combustion and
environmental applications. This field has vast opportunity to match with variety of
applications as the need arises (even biological systems can be handled). A great deal of
theoretical modeling work can be interactively done to predict the overall chemistry.

The basic unit will consist of pulsed laser photolysis set up with various sample and
detection options like kinetic absorption spectroscopy, laser induced fluorescence /
resonance absorption techniques. This will provide information on reaction rates, product
distribution and reactivity of photoxcited species. We have already built a pulsed CO2 laser
photolysis set up with kinetic absorption spectroscopic detection technique. The unit was
tested for the detection of CF2 radicals generated from the IRMPD of CDF3 and CF2HCI. In
brief, CDF3 and CF2HCI were irradiated with a TEA CO2 laser and CF2 radicals were
generated via the reactions :

CDF3-»CF2+ DF . and CF2HCIH» CF2+ HCI.
The formation and decay of CF2 radical ( CF2+ CF2 ->C2F4 ) were monitored by its
absorption at 250 nm. We have also investigated the rise time of the CF2 radical at
different pressures of CDF3 and CF2HCI. The concentration of the radical produced in the
irradiation zone was estimated from the dissocation yield as monitored before and after the
irradiation by taking FTIR spectra of the sample. For CF2HCI the rise time increased from
about 10ns at 4 Torr to about 30^is at 20 Torr. Similarly for CDF3 the rise time increased
from 10ns at 4 Torr to 25 ^s at 10 Torr. These behaviour could be understood in terms of
various collisional processes. By comparing the reported value with these measurements,
the performance of the set up was found to be excellent.
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Having satisfied with the performance, we have initiated the study of the reaction of
CF2 radical with O2 by photolysing the above systems in presence of oxygen. This reaction
is one of the important processes for the removal of the CF2 radical from the stratosphere
where such radicals are formed by photolysis of chiorofluorocarbons, in particular CF2CI2
reaction. By monitoring the the decay of the CF2 radical which is now due to two competing
reactions, viz.: CF2 + CF2 ->• C2F4 and CF2 + O2 -> products, we are able to determine the
required oxidation rate constant from the knowledge of the dimerisation rate constant
determined previously.

2.3.2 Laser Process: Engineering

The Process Engineering & Material Handling Section is involved in the Laser
based separation processes and development of related technologies. The activities are as
follows:

2.3.2.1 Vapour Generator Design

The vapour generator is an essential component of laser based processes Physical
Vapour Deposition (PVD) equipment. PVD processes have applications in production of
optical components for lasers. PVD requires Concentrated Energy Beam (CEB), such as
laser or electron beam, as heat source in the range of 1-20 kW/cm2, to be focused on a
small area on the surface of a metal. The CEB melts the metal to generate a melt pool
contained in a solid metal skull in a water cooled crucible, which is enclosed in a vacuum
environment. It raises the temperature of the pool locally and vaporizes the metal. The
three regions to be analyzed for heat transfer are- the beam impact area, the liquid poo!,
and the solid skull. These analyses are coupled together to predict the characteristics of a
particular type of CEB vaporizer. Power oscillations and spatial oscillations are commonly
encountered in CEB sources. They can affect the rate of vaporization spatially &
temporally, and hence the deposition quality. We have studied heat transfer in liquid metal
pool using an in-house developed finite element method based computer code-HMELT (in
collaboration with RSD, BARC), which solves energy equation for 2-D & axisymmetric
geometries, with different boundary conditions.

This code was first verified with different bench marks and controlled experiments
conducted in our laboratory. The experiments with CEB were simulated with specially
designed high heat flux resistive heater in contact with smooth surface of low melting point
metal (Bismuth) contained in water cooled stainless steel crucible, which in turn was placed
in a vacuum environment. The results from bench mark studies and experiments matched
well with the computational results.

2.3.2.2 Computational Study of Thermal Wave Phenomenon due to Periodic Heat Flux
Boundary Conditions

The 'HMELT code was used to study the response of the system under periodic
heat flux boundary condition. While the analytical solutions for the periodic temperature
boundary condition for simple 1-D geometries are available in the literature; sustained
solutions with periodic CEB flux of Neumann category, are not available. Some authors
have found it necessary to solve the telegraph equation with relaxation time to capture the
thermal wave, together with the damping due to diffusion based on Fourier conduction law.
In our work, a criterion has been found to select the time step and mesh size, based on the
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oscillation frequency and material properties. A typical study for selection of mesh is shown
in Fig. 2.3.5 and Fig. 2.3.6. The code is able to predict the variation- in the surface
temperature and in the consequent vaporization rates, with the normally encountered
boundary conditions in the PVD processes. Once the temperature variation at the surface
is accurately predicted the variation in vaporization can be predicted. The study
demonstrates the effectiveness of the computational scheme with adaptive mesh to
accurately predict the thermal wave phenomenon in the liquid metal pool of vapour
generators. Some of the studied results are shown in Fig. a, b, c. The detailed description
can be found in the publication by Sethi, et al.( Proceeding of National Symposium on
Vacuum Sciences & Technology and Power Beams), & Sethi, et at.(Proceedings of Third
ISHMT-ASME H & M Transfer and Fourteenth National H& M Transfer, December-97).

2.3.2.3 Modeling the Expansion of the Vapour Jet in PVD

Free jet expansion (FJE) into vacuum is encountered in Physical Vapour Deposition
(PVD) processes, specific chemical reaction studies, pure species extraction processes
etc. In the high rate PVD processes, usually a linear jet is produced in the viscous or
transition regime (Kn 0.1 - 0.01). As the jet moves away from the source, the temperatures
and velocities of the beam become anisotropic. For design and operation of PVD reactors
it is of interest to know the scaling relations of the beam velocity, temperature, number
density and flux with the operating and geometrical parameters. Such data is generated
through experiments and complementary numerical models. In this Knudsen regime the
most suitable technique for numerical modeling is the Direct Simulation Monte Carlo
(DSMC).

A DSMC code has been developed (in collaboration with ThPD) to study the
macroscopic behaviour of the jet. The test volume is divided into network of cells with
appropriate boundary conditions. At any instant, a simulated particle represents the
properties of the molecules in the cell. The particles are emitted randomly from the source
in the forward hemisphere with Maxwellian velocity distribution. It is also possible to emit
the particles as per the velocity & temperature distribution specified to study the realistic
situation. During streaming, the particles move for a given time interval according to their
velocity components and their new coordinates are stored. For the inter-molecular collision
in a given time interval, in each cell a pair of particles is selected with appropriate
probabilities and the collision is permitted according to the kinetic model chosen. The time
for collision is calculated using their relative velocity and density information. When the
collision is complete, the time counter is advanced by the time of collision. A collision is not
considered until the cumulative collision time of the cell is smaller than the counter time.
Using this technique the statistical scatters appear to have reduced.

We have studied the number density distribution at desired location, and evolution
of velocities & temperatures of the jet, the losses through various boundaries etc. Several
computational experiments were carried out with the code (using bench mark data) to
arrive at the criterion for selection of the computational parameters, which will help trade off
computational effort with accuracy of the results. The parameters include cell size,
emission rate & number of time steps. The code was validated with our experimental
results of FJE using Bismuth from a planar source at various Knudsen numbers.
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In industrial PVD processes, the molten surface of evaporation has a distribution of
temperature. The molten substrate under concentrated energy flux like laser or electron
beam develops a recess due to vapour thrust. These real processes have been simulated.

The vapour source as a trench generated due to vapour thrust (not a flat surface)
has been simulated and its effect on evaporation efficiency has been studied. All the
related aspects have been published by Mukherjee, et al. (Proceedings of Third ISHMT-
ASME H & M Transfer and Fourteenth National H & M Transfer, December-97) . Some of
the results are shown in Fig.2.3.8-2.3.11.

2.3.2.4 Global Thermal Analysis of the Vacuum Furnace

Three Dimensional (3-D) thermal analysis of a vacuum chamber and its
internals is of interest to design and operation of vacuum furnaces for material processing.
The predominant mode of heat transfer is by radiation. This vacuum chamber is made up
of a stainless steel cylinder, which in turn houses various internal components. A hot metal
block, at high temperature at the centre of the chamber is surrounded by thermal reflectors
at the bottom side. The space, on the upper side of the block is occupied by metal plates of
various shapes which are located at various orientations. Metal vapour condenses on
these plates. Ali these components are surrounded by a box, made of graphite felt to
provide thermal insulation.

Thermal analysis involved determination of temperature in all the internal
components. The knowledge of temperature determination is important from the point of
view of optimizing the design of the components, minimizing heat load and above ail
controlling the temperature distribution of the surrounding plates as per process
requirements. Analytical determination of temperature distribution and net heat loss involve
the calculation of Radiation View Factors (RVFs) of all components participating in
radiation heat transfer, followed by solution of radiation and conduction equations. Owing
to complex geometries, the process of evaluation of RVFs by closed form solution
becomes cumbersome. Complexity of the problem increases as most of the components
act like gray bodies. Finite Element Method (FEM) is used for this thermal analysis. 3-D
modeling is inevitable, owing to complex geometries of internal components. 3-D Finite
Element Modeling was done to arrive at a realistic result. The gray body simulation was
achieved by equivalent emmisivity concept. In order to verify the modeling aspect,
experiments were done on a vacuum furnace, which is being used for studying evaporation
and condensation of bismuth, for some of configurations. The results were well matched
with the experimental ones. The details of this work was published by Mishra, (Proceedings
of Third ISHMT-ASME H & M Transfer and Fourteenth National H & M Transfer, December-
97).

2.3.2.5 Modeling of the complete High Rate Physical Vapour Deposition Reactor (HRPVD

The main processes involved in HRPVD reactor are:
(a) Heat transfer in the crucible during electron beam heating and vapour

generation,
(b) Expansion of vapour jet into vacuum, and
(c) Condensation and deposition of vapour on the substrate.
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The heat transfer computations can be carried out independently to obtain the
surface temperature of the evaporating surface, temperature distribution in the bulk of the
metal and the required electron beam power. The free jet expansion can be studied by
using the surface temperature and the source geometry, or the Knudsen number of the
source as the input parameters, where the Knudsen Number is given by the ratio of the
mean free path to the beam width at the source (Kn = X/w). Thus, the heat transfer and
free jet have been decoupled with Knudsen number as the interacting parameter between
the two.

The rate of evaporation can be correlated through the Knudsen number at the
source. When the source Knudsen number is > 0.3, the transmission of the emitted atoms
is the highest. At lower Knudsen number the atoms emerging from the surface are
scattered back. The upper limit of the backscattering fraction is determined to be 0.18 both
by theory and experiment. In the transition regime (0.003<Kn<0.3), r\ is found by the DSMC
computation. The vapour flux distribution in the expansion zone is decided based on the
rate and uniformity of deposition required by the user specifications. The size and Kn at the
source as well as the area of evaporation are then worked out using the DSMC code.
These along with the vapour pressure data, properties of the source material are inputs to
the heat transfer model.

The condensation of metal vapour from the high number density supersonic jet is
site independent due to the large temperature difference between the vapour and
substrate. In most processes, as the desorption energy (1-4ev for metals) is much greater
than the equivalent beam temperature (kT), the sticking coefficient is unity. The spatial
distribution of vapour flux is the interaction parameter between the free jet expansion
model and the condensation process model. The model described above is useful to
design a HRPVD reactor for a given requirement.

2.3.2.6 Development of Methodology for Technical Investigations into Accident in the
Industry

Failure analysis in the nuclear & process industries is vital to build more reliable and
safer process technologies. Generally, the failure analysis to determine the event
sequence and the trigger event requires huge effort. A methodology has been developed
in L&PTD based on the techniques prevalent in formal safety studies like hazop & FMEA. It
involves systematic application of these modified techniques to analyse the post-accident
features till a logically consistent event sequence is determined. This methodology allows a
quick analysis of failures, brings out deficiencies and categorises them in the order of
importance. This has been applied successfully to analyse several incidents in the process
industries in DAE and outside. Some of them are failure of Zirconium sponge reduction
retort at NFC, Hyderabad, failure of methanol converter at a factory at Taloja, explosion in
a polyester plant Aurangabad, explosion in a starch factory at Dhulia, etc.
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2.3.3 Laser Industrial Applications

2.3.3.1 Surface roughness monitor

A compact mechanical model has been fabricated (Fig.2.3.12) in the divisional
workshop. With this model a system has been designed and assembled consisting of
Laser Diode, Photo diode and amplifiers connected to computer through ADC add-on card.
Based on the earlier observations (by Whitley, Kusy, Mayhew, & Buckthal, Optics & Laser
Technology, Vol.19, No.4, Aug. 1987, p. 189), a nomogram has been prepared, with the
help of which, measurement at single angle of incidence is sufficient to calculate the
surface roughness. A software programme has been developed to implement the
nomogram that reads the ADC output, perform computations and display results.
Experiments have been performed at single angle of incidence (about 76°) on standard
samples of eiectroformed Nickel alloy with average roughness Ra value from 0.05 to 0.4 \i
m. Samples of different surface finish like grindings, lapping and polishing were tested.
Results obtained are shown in Table 2.3.4

Table 2.3.4

Type of Surface
Finish

Grind

LaP (i) Parallel

LaP (ii) Criss-Cross

Polish

Horizontal Milling
Vertical Milling

Ra (|nm)
standard

0.05
0.10
0.20
0.40
0.05
0.10
0.20
0.05
0.10
0.20
0.05
0.10
0.20
0.40
0.40

Ra,, (nm)
measured by surftest

0.07
0.12
0.21
0.37
0.08
0.12
0.22
0.08
0.12
0.21
0.05
0.09
0.26
0.41
0.46

Ra,o (^m)
optically measured

0.075
0.128
0.225
0.384
0.085
0.115
0.225
0.08

0.117
0.225
0.072
0.108
0.254
0.374
0.378

The above results confirm that single angle of incidence is sufficient to measure
surface roughness in the range of 0.05 to 0.4(tm average roughness. Thus now a light,
compact handheld instrument for routine comparison of similar surfaces and measurement
of roughness at single angle of incidence is under design stage.

An improved version of mechanical model for experimentation was discussed with
Central Workshop for design and fabrication. This will include fine movement of laser diode
and photodiode and reach for larger angle of incidence. The design has been approved
and now it is under fabrication. This will help in performing more experiments, on different
materials and finish process.
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2.3.3.2 Laser Scan Gauge

To improve the mechanical stability and alignment accuracy, (of the model
Reported in 1995 Annual Report) an improved mechanical model has been designed and
fabricated which has framed structure and rigid mounts. Optical lenses have also been
changed to piano convex type that reduces the error due to collimation and focussing. The
speed of scanning motor has been further stablised by feeding the output of voltage
regulator directly to the motor. With these improvement, a PC based system has been
tested with introduction of various corrections in the software for errors due to nonlinear
vertical scanning speed & spurious response. Also increasing the averaging of readings
improved accuracy and repeatability. These improvement have resulted in the accuracy of
about 10 microns and repeatability of 2 microns. To further improve the resolution and
speed of measurement, electronic circuit has been changed. The counter frequency has
been increased from 8 MHz to 40 MHz. To make the system stand alone and take care of
all software requirement, the circuit has been changed from micro controller based to
microprocessor (8086) based as the computation has become intensive due to introduction
of various correction factors. The above changes have been designed, assembled and are
being tested. To make the prototype model for technology transfer, an improved
mechanical drawing is being made by Central Workshop.

2.3.3.3 On Line Diameter Measurement System

In continuation of earlier work a mechanical set up has been designed and got
fabricated from outside. In this mechanical assembly the optical components mounted to
obtain multiple collimated scanning beams are (1) Laser diode, (2) Reflecting mirror blocks
(3) Rotating mirror strip on motor (4) Cylindrical lenses. The set up has been tested in
which the multiple beams generated are being scanned by the rotating mirror strip and
collimated by the cylindrical lens. The collimated beams after being obstructed by the
object are focussed by another cylindrical lens on the photodiodes. Four set of photodiode
with amplifiers & logic circuit are designed and assembled at proper locations in the
mechanical arrangement & the signals have been monitored on these photodiodes.
However, it is noticed that the speed of scanning mirror is not uniform. The mount is being
redesigned to eliminate the vibrations, and variation in speed. Also the mount for 30
photodiodes is being designed for ease of alignment and given for fabrication.

To perform the computation, an Industrial PC has been indented along with 10 add
on cards carrying 24 bit up/down counter operating at 40 MHz. These add on counter cards
will measure the shadow pulse width generated by multiple scanning beams.

2.3.3.4 Laser Based Fire Hole Detector System

As reported earlier, (Annual Report 1995), on the request of Machine Tool
Prototype Factory, Ambernath a Fire hole detector for cartridge case was to be developed.
The same has been designed, developed, assembled and delivered in December 1997
against their work order at the cost of Rs. 1.25 Lakhs. As required by MTPF, the system
should send a signal when a cartridge case without fire hole is detected. The system has
following outputs.

(1) Normally open potential free relay contact that closes for about 100 msec, when a
cartridge case without fire hole is detected.
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(2) Three LED's indicating following three conditions.

® YELLOW LED indicates absence of cartridge case in the system zone. Whenever a
case enters the system, this LED switches OFF and when the case leaves the system,
the LED again switches ON.

• GREEN LED will glow when there is cartridge case with fire hole.
© RED LED will glow for about 100 msec when cartridge case without fire hole passes

through the system.

The output from this system will be fed to the main control unit of machine to take
corrective action according to the signal received. The interfacing part will be done by the
user.

2.3.3.5 Infrared Broad Beam Indoor Transceiver Data Link

This infrared optical unit has been designed at the suggestion of Computer Division
for indoor linking of PC with PC or printer & plotter for exchange of digital data at the rate
upto 2.4 kbits/sec. The transmitter circuit has been designed by modulating PC data at
frequency of 30 KHz. which drives two infrared emitters for broadening the beam output.
This modulation of data helps in elimination of optical interference from the fluorescent
lamps. The receiver design consists of photoamplifier with large field of view, demodulator
and interface circuit for directly connecting to PC. The working model unit has been
demonstrated, some improvement in the unit has been suggested to increase the data will
be carried for higher rate exchange and to include the power supply unit. Further
development work will be continued on receipt of improved components for performance of
higher rate of data exchange.

2.3.3.6 Scanning Nearfield Optical Microscope (SNOM)

The development activity of Scanning Nearfield Optical Mircoscope has been taken
up for a submicron resolution. The instrument utilizes a fact that light is able to penetrate
through a fiber tip aperture much smaller than the wavelength of light (typically down to 50
nm aperture tip). Also the light is confined to an area comparable to the aperture diameter
in a optical nearfield region where the distance between specimen and fiber tip is 10 to 30
nm.

The technical literature study work involved in the project and its design problems
have been identified. The project report of this instrument has been prepared which gives
technical description, importance of work, financial requirements, work efforts and
approximate time scale. Detailed availability survey has been done for the selected items
and the few indents have been placed.

The preliminary work on the optical probe for the near field scanning has been
taken up. The single mode fiber has been selected for the preparation of fiber optic tip to
size of less than 100 nm . To prepare the tip, the outer jacket has been removed by a
burning over a flame and then etched by hydrofluoric acid. Several samples have been
prepared with different timing and acid concentration. These samples have been observed
under optical microscope with magnification of x400. The conical tip has been found to be
around two micron minimum to the core size of sixty microns. The etching along the tip
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lengths has been observed as non uniform with dark spots. Efforts have to be made to find
out the cause of these black spots and other non uniform etching. Simultaneously efforts
are on to solve these problems and reduce the etched tip size to around 0.1 micron or less.

2.4 HIGH POWER ND:GLASS LASERS & LASER PLASMA STUDIES

2.4.1 High Power Nd:Glass Laser, Laser Driven Shocks
(N.Gopi, C.G.Murali, L.J.Dhareshwar)

2.4.1.1 Development of a 1 Joule / 100 psec. 10 Gigawatt Nd:glass laser for ultra high
pressure shocks and high temperature-high density plasma studies

Laser and Plasma Technology Division of BARC has indigenously developed a 10
Gigawatt laser with a pulse duration of 100 picoseconds and 1 J energy per pulse. On-
target focussable laser intensity can be varied in the range of 1011 -1014 W/cm2 over
irradiation spot diameters of 50-1000nm. Ablation pressures in the range of 0.1-5
Megabars can be achieved.

Development of high peak power lasers has opened possibilities of studying
equation of state of materials subjected to ultra-high pressure shocks in laboratory scale
experiments, which earlier could be attained only by Nuclear explosives. The important
advantage of using lasers for these experiments lies in the fact that the shock pressure can
be scaled up by scaling laser intensity on target. Studies on the equation of state of
reactor-grade materials are of interest to DAE programme and will be taken up using this
laser.

2.4.1.2 Laser Development

The 1J/100psec (10 Giga watt) high power laser system consists of an
active/passive modelocked Nd:YAG oscillator, followed by an electro optic pulse selector to
isolate one single ultrashort pulse out of the modelocked pulse train from the oscillator.
This single 100 ps pulse is successively amplified in amplifier stages A1 to A4 as shown
schematically in Fig. 2.4.1. The mode locked pulse train and the single 100 psec pulse
switched out after electro-optic pulse slicer EOPS are shown respectively in (b) and (c).
The detailed description of each of these subsystems upto amplifier A3 and their
performance characteristics have been reported in earlier Annual reports.

The last amplifier A4 of this laser chain has been recently incorporated. This
amplifier consists of a 38mm diameter Nd:glass laser rod pumped by 12 numbers of linear
xenon flash lamps. The capacitor banks provide an input energy of 24KJ into the flash
lamps. The typical gain in this amplifier is about 2x-3x. A maximum radial gain variation of
about 30% has been observed between the rod centre and edge. The laser pulse energy
of about 400-500 mJ after A3 thus gets stepped up to 1J after propagating through A4. A
Faraday Isolator is being fabricated to be used after A4 before the laser is incident on the
target placed inside the vacuum chamber. The Faraday Isolator is necessary in order to
suppress the back scattered laser radiation from the target from entering the earlier
amplifier stages which are stiil in a pumped condition.
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2.4.1.3 Laser beam diagnostics

i) Several diagnostics with a high temporal and spatial resolution are necessary at
various stages of laser development and experiments. There are certain vital on-line
diagnostics which are permanently*incorporated into the laser system. These diagnostics
give an indication about satisfactory working of the laser system in every shot. Detector
PIN-DI is a silicon PIN diode which records the formation of the mode locked pulse train in
the oscillator. Placement of the pulse train with respect to the flashlamp pulse duration is
an important indication for jitter free pulse selection in the pulse selector. Successful
operation of the pulss selector EOMPS and emerging of the single picosecond pulse from
the system is recorded in every laser shot by the high speed Biplanar photodiode (BPD)
and a 400 MHz bandwidth oscilloscope combination. This detector is triggered by the
fraction of the laser pulse rejected by the polarizer PP-1. This diagnostics also indicates the
presence of a single switched out pulse, presence or absence of satellite pulses, the ratio
of background noise to peak power and energy in the laser pulse. These parameters have
to be recorded for every laser shot in an experiment.
ii) Accurate measurement of the duration of the picosecond pulse has to be done by a
diagnostics having a temporal resolution of less than 20 psecs. This has been done by two
methods. Firstly, the conventional Two Photon Technique (TPF) was used. In this, the laser
pulse was propagated through a cell containing a 10"5 Molar solution of the dye
Rhodamine-6G in ethyl alcohol and at the end of the cell a 100% mirror was placed to
reflect the pulse. When the reflected half of the pulse overlaps with the remaining half
incoming pulse, an intense two photon flourescence is produced. This flourescence streak
was photographed and microdensitometer was used to measure the full width at half
maximum of flourescence streak intensity. The duration of the laser pulse measured by this
technique was 80 psec (FWHM). Recently a 20 psec resolution streak camera has been
procured for the measurement of laser pulse duration as well as for laser-shock studies.

Since the response of the photocathode of this streak camera is S-20, the 1.06nm
laser pulse wavelength is first upconverted to its second harmonic using a KD*P crystal
before being made incident on the slit of the streak camera. Preliminary calibration of the
streak camera was carried out using a pulsed GaAs laser diode. The diode laser pulse
duration as measured with a photomultiplier tube and a 500 MHz band width oscilloscope
is shown in Fig. 2.4.2.a. The diode laser was placed in front of the streak camera slit and
the streak camera recorded is shown in Fig. 2.4.2.b. The streak speed in this case was 50
ns for full scale of 40mm on the phosphor screen. The phosphor of the streak camera was
also imaged on a CCD camera and the streak was displayed on the monitor with an overall
magnification of 4X. The streak length thus recorded corresponded to a pulse duration of
25ns. The FWHM of the pulse recorded with photomultiplier tube shows a 40ns pulse
duration. This discrepance between the pulse duration measured using a photomultiplier
tube and the streak camera could be due to the low sensitivity of the S-20 photocathode of
the streak camera for the laser diode emitting wavelength. Absolute caltberation of the
streak camera by the standard method is in progress. In this method two ultrashort pulses
with a known delay between them are incident on the streak camera. These pulses are
derived from a single pulse using an etalon.

The spatial intensity profile of the laser beam is an important parameter. High power
laser beams normally acquire intensity fluctuations as they propagate through the series of
amplifiers. Diffraction patterns due to beam truncation and dust particles are the common
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causes of these intensity ripples. These ripples grow in amplitude as they propagate
through the laser amplifiers with a high gain due to small scale self focussing and could
cause severe optical damage to the laser rods. The laser spatial intensity profile is
recorded using a CCD camera and a frame grabber card connected to a personal
computer. The laser spot at any desired position along the laser beam path can thus be
either viewed on the TV monitor screen or recorded in the PC. The stored data is retreived
using a single line selector and the laser intensity profile along any axis could be displayed.
The intensity profiles recorded after the master oscillator, A1 and A2 are shown
respectively in Fig. 2.4.3.a-c. We can observe the gradual accumulation of ripples as the
laser beam with a clean laser spot in (a) propagates through the amplifiers. The laser spot
as seen on the screen of the TV monitor with a 8.5X magnification is shown in (d). Since
the time taken to scan a single TV line is 56p.s and the length of the CCD array is 7mm, the
time-space calibration of the oscilloscope pictures in Fig. 2.4.4.a-b is 1.9 jos/mm. Therefore,
the oscillator beam has a spot size of 5.2mm. The ripple size on the intensity profile in (c) is
about 400(im. In order to cut off this spatial frequency from the laser intensity profile, the
diameter of the micro-pinhole to be used in the spatial filter VSF is given by the expression
- d=fA.F, where, f is the spatial frequency, X is the laser wave length and F is the focal
length of the spatial filter lenses. Diameter of the pinhole thus calculated is 1.44mm.

Several serious problems have been encountered during the development of this
high peak power laser, such as -

1. Optical damage to reflective and antireflective coatings on laser mirrors, polarizers,
laser rod ends etc. This problem has been overcome to a great extent by ensuring that
the power density at every stage is kept much below 2 Gigawatts/cm2.

2. Self oscillations due to the double pass configuration of the high gain Nd:YAG amplifier
A1 have been a serious hinderance in obtaining the required amplification for the
picosecond pulse. In this laser chain it is observed that the self oscillations were due to
the feed back provided by the high reflectivity mirrors M1 and M2 and also in some
cases one of the rod surfaces. This problem has been solved to a certain extent by
carefully misaligning one of the mirrors M1 or M2. However, this has resulted in a partial
degradation of beam quality and energy.

3. Pre-triggering of the pulse selector also has been observed at some occasions. This
has been solved by proper ground isolation.

4. Misalignment of optical components in this long path (15 meters) laser chain are also a
frequent problem to be solved. However, enough precautions have been taken as far
as mechanical stability, temperature fluctuations are concerned.

5. The mode locked laser beam from the oscillator has a very small beam divergence due
to the large resonator length. This has resulted in a low fill factor of the beam as it
propagates through amplifiers A3 and A4. Therefore, a reduction in energy extraction
efficiency has resulted in a lower output energy from the final amplifier stages. This
problem is being overcome by expanding the laser beam using a beam expander after
A2. Possibility of a double pass in A4 is being investigated to overcome the losses
introduced by the Faraday Isolator. Considerable time and efforts have been spent in
detecting and solving these problems. Also, maintenance of the laser at its present
optimum opeational characteristics (power, energy, pulse shape etc.) over a period of a
few months during experiments is also a formidable task.

6 6 .
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2.4.1 4 Precision microdrilling using lasers

a. Controlled slow-release medicinal tablets
Controlled slow-release tablets are gaining importance in the field of medicine and

pharmacy due to a number of significant advantages they have over conventional tablets.
In an osmotically controlled release system, the drug is released continuously through a
precisely drilled micro-hole in the semi-permeable membrane of the tablet. The size of this
orifice is of the order of a few hundred microns. This requires a high degree of precision
while drilling, since the coating of the tablet is generally brittle. Due to the inherent
limitations of mechanical techniques, lasers with their unique property of focusability to spot
diameters in the range of a few tens to hundreds of microns are preferred. The basic
principle of operation is that, when a high power pulsed laser is focussed on materials, at
intensities exceeding 10g W/cm2, the solid material instantaneously melts and vaporizes to
produce a clean micro-hole on the target. Thus, with a laser, it is possible to achieve
remote operation and contamination free processing of pharmaceutical tablets. Currently,
pulsed NdYAG and CO2 lasers are being used for this purpose in the pharmaceutical
industries abroad.

The work on laser micro drilling of tablets of pharmaceutical interest was taken up in
the Laser & Plasma Technology Division of BARC in collaboration with Principal Kundanani
College of Pharmacy at Mumbai. Initial investigations were done with a solid state Nd:Glass
laser. The laser parameters are as follows :

Laser wavelength
Energy per laser pulse
Laser pulse duration

1.06 microns
2-3 Joules
300 microseconds

The tablet containing potassium chloride, covered with cellulose acetate as a semi
permeable membrane was used as the target. The thickness of the coating was in the
range of 200-500 microns. The laser beam was focused on the tablet with a f/5 lens of
focal length 5 cm. Optimization of laser pulse energy was done to obtain micro-holes of
diameter 300-400 microns. Table 2.4.1 given below gives laser energy and orifice
diameters obtained in the two types of tablets. Clinical tests such as the drug release rate
from these tablets and also the effect of laser radiation on the drug and tablet coating were
conducted at the Kundanani college of pharmacy. The drug release rates from these laser
drilled tablets proved to be comparable with imported tablets.

Tablet KCI
Input

Energy kJ
2.89
2.89
2.89

Aperture
Size mm

8
7
6

Orifice
Size p

150
100
100

Energy/
shot J
1.78
1.30
1.07

Tablet Nifidipine
Input

Energy kJ
3.2
3.2
3.2

Aperture
Size mm

6
10
12

Orifice
Size (i

75
150
150

Energy/
shotJ
1.21
5.36
7.95

This type of work has been done for the first time in our country and it can generate
considerable interest among the pharmaceutical industries to adopt laser drilling of tablets.
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b. Requests for laser-microdrilling in varied kinds of jobs from DAE and outside have been
attended to. For example, precise micro drilling of lOO^m diameter holes on brass nozzles
of breathing apparatus supplied by Heavy Water Board has been successfully carried out.

c. For a certain project of the Defence department, 65 ± 5 micron diameter laser micro
pinholes have been made in a brass minicooler cap shown in Fig. 2.4.5. The complexity of
the job involved was in obtaining a 10% accuracy of the laser drilled micro pin hole with a
minimal damage to outer surface. The much needed precision was obtained by using a 2.5
mm focal length, multi element lens combination as well as a specially designed jig for the
job.

Recently, a stepper motor driven target mounting assembly with PC controlled drive
and a microscopic viewing system is being installed. This will enable us in future to
successfully take up various kinds of jobs such as - complicated array of large number of
microholes on miniature sized objects.

2.4.1.5 Electronics
(B.S.Narayan)

For the 1 Joule, 100 psec. Nd:Glass laser, Electronic Control has been developed
and completed upto Amplifier-4 stage. A master control unit controls the charging of
Energy storage units connected to various amplifier stages and discharges them into
respective flash lamps synchronously at the predetermined times. In Amplifiers 3 & 4
stages 15 kJ and 30 kJ energy is controlled respectively. They are discharged into a pair of
series connected flash lamps with one section of 5 kJ energy discharging into a pair of
flash lamps. There are 3 sections in A3 and 6 sections in A4. Earlier stages have
comparatively less energy pumped into them.

Electron beam pumped CCMaser

For the electron beam pumped CO2 laser a pulse generator for the electron gun
which can give 150 kV, 5p.sec at 150 Amp. has been developed. It (Fig. 2.4.6) comprises of
10 coaxial lines connected in Blumlein configuration, each line made up of A! tube of 10 cm
diameter and length 1m. Enamelled copper wire is wound over it ail along its length to get
the required inductance. Mylar insulation is provided between Al tube and copper winding
to withstand about 200 kV. Five such lines are connected on either side in parallel to form
the two limbs of the Blumlein configuration. The line is charged from a high voltage and
high impedence source to the required voltage. It is discharged at the other end by two
series connected spark gaps of which one gap is triggered by an electrical pulse and the
other gap connected in series with it gets shorted in the self breakdown mode. The output.
across a 1 K ohm load is a flat top pulse of 5jnsec duration.

Another pulse generator for the main discharge in the laser head which gives 40 kv,
5jisec and capable of giving a few K Amp. current was also built using discrete
components in Blumlein configuration.

The above two pulse generators have to be triggered synchronously with a delay of
about 0.5-1 .O^ec between the electron gun pulse and the main discharge pulse. This is
done by another pulse generator giving 40 kv and few microsecond duration pulse. This
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pulse is used to trigger the spark gap of electron gun pulse generator. It also triggers
another spark gap whose output triggers the main discharge pulse generator giving the
required delay of 0.5^isec. The electrical block schematic of the system is shown in
Fig.2.4.7.

2.4.2 Laser Plasma Studies
(G.P. Gupta and B.K. Sinha)

2.4.2.1 On Optical Phase Conjugation in Laser Plasmas

Four-wave mixing of electromagnetic (EM) waves in a nonlinear medium which
leads to the phenomenon of optical phase conjugation (OPC) has recently attracted a great
deal of attention in nonlinear optics. OPC is a process in which a phase conjugate EM
wave is generated, after the reflection of a weak EM probe wave incident upon a nonlinear
medium which is stimulated by two strong counterpropagating EM pump waves.

Theoretical profiles of power reflectivity of a phase conjugate wave generated by
nearly degenerate four-wave mixing in a carbon plasma via parametric decay instability
(PDI) are studied considering the geometry of OPC as shown in Fig. 2.4.8. The plasma is
considered to be produced by irradiating a carbon slab target with a Nd.glass high power
laser pulse at an intensity above the PDI threshold. The plasma refractive index
corresponding to the PDI region is taken into account in the wave equations. Two
electromagnetic pump waves counterpropagating in the plasma are Nd.giass laser light
waves and a weak electromagnetic probe wave incident upon the plasma is very slightly
frequency-upshifted relative to the pump waves. The effects of the frequency and angular
detuning between the pump and probe waves, pump wave intensity and plasma
parameters on the reflectivity profiles have been investigated. It is noted that the plasma
refractive index significantly affects the reflectivity profiles of the phase conjugate wave.

2.4.2.2 On Stimulated Brilluoin Scattering in Laser Plasmas

Among various three-wave parametric instabilities in a plasma having important
consequences for laser fusion, stimulated Brillouin scattering (SBS) is the one that involves
the decay of an incident light wave (o) into a scattered light wave (s) and an ion-acoustic
wave (ia). The frequencies and local wave vectors of these waves are given by (w0, HQ),

(ws, ks) and (Wja, kja) respectively. This process which has a potential to reduce the
efficiency of the laser fusion implosion through the scattering of the incident laser energy
away from the target has long been a research subject of extensive theoretical and
experimental studies.

Convective stimulated Brillouin scattering (SBS) in the directly backward direction of
the obliquely incident laser light in an expanding and inhomogeneous laser plasma is
studied using the wave-vector matching condition and interaction geometry as depicted in
Fig. 2.4.9.

Accounting for the thermal motion of both electrons and ions of the plasma in the
dispersion relation of the ion-acoustic wave, the expression of the convective SBS gain
coefficient is obtained in the weak coupling limit. The behaviour of the gain with the angle
of incidence of the laser irradiation in a laser-produced CH plasma is investigated by
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FIG. 2.4.8 Geometrical representation of optical phase conjugation by four
wave mixing in a plasma. The pump waves Ef and Eb are counterpropagating.
The probe wave Ep is incident at an angle 0 relative to Ef. The nonlinear
wave-mixing interaction results in the conjugate wave Ec.
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FIG. 2.4.9 Wave-vector matching condition (a) and interaction geometry (b)
for directly backward SBS. ko is the wave vector of the incident laser beam, k,
(« -Ico) is that of the scattered light and ku (« 2k») is that of the ion-acoustic
wave.
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considering various plasma and laser conditions in the light of the reported laser-plasma
experiment with the 0.35 \\m laser irradiating the CH target. The results are observed to be
significantly different from those for normal incidence

2.4.2.3 On the Charge-State Distribution of Ions in Laser Plasmas

The hot and dense plasma produced by irradiation of a solid target with high-power
laser beams is of tremendous practical importance owing to its applications for inertial
confinement fusion, x-ray source, highly ionized ion source and x-ray laser. Ions in laser
plasmas exist in various charge states and their charge state distribution is required for the
interpretation of spectroscopic data useful for characterizing plasma conditions. Various
formulations for the ionization and recombination coefficients reported and used in the
literature have been compared for laser-produced Al plasmas. Taking into account these
formulations, the charge state distribution of the plasma ions existing in various ionization
states through their fractional densities and average charge state has been studied. The
local thermodynamic, corona and collisionai-radiative equilibria are considered for the
ionization model. Numerical results for Al plasmas with electron temperatures of 0.1 - 1.0
keV and electron densities of 1020 - 1022 cm"3 are presented and discussed. It is observed
that the several formulations for the ionization and recombination coefficients predict
variously their rates. The consideration of these formulations in the ionization model is
noted to significantly modify the charge state distribution of the ions. It is further noted that
the corona equilibrium model can be safely applied to laser plasmas with electron densities
<, 1022 cm"3 for estimating the abundance of high-charge ions relevant to x-ray line radiation
studies.

2.4.2.4 On X-Rav Laser from Laser Plasmas

X-ray lasers using laser plasmas as the active medium have been extensively
reported following both the electron collisional and recombination schemes. Collisionally
pumped x-ray lasers in the neon isoelectronic sequence are 3p-3s transitions in laser
plasmas of high atomic number elements. We have estimated the optimum electron
temperatures for the maximum x-ray laser gain from 3p-3s transitions of Ne-like ions in
laser plasmas formed at the surface of the solid targets of germanium, selenium and
krypton using the steady-state collisional radiative ionization model with and without
dielectronic recombination. The effect of consideration of dielectronic recombination of ions
of one or more charge states on these parameters has been studied. II is observed that the
values of electron temperature corresponding to the maximum abundance of neon-like ions
in different cases of dielectronic recombination are significantly different from those
obtained without consideration of dielectronic recombination. The optimum electron
temperature of the plasma is estimated from the maximum of the x-ray laser gain through
temperature-dependent variables of the gain coefficient and is observed to be the electron
temperature at which the abundance of neon-like ions is maximum.

2.4.2.5 On Damping of Ion-Acoustic Waves in Laser Plasmas

The damping rage of the ion-acoustic wave in laser plasmas is of great interest due
to its importance in evaluating the thresholds for the parametric decay instability and the
stimulated Brillouin scattering, which are relevant to laser fusion. We have obtained the
expression for the Landau damping rate of the ion-acoustic wave with a finite wavenumber
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by taking into account the thermal motion of both the electrons and ions. This expression is
applied to a laser-produced CH plasma. It is observed that the damping rate of the ion-
acoustic waves estimated by applying the Landau damping expression to an average-ion
CH plasma in the laser-plasma regime ( 1 < TJTi < 3, T, and Te being electron and ion
temperatures) agrees reasonably within ~ 30% with that reported elsewhere from the
numerical solution of the kinetic dispersion relation in a CH plasma with two-ion species.

25 DIAGNOSTICS AND INSTRUMENTATION

2.5.1 Development of Digital Temperature Profiler
[K.B.Thakur, D.Das, P.N.Bajaj, G.K.Sahu, R.V.Tamhankar and U.K.Chatterjee]

Knowledge of spatial profile of temperature is very important for quantitative
understanding of a number of phenomena. For example, in the case of an electron gun
heating of targets, temperature changes quite rapidly with position on the heated target
due to the localized nature of energy deposition. Detailed knowledge of temperature profile
can help in understanding various phenomena such as melting, evaporation, distribution of
vapor and interplay of various forces on the molten fluid e.g. gravity, surface tension and
reaction pressure etc.

2.5.1.1 Relative Temperature Profiler:
We have developed a Digital Temperature Profiler that can be used for studying

temperature profiles of electron beam heated targets. Spatial profile of temperature of a
hot zone is determined using digitized video signal obtained by a video camera. Signal
S(x,y) from the camera, representing digitized value of intensity l(x,y) of the image formed
at position (x,y) on the sensitive element of the camera depends upon (i) sensitivity and
spectral response of the camera, (ii) emissivity of the radiating surface, (iii) optical
transmission of the intervening media, and (iv) intensity distribution at the source as
governed by the Planck's law of blackbody radiation. The sensitivity and the spectral
response of the camera are available from the data books, emissivity of the radiating
surfaces and trasmittivity of media are available in literature. Thus, using the measured
value of S(x,y)the temperature distribution T(x,y) can be computed.

The digital temperature profiler system developed in our laboratory (see Fig.2.5.1)
comprises optics for obtaining image of the hot zone formed by electron beam heating, a
video camera to convert the optical signal into an electronic analog signal, a fast frame
digitizer to convert the analog information into digital form, a monitor for inspection and on
line adjustments of the image and a personal computer (PC) to process the digitized data
for extraction of temperature information. A set of interference filters can be used for multi-
color temperature profiling, which we shall discuss later.

An image of the electron beam heated zone is formed on the camera. A chosen
frame of the image is digitized by the digitizer, and the digital data is transferred to the PC.
Intensity and spatial calibration of the system was done to convert the digital data into
intensity data l(x,y). The intensity distribution of the image was used to interpolate the
temperature distribution between a few locations in the hot zone where absolute
temperature was determined from independent measurements using thermocouples,
pyrometers, and fixed temperatures like melting point of copper. Interactive software was
developed to process the image digitally, to subtract background, and to interpolate the
intermediate temperatures.

The system was used to study the formation of a dynamic nozzle in electron beam
evaporation of copper. Fig. 2.5.2 shows the schematic of the apparatus for the evaporation
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studies with the digital temperature profiler. Fig. 2.5.3 shows the results obtained; (a)
displays the estimated temperature distribution of cavity surface, where the cavity is shown
in adjacent photograph, (b) gives the best fit for vapor distribution functions (1) with and (2)
without isotropic addend and (c) displays thermal profiles of (1) electron beam spot at low
power and (2) vapor emitting hot spot at high power.

The temperature distribution computed using the geometry of the dynamic nozzle
formed during the electron beam evaporation was found to be consistent with the
measured distribution. The image processing technique was also used for measurement of
throat diameter of the dynamic nozzle formed on the liquid pool, which otherwise was not
measurable. The measured size of the throat diameter corroborated the spatial number
density distribution of the atomic vapor.

2.5.1.2 Multi-color Absolute Temperature Profiler
Temperature profilers based on interpolation of values of temperatures determined

from independent measurements using thermocouples, pyrometers, and fixed
temperatures like melting point of the target material, depend highly on availability of such
values in the region of interest. The temperature difference from these values also has to
be small for the interpolation to be valid. A temperature profiler that can determine an
absolute value of temperature without reference to any other independent measurement
would be very useful for studies of temperature dependence of various processes including
electron beam heating and evaporation of metals.

The relative temperature profiler is being up-graded to a multi-color absolute
temperature profiler by using an appropriate set of narrow band filters to choose
wavelengths at which intensity of the blackbody radiation coming from the hot zone is
monitored (see Fig. 2.5.1). Now, we measure the ratio of radiation intensities at a suitable
pair of wavelengths, which is a function of absolute temperature according to the Planck's
iaw of biackbody radiation. The observed signal from the camera will be a convolution of
the emission intensity, the transmission profiles of the filters at the chosen wavelengths
and wavelength response function of the sensitive element of camera. The ratio of
intensities of the radiation at the chosen wavelengths can be computed at each pixel of the
camera from the digitized signal. From these ratios, spatial temperature profile for the hot
zone can be determined.

Analysis software has been developed to find suitable wavelength combinations for
the temperatures of our interest. It is found that camera with good sensitivity in the visible
as well in the near infrared region will be required for evaluating the spatial distribution of
temperature over a wide range.

The experiments, are continued to apply the technique for measurement of
temperature profiles of various electron beam heated targets.

26 COMPUTER SIMULATION OF PLASMAS
[Kartik Patel]

2.6.1 Photoplasma Evolution Studies
In many experiments involving the interaction of pulsed lasers with a beam of

atoms, a finite, transient plasma is instantaneously created between biased plane parallel
electrodes. This plasma, a schematic of which is shown in Fig. 2.6.1, has a characteristic
length scale of a few centimetres, and a lifetime of a few microseconds. It exhibits many
interesting features, some of which are still not fully understood, and has been the subject
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Fig: 2.6.1 Schematic of laser created plasma between parallel electrodes.
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of extensive experimental, computational and theoretical investigation1-12 due to its
importance in ion coating and other material processing applications.

As soon as it is formed, the plasma responds by screening out the external electric
field. The initial burst of electrons to the +ve potential electrode leaves the rest of the
piasma with a positive space charge and raises its floating potential. It starts expanding
towards the electrodes and sides of the containing enclosure. It has been seen that on the
side facing the electrode at high potential, the plasma develops a sheath which contains
approximately equal number of ions and electrons. The dominating process here is that of
diffusion in a field-free region governed by ambipolar forcesii-13, and the ion current is
small. On the side facing the electrode at low potential there is only an ion sheath without
any electrons, and the applied potential between the electrodes appears wholly on this
side. The movement of ions is space-charge limited and consequently the current flux can
be approximated closely by the Child-Langmuir expression8-12. The majority of the ions in
the plasma move to this electrode, and the expansion in this direction determines the
plasma lifetime, which is the time needed for all the charges in the plasma to diffuse to the
electrodes and walls.

2.6.2 Analytical Model

The one-dimensional analytical model of the expansion of this kind of plasma,
which is described in detail in Refs.8 and 12, is outlined briefly here for the sake of
completeness. On the side facing the +ve potential electrode, the equation which governs
the movement of the charges is that of a decaying wave with superimposed diffusion

V2n =

where, n is the ion density, vs is the ion acoustic wave speed yjk To / rrij , and Te and DA

the electron temperature and ambipolar diffusion coefficient respectively. On the opposite
side the ion current flux in the sheath, after space-charge limited flow is established, is
given by the Child-Langmuir equation

JCL = £ o(2/9)(e/m i)"2 |^r /s2

where, Jo. is the Child-Langmuir current flux, E0 is the permittivity of free space, e/mi
is the charge-to-mass ratio of the ion, 4> is the potential applied across the electrodes, and s
is the gap between the plasma edge and the electrode.
This current consists of two parts. One part is the Bohm current due to ions entering the
sheath from the plasma,

JB=n(t)vs
with vs , the Bohm velocity, being the same as the ion acoustic wave speed. The other part
is the current due to the motion of the sheath boundary itself,

JS=n(t)(ds/dt)
so that

JCL=JB+JS
The change in the ion density can be written as

dn/dt=JB/d(t)
where d(t) is the instantaneous plasma thickness.

Due to the limited number of charges in the plasma, the Bohm current decreases with ion
density, and consequently the sheath boundary moves in a complicated fashion in order to



maintain the constancy of the total current. The time needed for the total number of ions to
be removed is the plasma lifetime T , obtained from the expression

^tydt = nodo

where n0 is the initial plasma density, and d0 is initial plasma thickness. There is no general
analytical solution to this set of equations, but solutions have been found separately by
assuming negligible Bohm and sheath currents6. A numerical solution has also been
obtained and compared with what is essentially a one-dimensional particle simulationiO. A
scaling relation for the plasma lifetime has been estimated from experimental observation
in a two-dimensional geometry5, which we compare with results obtained in our two-
dimensional particle simulations below.

2.6.3 Results

2.6.3.1 Photoplasma evolution studies
While plotting the ton current received by the electrode at low potential, it was seen

that there were modulations in the waveform. The frequency of these modulations was
very near to, but less than, to the ion plasma frequency co^ = V (ne2/Eorrti). Simulations at
different ion mass, species temperature, and charge density revealed that these
modulations were due to the generation of ion-acoustic waves inside the plasma which
periodically modulated the ion density at the sheath boundary. This resulted in a variation
of the current passing through the sheath, and consequently this was observed as a
modulation in the ion current on the electrode.

The motion of the sheath boundary was also consistent with the analytical model
outlined above. The expansion of the plasma towards the high potential electrode was also
in close agreement with the analytical model. The modulation depended on the electron
and ion temperatures, and was clearly visible when the ion temperature was such that the
mean thermal velocities were less than the ion acoustic wave velocity. It was also found
that this modulation is not uniform over the electrode surface, but maximum at the center.
Due to its proportionality to the ion density these modulations could be used to measure
the transient ion density in the plasma. Fig. 2.6.2 shows the calculated ion currents on by
the electrode for a with a hypothetical plasma when mi/me=102.

2.6.3.2 Scaling up Studies
The dependence of the plasma lifetime on voltage and ion density can be

expressed as T oc na V"b, where a and b are scaling constants to be determined. We have
used a two-dimensional particle-in-cell code 14 to simulate the expansion of the plasma
shown in Fig. 2.6.1 and plotted T as a function of V and n . Figures 2.6.3 and 2.6.4 show
the plasma lifetime as a function of ion density and applied voltage for different ion
masses. The scaling parameter is also indicated on the diagram. The values of a and b for
an ion mass equal to that of Barium (for which mi/me~2.5105) are, a=0.61, b=0.79. These
compare favorably with the experimental values derived in Ref.5, also for Barium, which
are, a=0.56 , b=0.81. As seen in Fig. 2.6.5, for a given voltage and density, the lifetime
scales as the root of ion mass. From Fig. 2.6.3, we see that the scaling constant b for
voltage varies with ion mass, where, for a fixed ion density, it decreases from 0.98 to 0.78.
This behaviour is being further investigated.
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2.6.4 Discussion and Conclusion
The ion density in the plasma has normally been measured using a costly and

difficult to use probe laser system which uses the method of laser flourescence or atomic
absorption. This could be done away with if the modulations in the ion current to the
electrode could be monitored. Scaling parameters for voltage and ion density have been
derived using the method of particle-in-cell plasma simulation in two-dimensions. These
values are in good agreement with experiment results reported elsewhere. By computing a
scaling law for the lifetime as a function of ion mass for a given set of parameters, it is
possible to extend calculations done at low mass to higher masses. Since the time required
for a computer run scales roughly as the root of ion mass used in the simulation, this can
result in significant savings in computer time. In addition we see that the scaling law for
applied voltage is different for different ion masses. Since these parameters are easily
controlled in laboratory experiments, it should be possible to verify this result without much
difficulty.

2.7 MAINTENANCE WORK
[M.S.Bhatia, A.S.Oongre, G.K.Katwale and A.S.Sonavane]
The electronics group continued to provide essential maintenance and

developmental support work to the MDRS laboratory. In addition to this , some R &D work
was also pursued by the group in the area of dc and pulsed power sources which is in line
with our long term needs.
1. Maintenance Work: Major maintenance work during the calendar year were on the

following equipment
• Vacuum measuring instruments.
• Power packs of personal computers.
• Power supply of Nd-Yag laser.
• Optical wavelength monitor, optical chopper and wavelength control systems.
• Data acquisition and control systems used by ion extraction section and

spectroscopic studies section.
2. Development work: Some important developmental jobs completed during this year

are as follows:
• A sensitive dc current measurement system for the range 100 n Amp to 1 n amp

using indigenous components.
• Design, fabrication and installation of a precision on/off controller for the 100

kW fluorine cell of Chemical Engg. Divn., BARC.
• A constant current power supply for the electromagnet used with an e- beam

set up.
• R and D work Major R & D work was in the area of dc and pulsed power

sources. Salient features of the work are as follows:
• Harmonic analysis of the output of a 20 kVA, low frequency power inverter was

carried out. This data will be used to compute the heat loading on step up
transformers in high power supplies.

• In order to test the magnetic core materials for high frequency pulse
transformer, a set up was built to record BH characteristics at frequencies up to
1MHz.
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Lett. 252 141 (1996).

Infrared photodissicipation of methanol molecules adsorbed on a AU4 cluster, G.Dietrich,
K.Dasgupta et al, Chem. Phys. Lett. 259, 397 (1996).

Effect of spatial overlap in optically pumped molecular laser amplifiers, Sucharita Sinha,
Infrared Phys. Technoi, 37, 343, (1996).

CO2 laser induced IRMPD of 2 bromo-2-chloro-1,1,1-trifluoroethane:Time resolved
luminescence studies, K.K. Pushpa, A.Kumar, R.K. Vatsa, P.D. Naik, K.A. Rao, J.P.
Mittal, V. Parthasarathy and S.K.Sarkar, Chem.Phys. Letters 249,167(1996)

The effect of mid-IR & far-IR emission, generated at NH3 excitation by intense radiation of
a TEA CO2 laser on ammonia absorption. R.S. Karve, V.N. Lokhman and
G.N.Makarov., Appl. Phys, B-63, 355(1996)

Temperature dependent UV absorption cross section of propylene, methylacetylene and
vinylacetylene, A.Fahr and A.K. Nayak, Chem.Phys, 203, 351(1996)

92



Temperature dependence of gas and liquid phase UV absorption cross sections of HCFC-
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Kinetic study of the reactions of C2 H5 O and C2 H5O2 with NO3 at 298 K, Aiok Ray,
V.Daele, I.Vassalli, G.pouletand G.Le Bras., J.Phys.chem .,100, 5737 (1996)

Kinetics of thermal decomposition of the CH3SO2 radical and its reaction with NO3 at 1 Ton*
and 298K,A!ok_Ray, V.Daele.l .Vassalli, G.Laverdet and G.Le Bras.,J.Phys .chem.,
00.8895(1996).

A flow reactor mass spectrometric investigation of initiation steps of O (3P)atom reaction
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Laser Driven Shock Studies", N.Gopi, R.C.Bapna, B.S.Narayan, C.G.Murali,
LJ.Dhareshwar and U.K.Chatterjee, Advances in High Pressure Science &
Technology edited by A.K.Singh, Tata McGrow-Hill, New Delhi 1996, pp.305-326.

Convective stimulated Brillouin scattering of obliquely incident laser light in laser plasmas,
G.P. Gupta and B.K. Sinha, Phys. Plasmas 4, 2653 (1997).

Effect of ionization and recombination coefficients on the charge-state distribution of ions
in laser-produced plasmas, G.P. Gupta and B.K. Sinha, Phys. Rev. E 56, 2104
(1997).

Self focussing of light in copper vapour.
S.Sinha, K.Dasgupta, K.G.Manohar, S.Kundu and LG.Nair
Appl. Phys., B64, 667 (1997)

Studies of Graphite Surface after Laser irradiation", V.P.Singal, M.S.Anand, B.S.Narayan
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Viable production venture involving laser chemistry V. Parthasarathy and S.K. Sarkar,
ISRAPS Bulletin, 8, 16 (1997)

Hydrogen isotope exchange between pentafluoroethane and water : Kinetics and
Equilibrium A.K.Nayak & S.K.Sarkar International J. Chem. Kinetics, 29, 767 (1997)

2.8.2 International Conference/Symposia

Characteristics of rarefaction shocks in laser-produced high temperature fusion plasma and
studies on hydrodynamics of laser driven, non-uniform thin foil targets, L.J.
Dhareshwar, M.K. Srivastava, S.V. Lawande, G.P. Gupta, N. Gopi and B.K. Sinha,
in 'Piasma Physics and Controlled Nuclear Fusion Research', IAEA Vienna, Vol.3,
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The synthesis of a self similar bifurcation structure involving period tripling and doubling
phenomena, Goswami^ B. K. Int. Conference on Dynamical Systems, held at Ind.
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M Transfer and Fourteenth National H & M Transfer, ed. G. Biswas, S. Srinivasa
Murthy, K. Muralidhar & V. K. Dhir, pp 967-972, IIT, Kanpur, December29-31, 1997.

Study of Evaporation of metal under periodic Concentrated Energy Beam, Sethi, S.,
Gantayet, L M., Chatterjee, U. K., Singh, R. K., Kushwaha, H. S. & Venkataraj, V.,
Proceeding of National Symposium on Vacuum Sciences & Technology and Power
Beams, ed. N. Venkataramani & A. K. Ray, ppC297-C304, BARC, Mumbai
November 19-21, 1997.

Numerical Simulation of Free-Jet Expansion of Metal Vapour, Mukherjee, J.; Gantayet, L.
M. & Kumar, V, Proceedings of Third ISHMT-ASME H & M Transfer and Fourteenth
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Dec. 17-20, 1996.

The influence of multiple peripheral hole graphite discs on the performance of indigenously
designed and fabricated CW tunable Argon-ion Laser, A. Pandey, N. Govindarajan
& U. K. Chatterjee, Proceedings of National Laser Symposium, Jan-1996, BARC,
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Effect of density scale length on three-halves harmonic radiation produced in 1.064}im
laser-plasma interaction, G.P. Gupta, T.K. Achal, S.V. Gogawale and B.K. Sinha, in
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Damping of ion-acoustic waves in a laser-produced hydrocarbon (CH) plasma, G.P. Gupta
and B.K. Sinha, Proc. XI Plasma Science Society of India Symposium on Plasma
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Operation of Dye Laser at very high rep. rates by pumping with two sequenced CVL's,
K.G.Manohar, K.Dasgupta, S.Kundu, Sasikumar, B.S.Narayan and L.G.Nair,
National Laser Symposium, 17-19 Jan. 1996, BARC, Mumbai.

Laser Irradiation of Graphite Surface, M.S.Anand, V.P.Singal, B.S.Narayan and
B.M.Pande, National Laser Symp. 17-19 Jan. 1996, BARC.

Application of Laser microdrilling in controlled release tablets", C.G.Murali, J.K.Lalla,
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Laser microdrilling in controlled release tablets", S.S.Bhalerao, C.G.Murali and J.K.Lalia,
23rd International Symposium organized by Controlled Release Society, Kyoto,
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Excimer laser photolysis of propargyl chloride and azomethane systems : product analysis
and rate constants for the reactions C3H3 + C3H3 and C3H3 + CH3, A. K.Nayak,
S.K.Sarkar, and A.Fahr, Trombay Symposium on Radiation & Photochemistry (
TSRP - 96 ), BARC, Mumbai.

Time resolved luminescence studies of CO2 laser excited 2-bromo-2~chloro-1,1,1 -
trifluoroethane, K.K.Pushpa, A.Kumar, R.K.Vatsa, P.D.Naik, K.A.Rao, J.P.Mittal,
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V.Parthasarathy and S.K.Sarkar, Trombay Symposium on Radiation &
Photochemistry (TSRP - 96), 8ARC, Mumbai

A study of the transmission characteristics of waveguide reactors for laser isotope
separation, V.Parthasarathy, P.Nilaya, D.J.Biswas,U.K.Chatterjee and S.K.Sarkar,
National Laser Symposium ( NLS - 96), BARC, Mumbai

A digital image analyzer for RIMS studies, S.S. Thattey, B.M. Suri, P.N. Bajaj and Vasdev,
7th National Symposium on Mass spectrometry, DRDE, Gwalior, November 26-28,
1996.

The Recurrence of bifurcation structure in the class B lasers, Goswami, B. K., Proceedings
of National laser Symposium, 1996, pp. E49-50.

Damping of ion-acoustic waves in a laser-produced hydrocarbon CH) plasma, Goswami, B.
K., Proc, IX Plasma Science Society of India Symposium on Plasma Science and
echnology, Bhopal, October 28-31, 1996.

Differentia! Atomic Absorption Spectroscopy Technique Determining Atomic Density
A.K.Ray, A.Majumder, V.K.Mago and B.Lai.,IX National Conference on Atomic and
Molecular Physices, NCAMP.IIT Madras,17-20 Dec.1996

Temporal Evolution of Barium Pbotoplasma, A.Majumder,V.K.Mago,B.Lal and K.Patel,
National Laser Symposium, BARC 17-19 Jan, 1996.

Collection Time Variation in Laser Produced Plasma, V.K.Mago .A.Majumder,B.Lai and
K.Patel, National Laser Symposium, BARC 117-19 Jan,1996.

Investigation into kinetics and mechanism of the reaction of NO3 with C2H5O C2H5O2
radicals by Laser induced fluorescence.,Alok Ray, V.Daele,I.Vassaili,G.Poulet and
G.Le Bras, Conference on spectroscopy : Perspective & Froniters, INCONS,
1996, Bombay.

Lindemann-Hinshelwood analysis of C2H5O+NO Kinetics, Alok Ray, I.Vassalli. and G.Le

Bras, Trombay symposium on Radiation and Photochemisty TSRP-
96,1996,Bombay.

Collisional quenching of C2H5O fluroscence by HNO3 Alok Ray, I.Vassalli and G.Le Bras,
National Laser Symposium -96, Bombay, 1996.

A digital image analyzer for RIMS studies S.S. Thattey, B.M. Suri, P.N. Bajaj and Vasdev
7th National Symposium on Mass spectrometry, DRDE, Gwalior 26-28 November,
1996.

Operation of a dye laser at very high repetition rates by pumping with 2 sequenced CVLs,
K.G.Manohar, K.Dasgupta, S.Kundu, S.Sasikumar, LG.Nair, DRDE, Gwalior 26-28
November, 1996.

Indigenous development of dye jet nozzles for dye lasers, S.Singh, R.Khare, L.G.Nair,
U.K.Chatterjee, Proc. NLS-96, January 1996, BARC.

Self defocussing of light in near resonant copper vapour, S.Sinha, K.Dasgupta,
K.G.Manohar, S.Kundu, LG.Nair, Proc. NLS-96, January 1996, BARC.

Four-wave-mixing and SRS in single mode optical fibers, K.Dasgupta, K.G.Manohar,
S.Kundu, S.Sinha, S.Sasikumar, LG.Nair, Proc. NLS-96, January 1996, BARC.

Temporal synchronization for efficient amplification of pulsed dye laser,, S.Sinha,
K.Dasgupta and LG.Nair, Proc. NLS-96, January 1996, BARC.

Improvement in extraction efficiency of high power high repetition rate dye oscillator-
amplifier system pumped by copper vapour laser, S.Singh, J.C.Monga,
S.Sasikumar, L.G.Nair, U.K.Chatterjee, National Symposium on High Power Lasers,
Defence Science Centre, New Delhi, Dec.1996.
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Pump beam polarization effects in a CVL pumped dye oscillator, S.Singh, J.C.Monga,
LG.Nair, U.K.Chatterjee, National Symposium on Optics & Opto Electronics, IRDE,
Dehradun, March 1996.

Resonance lonization Spectroscopy as an Analytical Tool in the Thorium Utilization
Programme, B.N. Jagatap, L.M. Gantayet and U.K. Chatterjee, Paper presented in
the special session "Thorium Utilization for Nuclear Energy" in the XIIISAS National
Symposium, Feb.20-22, 1997, Kottayam.

Excitation control via interference between one- and two- photon transitions, B.N. Jagatap,
National Laser Symposium, Ahmedabad, Dec.11-14 1997.

Kinetics of vapour relaxation by laser absorption spectroscopy in a pulsed hollow cathode
discharge, A.Tak, G.K. Bhowmick, B.N. Jagatap and S.A. Ahmad, National Laser
Symposium, Ahmedabad, Dec.11-14 1997.

Design and fabrication of an indigenous compact flowing type tunable CW Argon-ion
Laser, A. Pandey, N. Govindarajan & U. K. Chatterjee, Proceedings of National
Laser Symposium, Feb.-1997, CAT, Indore.

Effects of axial magnetic field on the performance of indigenously developed sectionalised
Argon-ion Laser, A. Pandey, N. Govindarajan & U. K. Chatterjee, Proceedings of
National Laser Symposium, Dec-1997, PRL, Ahmedabad.

Dye Laser Oscillator - Amplifier system for high intensity tunable output, K.G.Manohar, S.
Kundu, S.Sasikumar, S.Sinha, K. Dasgupta and LG.Nair, in National Symp on
Vacuum Science & Technology and power beams - 1997. BARC, 19-21 Nov.
1997.

Transient gratings at two photon excitation for the study of deep levels in narrow gap
semiconductors, P.Deb, Proceedings of NLS Ahmedabad (1997).

Four wave mixing in InSb with TEA CO2 laser, P.Deb, Proceedings of NLS Ahmedabad
(1997).

Effect of Laser Irradiation on Nickel Coated Crystalline & Amorphous Graphite, V.P.Singal,
B.S.Narayan, U.K.Chatterjee, K.Kutty and B.M.Pande, National Laser Symp., CAT,
Indore 6-8 Feb. 1997.

A 1J/100 psec, 10 Gigawatt Nd:glass laser for laser shock studies", N.Gopi, B.S.Narayan,
C.G.Murali and L.J.Dhareshwar, Advances in High Pressure Science and
Technology, Proc. of 4th National Conference on High Pressure Science and
Technology, Sept. 1997, pp.99-104.

Development of a 1J/100 psec, 10 Gigawatt Ndrglass laser for laser-plasma interaction
studies", N.Gopi, B.S.Narayan, C.G.Murali, L.J.Dhareshwar, Proceedings National
Laser Symposium, pp.77-78, Dec.1997.

Development of high power Nd:glass lasers for generation of high temperature high density
plasmas and ultra high pressure shocks, N.Gopi, B.S. Narayan, C.G.Murali, L.J.
Dhareshwar, National Symp on Vacuum Science & Technology and Power Beams,
Nov.19-21, BARC, 1997.

Digital Temperature Profiler for Studies in Dynamic Nozzle formation on liquid metal pool
during electron beam Evaporation, S.S.Thattey, K.B.Thakur, D.Das, P.N.Bajaj,
A.Awasthi, G.K.Sahu, R.V.Tamhankar, and U.K.Chaterjee, Symposium on
Advances in Nuclear and Allied Instrumentation, Feb. 5-7, 1997

Digital Temperature Profiler for Studies in Electron Beam Heating, S.S.Thattey,
K.B.Thakur, D.Das, P.N.Bajaj, G.K.Sahu, R.V.Tamhanker and U.K.Chatterjee,
National Symposium on vacuum science & technology and power beams, Nov. 19-
21,199/
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Development of Strip Electron Gun and its Parametric Studies, G.K.Sahu, K.B.Thakur,
D.Das, M.Mascarenhas, R.V.Tamhanker and U.K.Chatterjee, National Symposium
on vacuum science & technology and power beams, Nov. 19-21, 1997

Surface Roughness Measurement Using Laser" by A.S.Rawat, U.C.Bhartiya, R.C.Khatter
has been presented in the symposium on "Vacuum Science & Technology and
Power Beams-97" at BARC, Mumbai during November 19-21, 1997.

Convective growth of stimulated Brillouin scattering in a flowing homogeneous plasma,
G.P. Gupta and B.K. Sinha, Proc.12th Nat. Symp. on Plasma Science and
Technology, Gandhinagar (1997).

Effect of ion-acoustic wave damping on the reflectivity of the phase conjugate wave in a
laser plasma, G.P. Gupta and B.K. Sinha, Proc. 12th Nat. Symp. on Plasma
Science and Technology, Gandhinagar (1997).

Selective isotopic photochemistry of Pentafluoroethane : effect of laser pulse width,
R.S.Karve, V.Parthasarathy and S.K.Sarkar, National Symposium on Radiation and
Photochemistry, Andhra University, Visakhapatnam, Jan 8-10,1997

CG"2 laser induced IRMPD of 1,2-dich!oro-1,1-difluoro-ethane : time resolved visible
luminescence studies, K.K.Pushpa, A.Kumar, P.D.Naik,.K.A.Rao, J.P.Mittal,
V.Parthasarathy and S.K.Sarkar, National Laser Symposium ( NLS-97 ), CAT,
Indore, Feb. 6-8, 1997

Generation and application of short CO2 laser pulses for IR laser chemistry, Sanjukta Nad,
V. Parthasarathy and S.K. Sarkar, National Symposium on Vacuum Science and
Technology and Power Beams, BARC, November 19-21, 1997.

Digital temperature profiler for studies in dynamic nozzle formation on liquid metal pool
during electron beam evaporation, S.S. Thattey, K.B. Thakur, D. Das, P.N. Bajaj A.
Awashti, G.K. Sahu, R.V. Tamhankar and U.K. Chatterjee, Proceedings of the
Symposium on Advances in Nuclear and Allied Instrumentation, BARC, Mumbai,
February 5-7, 1997, pp. 359.

Digital image analysis for Resonance lonization Spectroscopy, S.S. Thattey, B.M. Sun,
P.N. Bajaj and Vasdev, National Laser Symposium 1997, CAT, Indore, February 6-
8, 1997, pp. 236.

Process Modeling of Physical Vapour Deposition Reactor, Anupama, P., J. Mukherjee,
Sethi, S., Mishra, K. K. & Gantayet, L. M, Proceedings of Symposium on Advances
in Chemical Engineering-97, ed. B. Bhattacharjee, B. M. Mishra, V. K. Tangri, M. S.
Krishnan, S. K. Ghosh, S. K. Malhotra, pp45-52, BARC, Mumbai, October 22-24,
1997.

Measurement & Correction of Thermal Lens in Copper Vapour Laser, Sunita Singh, G.
Sridhar, J.C.Monga, L.G.Nair & U.K. Chatterjee, Proceedings of NLS 1997, page
79, Indore, Feb. 6-8, 1997.

Study of Thermal Lensing Effects in a Copper Vapour Laser, S.Singh, G.Sridhar,
J.C.Monga, L.G.Nair & U.K. Chatterjee, NLS, Dec. 10-12, 1997, Ahmedabad.

2.8.4 Project Work/Reports

Studies of pulsed dye laser oscillator-amplifier system and generation and measurement of
picosecond laser pulses, S.Singh, Ph.D. Thesis, Bombay University, 1996.

A 4 day Training Programme on "Appreciation Course on Physical Protection System" was
organised during Nov. 26-29,1996 under DAE Training Programme.

V.Parthasarathy and A.K.Nayak, Lecturers for the course Chemical Dynamics and Rate
Processes for Chemistry Training Programme, HRDC
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V. Parthasarathy and S.K. Sarkar were coordinators for Kum. Sanjukta Nad, 40th Batch
Chemisty Trainee, BARC Training School who carried out a Project titled
Generation and application of short CO2 laser pulses for IR laser chemistry

Semiconductor laser torch and a photosensor receiver A sleek and compact model were
assembled for demonstration of Remote Controlled switch to operate a Robot
during Prime Minister visit in August 19G6.

Laser Scan Gauge: A working lab. model of was demonstrated in the exhibition during the
visit of Prime Minister in August '96 & May '97.

2.8.5 Inter-agency Collaboration

Shri L. M. Gantayet continued to serve as an expert member in the Environment Safety
Committee of Government of Maharashtra and visited many large scale industrial
units for assessment of safety and suggesting of remedial measures.

Shri L. M. Gantayet, expert member of the Statutory Committee of Government of
Maharashtra, namely, State Level Crisis Group for Emergency, Planning,
Preparedness and Response for Chemical Accidents, constituted under the
Chairmanship of Additional Chief Secretary of Maharashtra. This Committee
advises the Government Departments, District Level Crisis Group, and sets up
guide lines for their functioning.

Shri L. M. Gantayet, On the 9th December, 1995 a tragic industrial accident involving
explosion and fire occurred in M/s Garware Polyester Ltd., Aurangabad. PEMHS,
L&PTD played a major role in the committee of experts in determining the causes of
the unusual accident, which was traced to mist explosion of heat transfer fluid (hot
thermic fluid). Several pragmatic recommendations have been made by the
committee to prevent future accident. The Technical Investigation Report, detailing
the investigations of the accident at Garware Polyester Ltd and the
recommendations to handle thermic fluid in large installations, has been published
by Government of Maharashtra. They have also initiated action to implement the
recommendations made in the report.

2.8.6 Professional Recognition

G.K.Sahu: The paper "Development of strip electron gun and its parametric studies", by
G.K.Sahu et.al. presented in National Symposium on Vacuum Science &

Technology and Power Beams, 19-21 Nov. 1997 was selected as best
paper and conferred with Ambasankaran Award.

A.S.Rawat: Characterisation of a Laser Scan Gauge by A.S.Rawat, U.C.Bhartiya,
R.C Khatter has been presented in the "Laser Application in Material Science and
Industry" 1997 at Kalpakkam in February 1997. The presentation was declared to
have won first prize.

B.N. Jagatap reviewed the book 'Are you in an eigen state', by Y.S. Waghmare, for Prism
Publishers, Banglore.

B.N. Jagatap is a visiting faculty at Devi Ahilya University, Indore. He delivered 12 lecture
course on "Laser Spectroscopy" for M.Tech. (Lasers and Applications) students
1996-97.

B.N. Jagatap was a faculty member in the SERC School on Non-linear optics and laser
spectroscopy organised by DST at IIT Delhi during March 10-28, 1997.
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B.N. Jagatap was member of training school selection committee (physics) for 41st batch
of training school. He was also a member of the final Viva Voci examination
committee for 40th batch (physics) training school.

B.N. Jagatap was a chief guest and main speaker at the science exhibition organized by
the schools and junior colleges of L ward of Mumbai. He delivered a talk on "Role of
Science and Technology in Improvement of Human Life". (Dec.10, 1996.)

B.N. Jagatap is a member of the editorial working committee of Physics News, a bulletin of
Indian Physics Association.

B.N. Jagatap was invited by Homi Bhabha Science Centre to deliver enrichment lecture to
the Physics Olympiad students (November 10, 1997).

B.N. Jagatap is the convener of the I PA seminar on "Physics with cooled and trapped
atoms and ions" held in BARC during March 5-6, 1998.

B.N. Jagatap has been a referee for DST and BRNS project proposals and examiner for
Ph.D. Thesis for BAM University, Aurangabad.

L.J Dhareshwar - Elected fellow of Institute of Electrical and Telecommunication Engineers
of India (IETE).

K.G.Manohar was a member of selection committee (applied optics) of 6th Orientation
Course for Engineering post-graduates, April 1997.

Sunita Singh - Task Force member for celebration of 50th Anniversary Year of India's
Independence.
Sunita Singh - Coordinators of National Science Day Activities.
Sunita singh - Invited as a judge at Nehru Science Centre on Science Seminar entitled
"Science & Technology in 21** Century.
Sunita Singh - organized five nos. of popular science lectures for 8th & 9th Std. Students.
Sunita Singh - Interiew in Femina May 15, 1997 under cover-page story entitled The
reclusive Messiah's of Science".
S.K.Sarkar, Secretary, Indian Society for Radiation & Photochemical Sciences (ISRAPS)
S.K.Sarkar, Organising Committee member for TSRP-96 and NLS-96
S.K.Sarkar, JSPS fellow to Kyoto Institute of Technology, Japan
S.K.Sarkar, Course coordinator of Chemical Dynamics and Rate Processes for Chemistry

Training Programme, HRDC
L. M. Gantayet, Member Secretary, Engineering & Sciences Committee advisory

Committee, BRNS, conducted Annual Meeting for consideration of fresh proposals
for BRNS funded research programs, review of projects, DAE Research Award for
Young Scientist etc. Also conducted the review of 15 projects in Heat Transfer &
Fluid Flow by chemical Engineers under TPDM over two days.

L M. Gantayet served as Chairman of the Committee to select M. Tech. trainees, for the
Orientation Course in April, 1997.

L. M. Gantayet served as Chairman of the Committee for Chemical Engineering, trainees,
for the 41st batch of the Training Course to interview candidates in August, 1997.

L. M. Gantayet serving as member of Engineering Committee of Training School.
B.S.Narayan - Elected Fellow of Instt. of Electrical & Telcom. Engineers of India (IETE).

2.8.7 Lectures/Invited Talks

B.N. Jagatap: Hydrogen Atom in intense Laser fields: Hybridization, lonization and
Harmonic Generation, Invited talk in the International Conference on Spectroscopy:
Frontiers and Perspectives, BARC, Bombay, Jan.3-5, 1996.
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B.N. Jagatap: Molecular Coherence and Control of Chemical Reactions, Invited talk in the
Trombay Symposium on Radiation and Photochemistry, BARC, Bombay, Jan.8-12,
1996.

B.N. Jagatap: Optical Interference in Multiphoton Transitions, Invited talk in the XI National
Conference on Atomic and Molecular Physics, liT Madras, Dec. 17-20,1996.

L.J.Dhareshwar: High peak power laser driven shock waves and their applications, at
National Symposium on High Power Lasers, Defence Science Centre, Delhi,
Dec. 1996.

R.C. Khattar: Two talks on" Some Important Security Equipments" and "IR light in Security"
were delivered during Appreciation Course on Physical Protection System in Nov.
1996.

S.K.Sarkar: Laser selective chemistry, National Laser Symposium ( NLS - 96 ), BARC,
Mumbai

L.J.Dhareshwar Generation and applications of ultra-high pressure laser driven shocks,
LJ.Dhareshwar, N.Gopi, B.S.Narayan, Fourth National Conference on High
Pressure Science and Technology, Sept. 11-13, 1997, Proceedings of Advances in
High Pressure Science and Technology, pp.87-92.

R.C. Khattar. Invited talk given at Tarapur Atomic Power Plant to Security Officers on
"Security instruments", Feb. 1997.

S.K.Sarkar Selective IR laser chemistry of light isotopic species, Kyoto Institute of
Technology, Japan, December 1997

Gantayet, L. M., 'Safety Related Instrumentation and Equipment', Workshop on Safety
Reports, December 3-5, 1997, Central Labour Institute, Mumbai.

B.N. Jagatap: Laser cooling and Bose Einstein condensation, Talk delivered in "Advances
in Condensed Matter Physics" organized by University of Bombay, March 3, 1997.

B.N. Jagatap: Atoms and Molecules Intense Laser Fields, Four talks delivered in SERC
School on Nonlinear Optics and Laser Spectroscopy, IIT Delhi, March 10-15, 1997.

B.N. Jagatap: Nonlinear Laser Spectroscopy: Concepts and Methodologies, Three lectures
delivered in SERC School on Nonlinear Optics and Laser Spectroscopy, IIT Delhi,
March 10-15, 1997.

B.N. Jagatap: Bose Einstein condensation in dilute alkali vapours, Invited talk in DAE Solid
State Physics Symposium, Cochin, 26-31 Dec. 1997.

Sunita Singh - CVL Pumped High Power Dye Lasers, National Symp. On High Power
Lasers, Defence Science Centre, Dec.23-24, 1996.



3. THERMAL PLASMAS

During 1996-1997, studies on thermal plasmas related to the basic processes,
development of devices and technological applications were carried out. A variety of
plasma devices in the power range 30-300 kW operating both transferred and non-
transferred arc modes have been developed. Some of the significant investigations carried
out during the period include stabilisation of arc using axial/vortex gas flows and magnetic
fields. The major activity related to the development of high power plasma torches is the
development and characterisation of hollow electrode torches which is a recent concept for
generating inert, oxidising, reducing or reactive plasmas.

A significant achievement was the plasma spray coating of carbon steel, split mold
for uranium casting The alumina coating was satisfactory upto 17 heats, and the major
advantage is that it is reusable after sand blasting and re-coating. A single-step process to
produce Fe-TiC cermet coatings has been developed through plasma spraying of ilmenite
powder in a reactive plasma environment. Controlled Environment Plasma Spray System
was integrated during the year and the operation of spray chamber with vacuum systems
and torch & job manipulating subsystems were checked. Trial spray operations have been
carried out to check the operation of the system.

A capacitively-coupled, diffusively-cooled, all-metal, RF discharge-based, CO2 laser
system has been developed. This discharge powered by an in-house built 500 W, 30.6
MHz RF power supply was operated in the pressure range of 1-100 torr. With an input RF
power of 200 W, a lasing efficiency of 10% was achieved at a pressure of 30 Torr.

The liquid metal magnetohydrodynamics (LMMHD) phenomenon is the study of
interaction of the flow of liquid meta! in the presence of a magnetic field. Power conversion
systems based on LMMHD interaction can operate efficiently even with low grade heat.
During this year considerable computational work was carried out for the design of a
prototype LMMHD plant coupled to solar tower and incinerator waste heat.

3-1 DEVELOPMENT OF PLASMA DEVICES
[A. K. Das, P. S. S. Murthy, S. N. Sahasrabudhe, M. M. V. Murthy, Sreekumar
Ghorui, S. C. Gosavi, K. P. Kedare and A.N. Sen]

The main activities related to high power torch area have been the following :
a) Development and characterisation of high power hollow electrode plasma sources

consisting of design and testing of these torches, scaling up studies including operation
in N2 and air and experimentation on magnetic stabilisation and fluctuations in the
plasma.

b) Theory, Computations, Data Analysis.

3.1.1 Hollow Electrode Non-Transferred Arc Plasma Heaters

Basically two major types of torch are being used in industry and in laboratory. A
large number of applications use plasma devices of the thermionic rod cathode (thoriated
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tungsten tip) type, this being the much tested design. However, since the cathode is
indirectly cooled, the question of electrode erosion becomes extremely critical for long life
of the torch. Moreover, contamination from the tungsten tip in plasma synthesis
applications creates a major operational problem. An alternate and more recent concept in
high pc(wer torch development namely is the hollow cathode device with copper, copper-
chromium or copper-zirconium electrodes. A high power hollow-electrode plasma torch can
generate inert, oxidising, reducing or reactive plasmas. It can also be an ideal source for
high enthalpy simulation facility for material testing, processing and also to excite gas
dynamic lasers.

The following describes the hollow electrode torch development at the Thermal
Plasma Section at BARC. The various approaches, the stabilisation scheme and
characteristics measurements have been covered. The high power torches of the hollow
electrode type consists of concentric cylinders usually made of copper. The polarity is of
the straight type, that is the rear electrode is negative. The gas injection is normally
tangential and in between the two cylinders. The ultimate objective is to efficiently convert
electrical energy into heat energy through a stabilised plasma beam. Unlike hot cathode
torches, beam stabilisation is carried out by a synergy between magnetic rotation and gas
dynamic stabilisation. Two types of hollow electrode torches have been developed at TPS.
The first one is the more conventional one where the two copper electrodes are arranged
linearly on co-axial mount with a longitudinally blown arc. The other is a concentric coaxial
system with one electrode inside the other and a cross blown arc.

3.1.1.1 HoSIow Electrode, Coaxial. Concentric, Gross-blown Pfasma Torch

The schematic diagram of the concentric coaxial cross arc blown is given in Fig.
3.1.1. As shown in the diagram, both electrodes are made of copper (electrolytic) and are
intensely water cooled. The anode is mounted inside the cathode with an annular gap of 5
mm and separated by an insulator. Plasma gas is injected tangentially. To avoid arc spots
and erosion of electrode an axial magnetic field is applied through a 40 turns air core
solenoid coil. Plasma is started by applying hf voltage between the electrodes. The stability
of the arc in this case is a balance between the gas dynamic drag, the JxB force and the
force due to the electric field to follow the minimum resistance path. These are
schematically illustrated for a reverse polarity torch in Fig. 3.1.2. The following observations
are important from the point of view of arc stability.

At zero magnetic field, the arc is struck but is pushed out to the tip of the inner
electrode and subsequently perish. Puncturing of electrodes was also observed in
certain instances.
As magnetic field is increased, the plasma column becomes stable and starts
rotating at high angular speed.

• The direction of arc displacement due to magnetic field depends on the polarity of
electrodes
The stable arc length does not greatly vary with current or gas flow
Higher magnetic fields supported higher gas flow rates
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a b
Figure 3.1. 2 Stability of Arc in Coaxial Concentric HE-RP System [2]

(a) inner electrode at coil centre, (b) inner electrode off coil centre
M, E, A indicate magnetic, electric and aerodynamic Force respectively
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Experimental Set up

The schematic of the experimental set up is shown in Fig. 3.1.3. It consists of the
hollow electrode torch, DC current regulated power supply, HF igniter, Gas and water
supply systems, magnet with its power supply, Volt meter and ammeter for average current
and voltage measurements and finally, apparatus for measurement of arc rotational speed,
voltage fluctuations, acoustic fluctuations etc. An optical bench collected the light radiation
from a point inside the torch with a slit and filter, collimated it and through a photo-multiplier
tube diode - amplifier assembly, the signal was transmitted to a multi-channel storage
oscilloscope. The speed of arc rotation is measured from the periodicity of the optical
signal received. The voltage signal was also collected by the oscilloscope. The acoustic
signal was collected by a microphone cartridge and passed on to the oscilloscope. 15,000
points were sampled and recorded. The basic experimental conditions are listed in Table
3.1.1

Table 3.1.1: Experimental Conditions
Parameters

Torch Power
Water Flow Rates
Argon Flow Rates
Magnetic Field (axial)
Arc Voltage
Arc Current
Torch Dimensions

Cathode ID mm
Anode OD mm

Range
0-12 Kw
10-30 Ipm
20-80 Ipm
0.02 -0.08 Tesla
20-35V
100-400 A

20
10

Experiments are carried out at various arc current, magnetic field and plasma gas flow
rate. While the arc fluctuation data and its correlation will be submitted separately, Table
3.1.2 shows the data on arc rotation and consequent stabilisation due to the magnetic field.
It is

Table 3.1.2: Speed of Rotation of Arc Column in Hollow Electrode Cross Blown Arc
Flow Rate
of Argon

LPM
40
50
60
70
40
50
60
70
70
70

Voltage

V
21.4
21.5
22.8
23.4
23.4
24.2
24.9
25.5

-
-

Current

A
300
300
300
300
400
400
400
400
100

, 200

Measured
Bz Field
Tesla
0.067
0.067
0.067
0.067
0.085
0.085
0.085
0.085
0.067
0.067

Speed of Rotation
(v<j>) of arc column

rpm
29700
32220
33240
36720
40200
40980
42720
43500

-
-

Remarks

steady arc
steady arc
steady arc
steady arc
steady arc
steady arc
steady arc
steady arc

Arc Blown Off
Arc Blown Off
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observed that a stable arc rotating at very high speed is produced In between the
electrodes and during operations of over 20 hours no electrode damage was observed
except for one instance when operating without magnetic stabilisation resulted In
puncturing the central electrode,. For low current settings and weak magnetic field, arc
blew off. Fig, 3.14 shows the V-l characteristics of this torch. It is seen that the
characteristics are still drooping but the dependence on gas flow or current is much less
than that in RE torches.

3.1.1.2 Hollow Cathode. Coaxial. Linear. Longitudinally-Blown Arc Plasma Torch

In this concept, the torch consists of two tubular water cooled copper electrodes
used as cathode and anode. The schematic diagram of the torch is given in Fig. 3.1.5. One
end of each electrode is mounted in side a water cooled chamber (which also serves as a
vortex chamber) so that they are on the central axis of the chamber. The electrodes are
isolated from the chamber by insulator flanges. Plasma gas is injected tangentially in the
chamber through four gas inlet ports. Separate air cored magnetic coils are mounted on
cathode and anode. Arc is initiated by applying h. f. voltage to the electrodes or by shorting
the electrodes. Different variants have been tried for generating a safe and stable plasma
beam

• Well-Type cathode with anode, both ends open and two port gas entry: The well type
cathode was operated at low power levels up to 10 kW. Arc was observed to be
confined mostly inside the vortex chamber. After few minutes of operation pits were
formed at the vortex chamber end of the cathode eventually puncturing it.

» Cathode and anode tubular, both ends open: This model was operated with four
separate tangential gas inputs and solenoid coils mounted both on the cathode and
anode. It was observed that the arc initially stays confined inside the electrodes and the
rotation is achieved by adjusting the vortex gas flow and the magnetic field. With higher
gas flow the arc comes out of cathode and strikes on the outer most edges. To
accommodate the expansion of the arc the cathode length is increased more than 250
mm. The torch has been operated at 60 to 70 kW power at 160 LPM argon, 100 LPM
N2, 170 V arc voltage and 450 Amperes of current. The arc fully filled the cathode up to
its full length and was beautifully stabilised in space. The axial magnetic fields applied
both at cathode and anode were about 0.07 Tesla each.

The development of both types of hollow electrode plasma beam devices have
been earned out. As expected, the concentric model operated satisfactorily in terms of arc
stabilisation and electrode life. The arc was radial and the high speed of rotation avoided
any significant electrode erosion. The full thermal and electrical characterisation of this type
of torch is not seen in literature and might be extremely interesting due to the spatial
configuration of the arc. In terms of practical applications, these may be used for plasma
assisted powder dissociation or synthesis. The power must however be upgraded by
increasing the electrode separation and the arc current. Another interesting feature offered
by this type of plasma beam device is the response of the arc column to the position of the
solenoid coil which introduces varying components of radial and azimuthal magnetic field.
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The longitudinally blown torch operates with a high voltage to current ratio and
appeared to be more interesting from the point of view of applications like high power gas
heaters or high enthalpy simulators. The synergy of the gas dynamic and magnetic
stabilisation came out to be the most critical factor and more work is needed to be done on
this aspect. Air operation of such torches will provide a highly economic alternative to
plasma chemical synthesis.

3.1.2 Aerosol Generator
[P. S. S. Murthy]
The development of a prototype aerosol generator for Environmental Assessment

Division involving integration of DC power supplies, plasma torch, control console etc. have
been carried out.

3.1.3 Controlled Environment Plasma Spray System
[A. V. Bapat, C. S. Tulapurkar, M.S.Madanmohan, D.P.Chakravarthy]

Work and Torch handling Devices have been commissioned and cold trials on all
the sub systems have been completed. Due to some minor leaks in the electrical and
mechanical feed through and due to large number of drive components inside the work
chamber the pump down time has increased substantially. Typically vacuum level of 5x10"1

mbar in the work chamber requires 20 minutes. Efforts are on to improve the pump down
time by rectifying the feed through.

The control sr-d instrumentation work for installation of process transmitters and
control accessories on manifolds, control panel layout, fabrication and wiring, bus-bar
layout and flow loop testing for the CEPSS plasma torch have been completed. The
manifolds includes plasma gas and powder feed controls for Argon, N2 O2 and H2. Each
flow loop consists of a pressure transmitter, a remote operated mass flow controller, flow
switch, pressure gauge and solenoid valves. The torch input gas flows, current and voltage
and electrode water flow temperatures are monitored and controlled from a remote control
rack. The cooling water temperatures of the plasma torch electrodes are accurately sensed
by RTD's and signals transmitted to the control panel through precision low drift 4-20 mA,
two wire transmitters. The control and instrumentation systems were satisfactorily tested
and the remote torch operation in controlled atmosphere is presently being carried out

3.2 PLASMA THEORY

3.2.1 Theory. Computation. Experimental Data Analysis

Combustion Plasma
[A.K.Das with Dr. A. M. George of Chemistry Division]

In association with Dr. A. M. George of Chemistry Division, BARC, work has been
conducted on the concept of a dry combustion plasma from agricultural charcoal. Extensive
computations were performed to evaluate the plasma temperature and electrical
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conductivity to observe the effect of hydroxyl ion on these parameters. The results were
encouraging and a paper Thermodynamic and Electrical Properties of Dry Combustion
Plasma" is accepted for publication.

Heat Transferred to a Substrate at a variable distance from a Non- Transferred arc plasma
jet

For a job or a substrate exposed to a plasma beam, temperature distribution over
the substrate is an important parameter from the point of view of the physicochemical
phenomena occurring on that surface. For example, the quality of plasma sprayed coating
can be controlled better through a full knowledge of the heat flux profile and its
dependence on stand off, gas flow, current and the relative beam-substrate positions. In
most cases the heat flux profile is assumed to be Gaussian. The present work has
assumed a form <|> ( r ) = <|>o exp(-(r/Rg)n) which is much more general and can include
other profiles. Here, 4>o is a constant and Rg is the profile width determining factor. Two
concentric calorimeters consisting of a central, water flow calorimeter surrounded by
another cylindrical one as guard ring are used to estimate the amount of heat received by
the substrate as functions of r, z and the beam parameters (Fig. 3.?.1). Here the upper
surface of the calorimeters simulates the job/ substrate . It is made of copper and is thin
enough such that the temperature of the plasma just above the surface is same as that of
the substrate. In steady state, the heat received by the calorimeter is assumed to be fully
transferred to the water flowing inside the calorimeters. Hence by knowing the water flow
rate and the difference in temperature between inlet and outlet the net heat received by the
calorimeter can be determined. Calculations are carried out for n =1 and n=2. For a given
'n', two unknowns {Rg and <j>o ) are determined from the two experimental data, one from
the inner calorimeter and the other from the outer calorimeter. Hence the equation can be
solved exactly for <|>o and Rg . When the calorimeters are placed symmetrically with
respect to the torch axis, Rg and <j>o can be determined easily by using an iterative
method. The calorimeter is mounted on a x-y-z motion platform to vary the stand-off as ell
as the relative positions of the torch and calorimeter. The values of Rg and <j>rj are varied
over a range around these values( determined from axi-symmetric case) in steps and in
each case the heat received by inner and outer calorimeter are determined for axi-
symmetric as well as for off-axis position of the calorimeters. For a particular torch height
the sum of squared deviations was minimised to get the best values of Rg and <j>rj. The
results for various heights and for n=1 & n=2 are shown in Fig. 3.2.2 and 3.2.3. Here it is
shown that an exponential shape of the profile gives a slight better fit with experimental
results compared to the Gaussian shape. Also, the flux height decreases and width
increases with increase of stand off. The substrate temperature and its ef.'ect on the heat
flux distribution also has an important bearing on the actual applications like spray. The
scope of the experiment is being expanded to take this effect into account. The same
analysis is being extended to transferred arc jets impinging on cooled substrates.

Generalised Current Voltage Characteristics of RE-NT Torches
[A.K. Das with Mr. Anil Paingankar of I. Sc. Mumbai]
The earlier analysis {Annual Report, 1994) on the voltage-current characteristics of

plasma torches was specific to a given system but failed to evolve a generalised pattern.
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An alternative route of dimensional analysis was used to represent the overall effects of
complex phenomena of plasma beams in terms of dynamic similarity. The use of
dimensional.analysis in thermal plasma work was originally mooted by Yasko in the form
F= C Flj Xjai, where F are generalised functions, Xj are generalised arguments in the form
of dimensionless numbers, a\ are corresponding coefficients and C constant. The concept
of using similarity analysis to plasma beams is difficult because of the large number of
mutually interacting processes occurring in an arc and the strong dependence of the
properties of the working medium on pressure and temperature. The highest temperatures
in the system are not known and some properties like electrical conductivity at ambient
temperatures is practically zero. Normally in these cases the stable burning temperature of
the unstable arc is specified by the physical properties and this offers scale values for
temperature. At the inflection point of the curve drawn between the electrical conductivity
and specific enthalpy is taken as the scale parameter. Since at this point, it requires
considerable energy to change the conductivity, the arc stabilises itself and the parameters
are marked with subscript 'o'. Another prescription has been recently used by Fauchais et
al [5] where the reference temperature was taken to be that corresponding to an electron
density of 1%. The various non dimensional numbers for a flowing plasma with
electromagnetic fields are derived from the conservation equations of mass, charge,
momentum and energy.

p(\ V)V = -VP + /iV2V {momentum equation) (2)

p V. V( h + - V2) - V (A, V T) + Qr = j . E (energy equation) (3)

j = c . E (Ohm's law) (4)
where, p - charge density, v - velocity, P - pressure, \L - viscosity, h - enthalpy, X - thermal
conductivity, T - temperature, Qra<j - radiative term, j - current density, E - electric field and
o - electrical conductivity.
Non-dimensionalizing the above equation,

n V2 P
^—=- [/>*(V*V)V*] = - — (VP*)

L P L

[p (Vv)v*3 = Po X. A Y.L

gives the Euler number NEa = — ^ y and the Reynold's number NRe - ° °

Q0[Qf*] = j.E.O'.E*]

] + ^ H Q ; ] = D*.E']

p V h p V3

gives the enthalpy number N h = ° ° " , the acceleration number N, = - f ° °

(31)

joEoL
/ I T O

thermal conductivity number NA = — 2 —^ and the radiation number N o = °
J»E0L y j o E o
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From the Ohm's law j * = % ^ E* (41)
Jo

a E
the electric field number NE = ° -*• can be constructed.

Jo
The external parameters like mass flow rate, current, voltage and nozzle diameter have
been incorporated through the following equations

l = sfj.ds (5)
U = \\ E.dl (6)
G = sip.V.ds (7)

Non-dimensionalizing the above equations we get,

I - Jo L2 s*Ji*ds* ^ 9 i v e s t n e N i = —

U = E0L,*JE*.df => N " * ^ 1

G - p o V o L i g . J p V . d s * => N o = ^ ^ (7')
G

Using the combinations of these dimensionless numbers we include the
experimental parameters in the CVC. Furthermore L can be identified with the nozzle
diameter.

Reynolds number N™=^£2 -=— (8)
NG /Jod

Enthalpy Number . (9)
N ^ h G d
N G I2

Acceleration number ' (10)
N;J G
NG

Thermal conductivity number N ^ N ^ N E C N , ) 2 ^ - 2 - ^ — (11)

Voltage number No>=2W=3tI!! ( 1 2)

where V is the voltage, L or d are linear dimensions, cr0 is the electrical conductivity, h0 is
the enthalpy, A.o is the thermal conductivity and G is the mass flow rate and I is the current.
The value of the electrical conductivity and enthalpy

For plasma generators, the relation between the current and voltage is known as
the current-voltage characteristic (CVC). The CVC relationship between dimensionless
numbers can be established. For a plasma torch with rod type cathode and a nozzle, the
CVC relationship over a wide range of parameters is [6]

= 6 6 [ a 0 h 0 G d / I 2 ] 0 4 (13)
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Extensive experiments carried out at the Institute of Novosibirsk has resulted in the
following empirical formula to calculate the torch thermai efficiency r| for torches with rod
type cathodes [6]

- ^ = 5.85 x 10'5 [ I2 /G d f265 (p. d)03 [G/d]-0265 [1/df5 (14)

where I is the arc current in A, G the mass flow rate in kg/s, d the diameter and I the length
of the nozzle in m and p the pressure in the arc chamber in Pa. Work done at BARC has
resulted in the following relationship

where C = 0.089803, Ci = 49.233 with a1=0.894354, a2 = 0.232442, a3=-0.305736,
b1=0.234, b2=-0.678, b3=0.038 and b4=-0.28. The voltage can now be computed easily.
Comparison of this relation with other authors showed good agreement within the limits of
assumptions with maximum deviation up to 20%. Fig. 3.2.4 and 3.2.5 illustrate the
generalised CVC for the above data and compare it with the other CVC data available in
literature. The nature of these generalised relations have not only revealed the dominant
influence of enthalpy term in the voltage number but also the fact that for identical
dimensioniess numbers, the plasma beam device is expected to behave in likely manner.
The similar methodology can be applied to a transferred arc torch with dimensioniess
length of arc as an additional non-dimensional parameter. The result is shown in Fig. 3.2.6.
This data is being presented in a thesis by a research student from the University of
Mumbai who has worked in collaboration with this group.

3.2.2 Modeling of Heat Transfer and Fluid flow in Thermal Plasma Melting System
[T K Thiyagarajan]
In a plasma melter system transferred arc plasma is generated and the metal

charge is melted by the anode energy losses combined with conduction, convection and
radiation heating from the arc column. The computational work related to the mathematical
modeling of the transferred arc has received considerable attention due to the industrial
application of the scrap melting and waste treatment processes. These modeling studies
are carried out for the calculation of temperature, electric and magnetic field distribution
and flow field in the arc column and the near electrode regions for different operating
parameters. The important aspect of this model is the consideration of all the regions
involved in the plasma melting system starting from cathode region, plasma arc column
and the region well inside the anode.

The schematic of the thermal plasma melting system is shown in Fig. 3.2.7. The
system consists of a plasma torch that generates a transferred arc between the tungsten
cathode and metallic iron scraps used as anode. The typical arc length after nozzle is
~200mm.

The mathematical modeling of transferred arc of the plasma melting system
involves the calculation of heat transfer and fluid flow with the truly coupled
electromagnetic forces. The inter linkage of flow field, heat transfer and electromagnetic
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forces is to be considered, because the electrical conductivity of the plasma is temperature
dependent, the current density vector is influencing the heat transfer due to joule heating
effect and the electromagnetic forces affecting the flow field. This kind of inter linked
effects can be studied by solving the fluid dynamic equations viz. mass, momentum,
energy conservation equations by including the electromagnetic force terms, joule heating
and electron energy transfer terms. At the same time the current conservation equation
also to be solved to find out the current density distribution which in turn gives the
distribution of electromagnetic forces.

Basic Assumptions.
1. Flow is assumed two-dimensional. Temperature and flow fields are assumed as

axisymmetric system of coordinates.
2. Steady state and laminar flow is assumed. This is a reasonable assumption for the high

viscosity region of the plasma and molten pool of the anode.
3. Local thermodynamic equilibrium is assumed. The plasma is treated as a single

continuous fluid with only one representative temperature for the flow.
4. At present the effect of metal vapour is not considered.

Most of the time it is possible to fit the physical system which is to be studied, with
the help of either Cartesian coordinate or cylindrical coordinate system. Sometimes the
geometry of the physical system especially the boundaries, which are the most important
region for mathematical equations do not provide the orthagonality conditions if one follow
the standard curvilinear coordinate systems. Hence boundary fitted curvilinear
coordinates(BFC) for the physical system is generated. Our torch part of the melting
system requires such a BFC coordinates due to the conical shape of cathode and nozzle.
Hence the cylindrical coordinates shown in Fig. 3.2.8 are transformed into axisymmetric
BFC coordinates, which fit exactly the boundaries of the physical system, i.e., the conical
shaped cathode surface, the anode surface and the inner surface of the nozzle. This kind
of orthogonal curvilinear coordinates are generated numerically by solving the coordinate
transformation equations''.

Governing Equations:
The equation of continuity can be expressed in BFC as follows:

l i d 8
——— — (h rpu)+ —-(h£rpw) = 0 (1)
hJh r l_3s or\ J

where h^ and h~ are respectively the metric coefficients or the scale factor for the £
and r\ coordinates, r the radial distance, u and w are respectively the velocity components
in the £ and r\ directions and p the density.

The 4 and i\ components of the equation of motion are as follows^.

8 , 8
—(piyu2) + ^ j

J_ §2.
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(6)

(7)

In equations (2) and (3) k and L are respectively the § and n components of the
current density vector J and Be is the azimuthal (6) component of the self-induced
magnetic-field vector B. Also, - j^Bg and LBg are the n a n c ' \ components of the
electromagnetic force F = J x B

The equation of energy is as follows

1 d f V k

U
(8)

with S, = I [il + j2] , Se =
2 e

k
ah, an

and SR = 4JIEN

In the above equations H is the enthalpy, k the thermal conductivity, C p is the
specific heat, k is the Boltzmann constant, e the elementary charge and a the electrical
conductivity. Sj represents the Joule heating caused by the arc resistance, SR is the
radiation loss per unit volume, EN is the net emission coefficient and S e represents the
transport of electron enthalpy due to the fact that the electron velocity is generally much

125



higher than the heavy particle velocity. The radiation loss was taken from the study of
Menart^ et. al. and the remaining plasma properties from the tabulated values of Murphy^.

The equation for current conservation is given by

1
cr + 3n

= 0 (9)

Here <p is the electrical potential.
The domain of the calculation for momentum equations, energy equations and

current conservation equations are given in Fig. 3.2.8 and the boundary conditions are
specified in Table 3.2.1.

The profile for axial velocity in the gas flow inlet region DE is given by ̂

w =
2Q

where f (K )= ( 1 - K4) - and K =

Table 3.2.1: Boundary Conditions for Solving Fluid Dynamic Equations
and Current Conservation Equations

Region

IHA

ABC

CD
DEFG

GM
ML

IL

u
0

0

0
0
0

d(h,,rpu)

dt,
0

Boundary Conditions

= 0

w

~r = °

0

profile1

0
0
0

0

for
T

m

*

j -

T =
j =

I* =

o rH

- = 0

TK*

400 K
400 K
300 K
300 K

1000 K

Region

I'HA

AB'

BD'
D'G'

L_G'M'
M'L'

I'L'

Boundary Condition
cp

as

. , is
h ~ h\}~ -jr )

U - 0
v - o
Jn = O

k = o

Anode fall voltage
t The flow profile through the annulus given by Bird and Stewards assumed here.
$ The electrode surface temperature decreases linearly with increasing v\ from 3200K at B
to 500K at D.

The domain of calculation for current conservation is different from that of other
equations and is shown in Fig. 3.2.8. Since the high electrical conductivity region is
required for the current flow, the domain for current conservation includes only a small
part of the cathode tip(depends upon the cathode spot radius) and again near the anode
again there is a fall in electrical conductivity, this domain is terminated before the anode. In
the gap between this domain and the anode the current is assumed to be in arc mode.
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Hence the boundary near anode region is assumed to have anode drop potential value.
The boundary conditions for this domain is given separately in Table 3.2.1.

For the boundary condition of the region AB' the emission property of the cathode is
used. The cathode emission current jt is assumed 107 - 10^ A/m^, I is the distance along
the conical surface of the cathode and L is the cathode spot radius which is near to 4-6

mm depends upon the cathode current I and is defined by I = J27tr^dl. The above
0

mentioned equations 1, 2, 3, 8, 9 are solved along with the boundary conditions using
Patankar"s Finite volume integration method. Semi-implicit Pressure Linked
Equation(SIMPLE) Algorithm is used for discretization of non-linear partial differential
equations in to set of simultaneous linear equations.

The complete code development is split up into several modules to carry out
specific work like grid generation, TDMA solver for solving simultaneous linear equations,
functional fitting of thermodynamical and transport properties, solving axial and radial
momentum equations, solving energy equations, solving current conservation equation. At
present testing of each module is being carried out before doing the iterative procedure of
simultaneously solving fluid dynamic equations and electrodynamic equations.

3.3 PLASMA DIAGNOSTICS AND INSTRUMENTATION

3.3.1 Spectroscopic Diagnostics
[N..K. Joshi, S.N. Sahasrabudhe]

The modified atomic Boltzmann technique has been used to determine the central
axis temperature of plasma column in a spray torch. In this technique, a plot of log ( I k i . Ek
. A.ki / Aki. gk) Vs Ek gives central axis temperature. The technique is quite useful for high
gradient thermal plasma and it has been shown that by recording the spatially integrated
spectral intensities along the chord, it is possible to determine the temperature at central
axis of plasma column without performing the Abel inversion. For the validity of this
technique, the emissivity of chosen optically thin lines should increase exponentialty with
rising temperature and T < TM, where TM is the temperature at which the line emissivity
reaches its maximum. The central axis temperature at 5 and 10 kW input power level of
spray torch has been determined at 2 mm increments from an axial position of 2 mm from
nozzle exit point to a distance of 20 mm. The central axis temperature is higher in
comparison with the line of sight (Chord) averaged temperature which has been obtained
using atomic Boltzmann method. (Fig. 3.3.1.)

A low pressure argon source (spectral calibration lamp) has been used to determine
the instrumental broadening of 1m and 0.5m monochromator at 430.0 nm.

3.3.2 Particle Diagnostics and Arc Fluctuation Studies
[S.N. Sahsarabudhe, D.N. Barve and N.K. Joshi.]

Light signals from self illuminated spray particles coming out of spray torch have
been used to study their heating patterns in time domain. The spray torch has been
operated at different power levels ranging from 4 kW to 16 kW using Ar and Ar + N2 as
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plasma forming gases. In these experiments, Copper and Alumina spray particles have
been used. Argon was used as carrier gas at 10 slm flow rate. Since Alumina has higher
melting point than Copper, to get detectable signal from self illuminated alumina particles,
nitrogen has to be introduced along with Argon in the torch. The torch voltage, current and
optical signal from self illuminated particles have been recorded using digital oscilloscope
at each power level. The wavelength region selected for collecting light from self
illuminated copper particle is 646.2 to 647.0 nm. and that for Alumina particles is 669.1 to
669.9 nm. These wavelengths are selected after confirming that there is no line radiation
either from plasma gas or from material of the particles in this region.

The luminosity of plasma jet, arc length and enthalpy vary periodically with the
repetition rate of 150 Hz due to unfiltered DC power supply. The maximum residence time
of particles in visible flame length is of the order of 0.6 ms and time period for fluctuations
of flame due to power supply is of the order of 6.67 ms. It is observed that minimum power
and the peak power increases as the average power is increased. Fig. 3.3.2 shows
typically the signals obtained from the self illuminated Copper particles and torch current
wave forms recorded simultaneously for different torch power levels. Table 3.3.1 gives
details regarding plasma gas spray particles used, torch power and width of the "hot time
zone' in which self illuminated particles are detected, as the percentage of the power cycle.

Table 3.3.1: Experimental operating paramenters and hot time zone

Gas used and Flow rate

Argon (25 slpm)

Argon
(25 slpm)

Argon, (25 slpm) +
Nitrogen, (2 slpm)

Particles used. Size &
feed rate
Copper,

(50 to 70 ii & 30 g/min)

Alumina
(60to80t i& 10 g/min)

Alumina
(60 to 80 p. & 10 g/min)

Torch Power

4.1kW
7.7kW
16kW
8.4kW

12.0 kW
8.0kW

12 .OkW
16.0kW

Hot Zone %

47.9
62.0
73.4
57.3
72.0
57.2
65.6
74.6

It is concluded that the particles introduced into the flame of a plasma spray torch
show a differential heating pattern, related to the power supply fluctuations and are not
heated uniformly. Using the heating pattern of particles it is possible to determine optimum
power level to be used for spray coating.

Light pulse method for particle diagnostics in plasma torches requires capturing of
light signals from the self illuminated hot particles when they are passing through an
observation window of known size. The light pulse thus generated is converted in to
electrical pulse signal by the opto electrical converter and the pre amplifier amplifies the
signal which is fed to a transient digitizer. The digitizer converts the pulse in a digital form
suitable to store in a PC for signal analysis. Since the rise time and pulse width give the
diameter and velocity of the particle respectively, it is necessary to have very fast
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electronics to capture these signals. A new pre amplifier having 10 ns rise time has been
built. A fast digitizer having 100 MHz sampling rate has also been procured . In order to
ensure that the digitizer captures only signals emitted by hot particles crossing the
observation window, it is necessary to have a triggering mechanism. A He-Ne laser light is
passed through the center of observation window using a lens of 1 m focal length and
the laser light scattered by Alumina particles was gathered. The scattered signal strength
was sufficient to trigger the digitizer.

3.3.3 DC Transferred-Arc Plasma Image Acquisition and Processing Using Digitizing
Video Camera

[R.S.Haval, D.P.Chakravarthy, D.N.Barve]

A Digitizing video Camera System from Tektronix Inc, USA., along with the
Creative Laboratories Video Blaster card is used for acquiring and processing of arc
plasma images from the DC Transferred Arc Plasma System for the Plasma Diagnostic
studies. The plasma images captured are saved, retrieved and processed using a
Database Management System (DBMS) developed using MS Access, which runs on MS
Windows 3.x on IBM PC platform. The arc plasma images are processed and analyzed
using Digital Image Processing (DIP) software developed for MS Windows 3.x running on
IBM PC platform. Studies on arc plasma column radiations and anode surface phenomena
are carried out using this image acquisition and processing system. Radial intensity profiles
are also plotted under various process parameter conditions. A Database Management
System (DBMS) is developed using MS Access for MS Windows 3.x running on IBM
compatible PC. Arc plasma images captured under various process parameters are saved,
retrieved and processed using this DBMS. This DBMS can be used for optimizing the
various process parameters for different application, for plotting historical trends and
predicting the behaviour of the DC Transferred Arc Plasma system.

3.3.4 Diffusively Cooled RF Excited Slow Flow CO^ Laser
[D.P.Chakravarthy, N.K.Joshi, M.S.Madanmohan]

Radio-frequency discharges for CO2 lasers have important advantages over their
DC counterparts such as lower inter-electrode voltages and no arcing, improved discharge
stability, high power loadings, better overall efficiency and easy area scalability.

A capacitively coupled and diffusively cooled all-metal RF discharge based CO2
laser system has been developed as shown in the Fig. 3.3.3 It consists of a discharge
chamber made of aluminium cylindrical pipes, in which two water cooled copper electrode
leads are fixed. Experiments have been done using aluminium electrodes of sizes 14cm
long, 2.5cm wide with inter-electrode gap varied from 6 to 9 mm and also with electrodes
70cm long of 10 mm width with gap of 7mm. The discharges were powered from an in-
house built 500 watts, 30.6 MHz RF power supply as described in annual report
BARC/1996/P/002. The RF power was fed into the discharge through a RF directional
power meter and an impedance matching network. The voltage, current and phase of the
discharges have been measured using a high voltage probe and a coaxial current viewing
resistor. The individual gas flow rates were controlled and monitored mass flow controllers.
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The discharge pressure in the range of 0-100 Torr was monitored by an absolute
capacitance type pressure transmitter.

The voltage and current characteristics of the discharges were measured to
understand the volume ionisation a-type discharge behaviour and to optimise the
impedance matching circuit for maximum RF power transfer. The voltage-current and RF
power characteristics of the 14 cm long discharge is shown in the Fig. 3.3.4.a and Fig.
3.3.4 b. The matching inductor was 0.9 ^H and the discharge equivalent parallel
capacitance and resistance (Fig. 3.3.5.) was 10 to 15 pF and 500 to 800 ohms. Table 3.3.2
shows the measured and the calculated values of the equivalent circuit of the 70 cm long
discharge.in a optimised laser gas mixture. The discharge fills up the full length of
electrodes at 120 watts and at 220 watts suddenly puts off because of transformation from
the volume ionised a-type to the highly constricted y-type of discharge resulting in a severe
impedance and power mismatch. The maximum current and power densities in the
desirable a mode was 25 ma/cm2 and 4.5 watts /cm3 respectively. For an input power
variation from 120 to 200 watts, the voltage variation is only 5%. The change in the inter-
electrode voltage for gap variation from 5mm to 9mm was only 4%.

Using the 70 cm long discharge a low power 15 watts diffusively cooled CO2 laser
for slow flow operation has been developed and tested.A stable, spherical-plane resonator
consisting of a plane gold coated silica mirror and a 10 mtr radius, 85% reflecting ZnSe
output coupler is used for multimode beam extraction. The laser output mode pattern is
either in the TEM01 or in the TEM02 mode. The maximum laser efficiency acquired is about
10% at a pressure of 30 Ton. The reflected power achieved was less than 10% of the
forward power. Fig. 3.3.6 shows the laser output power fall rate. The output fall rate is
because of partial electrode cooling and CO2 dissociation. The power fall rate is about 0.2
watts/min at a total gas flow rate of 3 SLPM. The optimised gas flow mixture ratio is found
to be for He.N2.CO2:70,23,7. A one meter long metal-ceramic structure for a 50 watts laser
has been designed and is being fabricated. This will incorporate distributed parallel
resonance technique for impedance matching and uniform voltage distribution as well as
enable better diffusive cooling of the discharge.

Table 3.3.2: Operating Parameters:
Discharge size : 70cm x 9.5mm x 7mm (gap), Gas mixture in % He:N2:CO2:: 70:23:7
Pressure : 30 Torr, Gas flow rate : 3 SLPM, R f̂ < 10% R ,̂, Matching Inductor (L): 0.4

Rfoi-

Watts
120
140
160
180
200

Volts
190
190
196
200
200

Ims
amps
1.03
1.14
1.22
1.34
1.45

Phase
degrees

51
49

L 49
49
46

Cp
Pf
22
24
24
26
27

Rp
ohms
292
254
245
227
198
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3.3.5 Nuclear Turbine Vibration Telemetry
[D.P.Chakravarthy, M/s NPC and BHEL]

Turbine blades are highly tuned lightly damped components which under resonant
conditions could vibrate with sufficient amplitude to induce dynamic stresses in excess of
the fatigue limit for the blade material. Vibration measurements are conducted on static
blades using piezoelectric sensors and charge amplfiers and on rotating blades using
strain gauges and frequency modulation (FM) telemetry in a high speed balancing facility.
Under a request from Nuclear Power Corporation, the problems connected with the design
of the static RF antenna used with dynamic strain gauge FM telemetry was examined and
solutions offered to improve the S/N ratio. The design modifications included proper
antenna sizing, impedance matching to reduce standing wave pattern, and RF power
combining techniques for proper signal transfer. These were incorporated in the FM
telemetry instrumentation used for vibration tests conducted during Aug 1997 on the LP-5
and LP-3 stages of the 236 Mw nuclear rotor in the overspeed balancing vacuum tunnel
(OSBT) at BHEL Hardwar. The tests conducted were a joint effort between BARC, BHEL
and NPC.

3.4 PLASMA MATERIAL PROCESSING

3.4.1 Plasma Spraying
[K.P. Sreekumarand P.V. Ananthapadmanabhan]

Plasma spray coatings of AI2O3, AI2O3-TiO2, Mo, SiC etc. have been developed for
various applications and studies. The collaborators include Bharathiyar University
Coimbatore, Regional Engineering College Rourkela, Indian Institute of Technology
Bombay, CECRI, Karaikudi etc. A total area of 3200 cm2 of plasma sprayed coatings have
been prepared for this purpose.

Plasma Sprayed corrosion resistant coatings were developed on carbon steel split
molds for casting uranium ingots. This is a collaborative developmental work with Atomic
Fuels Division. These coatings were successfully tested for 17 castings. This method is
economically and technologically superior to the currently used practice using graphite
moulds, which last only for 4-5 casting cycles.

A detailed study on plasma spray efficiency, coating adhesion, microstructure,
coating hardness, density etc., were conducted on plasma sprayed AI2O3i with various
percentage of TiO2. This work has been done in collaboration with Bharathiyar University,
Coimbatore.

Plasma sprayed specimen for various applications were prepared and displayed in
the exhibition arranged in connection with the visit of honorable Prime Minister Shri. I.K.
Gujral. The exhibits included coatings for corrosion resistance, wear resistance, electrical
insulation and special purpose coatings. Plasma torches of various power levels were also
displayed.
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Two types of plasma torches were designed, fabricated and tested for its
performance. The first type is a dc non-transferred arc 80 kW plasma torch to be used in
Controlled Environment Plasma Spray System. The speciality of this torch is that it does
not have any O' - ring seals either in anode assembly or in cathode assembly. This
ensures the absence of any type of water leak from the torch to the vacuum system. The
second type of torch is for atmospheric spraying. Both the torches were tested extensively
for their electro-thermal efficiency. It is found that these torches give a maximum of 70%
efficiency which is extremely good as far as a non-transferred torch is concerned.

3.4.2 Plasma Synthesis
[P.V. Ananthapadmanabhan]

Fe-TiC Cermet coatings by Reactive Plasma Spraying of Ilmenite

A one-step process to produce Fe-TiC cermet coatings directly from ilmenite ore
concentrate has been developed. The process consists in plasma spraying ilmenite powder
in a reactive plasma environment to get Fe-TiC composite coating. The experiments were
carried out in the reactive plasma spray system (RPSS), designed, developed and
commissioned at the Plasma Processing Laboratory, University of Idaho, USA. The RPSS
consists of a 40 kW DC. plasma torch (Miller Thermal Inc.) along with a suitable DC. power
supply, cables and H.F. igniter. The torch is mounted on a spray chamber made of double-
walled, water-cooled mild steel vessel, 14 inches in diameter, and 12 inches height. A 8
inches id 8.5 inches OD and 10 inches high graphite cylinder is centrally located in the
spray chamber. The space between the graphite cylinder and the reactor wall is packed
with graphite felt. Temperatures at various locations in the graphite wall are measured by
thermocouples. A water-cooled substrate holder made of copper is attached to the bottom
flange of the spray chamber. The desired torch-to-substrate distance can be maintained by
adjusting the position of the substrate holder inside the spray chamber. The set up is also
provided with a filter assembly and an exhaust gas vent. The flow rate, inlet temperature
and outlet temperature of cooling water to the various segments are monitored.

The reactive spray-forming Fe-TiC composite is based on the following high
temperature reduction of ilmenite by methane. The chemical reaction can be represented
by the following equation:

FeTiO3 + 4 CH4 = Fe + 3 CO + TiC + 8 H2 (1)

The free energy minimization plot for the above reaction, developed using the
CSIRO Thermopackage is shown in Fig. 3.4.1. It is seen from the figure that TiC is stable in
the temperature region 1500-3000 K, above which, it starts dissociating into Ti(g) and C(g).
The stability region of liquid iron is seen to be 1750-2250 K, so that by quenching the
reaction products in the temperature range of 2000-2250, a composite of iron and TiC can
be obtained.

Rectangular stainless steel plates, 90 x 35 x 1.5 mm were used as the substrates.
The surface of the substrate was roughened by sand-blasting. The plasma torch was
ignited with argon and the arc current and flow rate of argon were adjusted to get the
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desired power level. Ilmenite powder feeding was started after the reactor attained thermal
equilibrium as indicated by the constant temperatures along the various sections of the
spray chamber.llmenite feed rate was maintained at -1.0 g/min. The coating process was
continued for about 10 minutes, after which the whole system was shut down and allowed
to cool under an argon atmosphere. A series of experiments were done at different power
levels and flow rates of methane keeping the feed rate of ilmenite constant Typical range
of operating parameters are given in Table 3.4.1

Table 3.4.1: Typical Operating parameters

Arc Voltage
Power(kW)
Plasma gas(Ar) flow rate
Ilmenite feed rate
Methane flow rate
Carrier gas(Ar) flow rate

35-37.5 volts
21-26
40-50 LPM
1.0 g/min
0.6-2.0 LPM
4.0-5.0 LPM

Results of x-ray diffraction showed that the coating composition is strongly
influenced by the input power and the concentration of reactive gas. It is seen that at
lower molar ratios of CH4/ FeTiO3, conversion to TiC is not complete, with part of titanium
still present as Ti3O5. With increasing amount of methane, the oxide content is reduced.
The diffraction pattern of the specimen sprayed at 26 kW and a CHV FeTiO3 ratio of 8,
shows TiC as the major phase and iron in minor amount. Scanning electron micrograph
showing the surface morphology of a typical sample of Fe-TiC is shown in Fig. 3.4.2.a The
coating-substrate interface, shown in Fig. 3.4.2.b, indicates good adhesion.

Fe-TiC coatings are used as substitutes for WC-Co coatings, which are used in
cutting tool industry and other applications requiring hard face coatings.This one-step
process involving reactive spraying of ilmenite is a highly cost-effective method to prepare
Fe-TiC cermet coatings, which are conventionally prepared by CVD techniques involving
costly starting materials such as TiCI4.

Synthesis of TiN from Itmenite

TiN has been synthesized from ilmenite powder in a thermal plasma flow reactor.
The chemical principle involved is carbothermic reduction of ilmenite followed by nitndation
The reaction can be represented by the following chemical equation:

FeTiOa + 3 CH4 + NH3 = Fe + TiN + 3 CO + 7 1/2 H2 (2)

Free energy minimization plot for the system FeTiO3-CH4-NH3-Ar, developed using
the CSIRO Thermopackage. is shown in Fig. 3.4.3. Argon has been included in the
thermodynamic calculations, but is not shown in the plot. It is seen from the plot that TiN is
stable over a wide temperature range from 1500 to 3000 K and that it should be possible to
get Fe-TiN composite by quenching the reaction products from 2000-3000 K.
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Fig. 3.4.2 a Surface morphology of a typical sample of Fe-TiC coating

Fig. 3.4.2 b Coating-Substrate interface of a sample of Fe-TiC coating
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The experiments were conducted in the existing thermal plasma flow reactor at the
Plasma Processing Laboratory of the University of Idaho. It consists of a tubular reactor,
non-transferred arc plasma torch, gas train, rapid quench section, filter, powder feeder and
data acquisition system. Powder is fed into the plasma by means of a water-cooled
injection probe inserted at an angle near the plasma torch. There is also provision for
counter-flow injection of reactive gases. The gaseous stream leaving the quench section is
passed through a filter and a liquid trap before venting to the stack. The experimental
process consisted in initiating the plasma using argon as the plasma gas. The gas feed
rate and current are suitably adjusted to get a stable plasma llmenite powder was fed
along with methane gas was fed into the plasma spray reactor after the the reactor attained
thermal equilibrium Ammonia gas was injected in the counter-current direction.

limenite powder was fed for 30 minutes during which time, the temperatures at
various points along the reactor segments were continuously monitored. After the feeding
was stopped, the whole system was shut down and allowed to cool under an argon
atmosphere. The product was removed from the inner wall of the reactor tube, quench box
and filter. A series of experiments were done at different feed rates of the reactant gases,
keeping the feed rate of ilmenite and input power constant.

The product was characterized by x-ray powder diffraction for phase composition.
Nickel-filtered Cu-Ka radiation was used. SEM and TEM were used to determine particle
morphology. SEM photographs of TiN/Ti(CN) powder are shown in Fig. 3.4.4.a and 3.4.4.b.
The particle size is found to be between 3-10 microns. It is also seen that the particles
have irregular features. The phase composition of the product is seen to depend on the
relative amount of ammonia and methane. It is observed that at higher amounts of
methane, a mixture of Ti(CN) and TiN are formed. The amount of titanium carbide nitride
decreased with the ratio of methane to ammonia. The product cosisted predominantly of
TiN at higher amounts of ammonia. The experimental results suggest that the formation of
TiN proceeds by the progressive reduction of the oxides of titanium to titanium carbide,
which undergoes nitridation to give titanium nitride.

3.4.3 Microwave Ptasma Processing of Materials
[D. S. Patil, K. Ramachandranj

The promising applications of the microwave plasmas have been appearing in the
fields of chemical processes and semiconductor manufacturing. Applications include
surface deposition of all types including diamond/diamond like carbon coatings, etching of
semiconductors, promotion of organic reactions, etching of polymers to improve bonding of
the other materials, use of microwave plasma as a UV light source, pumping lasers and for
plasma torches.

The microwave plasma processing facility (2.45 GHz, 700 W) set up in our
laboratory has been used for depositing Diamond like carbon coating (DLC) and
processing of polymers.
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Fig. 3.4.4 a SEM photographs of piasma synthesized TiN/Ti (C,N)

Fig. 3.4.4 h SEM photographs of piasma synthesized TiN/Ti (C,N)
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Chemical Vapour Deposition of Diamond Like Carbon Coatings

Diamond like carbon possesses a unique combination of useful properties. These
properties includes excellent hardness, optical transparency over a wide range of
wavelength, high thermal conductivity, high electrical resistivity and good wear resistance,
resistance against chemical attack (both acids and alkalis), Jack of magnetic response.
Diamond like carbon consists of an amorphous form of the carbon containing both
graphitic type bonding (sp^) and diamond type tetragonal bonding (sp3). This material has
a hardness approaching that of diamond. Because of its hardness it has been used as a
protective layer for delicate IR windows where it can act as a chemical and abrasion
resistant coating while also providing an anti reflection layer. Another important application
of these coatings is for bearing because of their low sliding friction on the metals. These
properties are due to their unique structure. DLC which is also designated as a-C:H
contains predominantly carbon and varying amount of hydrogen which depends on the
preparation conditions.

Diamond Like Carbon coatings were deposited on various substrates like s.s,
copper, copper-berrilium and actual parts like mild stainless steel ball bearings and other
components supplied by user divisions. The coated parts were given to the respective
divisions for further evaluations. The coatings are characterized by Raman and FTIR
spectroscopy. The typical FTIR reflectance spectra on copper and s.s. substrate are
shown in Fig. 3 4.5, 3.4.6. The deconvoluted peaks are also shown in the figure. From the
assigned peaks position for various C-H stretching modes it is clear that we have achieved
depositing nearly 95 % sp3 bonded carbon in the films. The Raman spectra of DLC on the
Cu and s.s substrate is shown in Fig. 3.4.7-3.4.8 and shows amorphous nature of the DLC
films. The deposited films are uniform with golden yellow color. The films are found to be
excellent insulator with resistivity > 100 MQ. The thickness of the films as measured by
surface profilometer was ~2 ^m. The Vickers hardness of the films was -2500 Kg/mm^ .
Corrosion resistance of the coating as seen by putting the coated parts in water for 15
days was found to be excellent.

Plasma Processing of Polymers

Many industrial applications requiring the printing or coating of polymers use some
surface pre-treatment. It is well known that polymers do not have good adhesive
properties. However because of their mechanical and electrical properties and their low
cost, polymers are increasingly used in applications such as microelectronics, packaging,
grafting and different coatings. In order to improve the adhesion of the polymers, it is often
necessary to pretreat the surface. Various methods are commonly used, including
chemical treatment, flame treatment, ion bombardment and plasma treatment. Each of
these methods have its own application field.

Low pressure plasma surface treatment is a technique which has recently received
increased interest. The advantage of the plasma are a thin depth of the substrate involved
in the treatment and low heat load to the substrate, so that bulk properties of the material
are not modified. More ever plasma are ecologically more favorable than chemical
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treatments. In plasma processing of polymers, one of the main goal is the improvement of
the surface energy which controls the adhesion properties of polymers which are very
useful in many applications such as textile treatment, biocompatibility, painting etc.

Plasma eching has proved to be a versatile technique in modifying the hydrophobic
surface of commodity polymers into hydrophilic surface. Using the microwave system set
up in our laboratory, plasma etching of the polymer polyethylene terephthalate (PET) was
done in oxygen plasma. The change in wettability characteristics has been studied using
contact angle measurement. An increase in the hydrophilic nature of PET surface has
been observed with plasma treatment.The degree of wettability enhancement depends on
the plasma composition, pressure, treatment time and temperature, incident microwave
power etc.

Though there is a improvement in the wettability of polymers on plasma treatment,
it has been found that reversal of the plasma etched surface to its original hydrophobic
state i.e state of lower surface energy, occurs with time. This may result because of the
migration of mobile species to the polymer surface which cover up the plasma treated
surface, structural rearrangement of molecular chains to bury plasma treated active sites
or the chemical reaction of the surface with its environment, this is called aging effect.
Aging with respect to PET surface is shown in Fig. 3.4.9-3.4.10. Figures 3.4.9 and 3.4.10
show the plot of contact angle vs time elapsed for plasma treated PET. From these figures
It is seen that aging effects does exist and that the wettability characteristics reach its
original status with time. As per the trend shown in the graphs between contact angle vs
time, the contact angle reaches the saturation value by approximately 30 hours. The value
of the contact angle decreases with exposure time. This may be due to the fact that
greater the exposure to the plasma, more will be the surface roughening and chemical
modification of the surface. This results in improved wetting characteristics. But it is also
observed that all the samples reach similar contact angle values towards saturation point.

Diamond Like Carbon Coatigs by Arc Ion Plating Process

The experimental facility set up in our laboratory for DLC deposition by Arc Ion
Plating process is used to deposit DLC coatings on coppr, s.s. and Cu-Be substrates. In
addition the actual parts (Cu-Be balls and sockets) supplied by the user division were
coated by DLC and given to them for performance evaluation to check the suitability of
these coatings for bearing applications. The coatings were subjected to rigorous testing
under high speed rotation and coatings were found to be very adhesive as they were not
delaminated after this regorous test. The experimental system was modified to get rid of
the problems of pits formation on the coating surface.

3.5 LIQUID METAL MAGNETOHYDROPYNAMICS
(Dr.P.Satyamurty and Dr.N.S. Dixit)

This year was mostly spent in computational work to design a pilot LMMHD plant
coupled to solar tower and incinerator waste heat. This project is initiated by Director BARC
involving many divisions including Laser and Plasma Technology Division. Under this
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programme the above design work has been carried out. The two-fluid model which was
developed and verified with the experimental data generated in the nitrogen - mercury
facility , has been used for designing the LMMHD PC. In all 6 alternative schemes have
been considered. The salient details are presented here.

3.5.1 Design of LMMHD Power Conversion System for Solar and Incinerator Waste
Heat

The computer code developed for designing the LMMHD PC designs the complete
liquid metat loop consisting of mixer, risor, separator, downcomer, MHD diffuser, MHD
generator. Two-phase flow equations are solved in mixer and riser. The equations solved
for this purpose are: continuity equations for vapour and liquid metal, momentum equation
for vapour, combined momentum equation for vapour and liquid metal, combined energy
equation, equation of state etc. The bubble size distribution in the mixer is calculated
assuming jet flow model. The flow in the riser, in general, consists of three regimes i.e.
multibubble, chum turbulent and slug.. The interfacial drag force is determined based on
the work of Ishii et at. Colebrook equation is used for determining friction factor. Other
auxiliary relations include thermodynamic and transport parameters for vapour and liquid
metal. The two-phases are assumed to have same temperature and the expansion is
almost isothermal in view of large quantity of liquid metal as compared to vapour (~103).
The one dimensional steady state conservation equations are algebraically modified and
solved by Runge-Kutta method.

In the MHD generator, electrodynamic equations for load factor, current, voltage,
frictional pressure drop, joule heating etc. are solved. Effects of aspect ratio, insulating
vane, percentage of end losses are separately estimated and necessary modifications
incorporated. Pressure losses in the MHD diffusers are calculated based on the equations
given in the handbook of Idelchik. The single phase flow in the rest of the components i.e.
downcomer, elbows etc. have been calculated based on standard fluid flow models. The
separator is assumed ideal and no carry under phenomenon in the downcomer is
assumed. For a given flow rate of liquid metal and vapour, geometry and magnetic field
calculations are carried out from mixer, riser, separator, downcomer, MHD diffuser-1, MHD
generator, MHD diffuser-2 and remaining pipe between MHD diffuser-2 and mixer.

Water/steam has been chosen as the thermodynamic fluid. Two liquid metals i.e.
lead and lead-bismuth alloy have been chosen as electrodynamic fluids. The main
advantage of the lead is that it is cheap. However, since the melting point of lead is around
327°C, the minimum operating temperature of the loop should always above this
temperature. Lead-bismuth alloy (depending upon the ratio) can be operating up to 120°C
(45% lead and 55% bismuth) thus suitable for low temperature system. The disadvantage
of this alloy is high cost of bismuth (~7 times that of lead). Both these aspects have been
considered while designing the loop.

The over all efficiency of the loop depends upon the highest operating mixer
pressure. Initially two cases were considered i.e. 80 bar and 60 bar. 60 bar pressure has
been chosen in view of only marginal increase in power if operated at 30 bar. The
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efficiency of the LMMHD loop depends upon the riser pipe diameter and pressure. Single
LMMHD loop for a 60 bar pressure drop in the riser is conceptually simpler. However, there
are many disadvantages i.e. height of the loop is very large ~120 m, smaller voltages for a
given power, less efficiency due to single diameter of the riser pipe. Besides, the system
can be operated only at one pressure ( no flexibility in operating at off-design conditions ).
Taking into consideration all these facts, a four loop and a two loop LMMHD PC is
designed Thus, the piping cost of the latter loops can be reduced by using smaller
scheduled pipes. Ideally, load factor and power of each loop should be such that
approximately equal power is obtained. However this makes the loop heights different.
The design is carried out such that the first two loops and later two are approximately of
same height so that installation aspects are simplified.

Initially three magnetic field intensities were studied i.e. 2 T, 1.5 T and 1.2 T. In
order to reduce the large electrical power requirements for the magnet as well as effect of
interaction parameter on the fluid flow, the maximum field is restricted to 1.2 T. One of the
important losses in MHD generator is due to end losses, which strongly depend on Aspect
Ratio (ratio of electrode length to distance between the electrodes), load factor, magnetic
field decay distribution at the entrance and the exit of the generator. Taking all these
phenomena into consideration, the aspect ratio is fixed at 4.5 and load factor to a value
around 0.9. Smaller load factor decreases the efficiency of conversion due to increase in
joule heating; on the other hand larger value increases the end losses. The dimensions of
the MHD channel were chosen in such a way that the net power (MHD generator power
minus the magnet power) is optimum. Increase in the channel dimension decreases the
frictionai pressure drop. This increases the electrical power but also increases the magnetic
field volume leading to larger magnet power requirement. The exact field decay distribution
outside the MHD channel has been so decided that the end losses are minimized ( The
magnet poles are designed to provide the required field distribution).

The starting point for the designing of the LMMHD PC system.is to fix the steam
flow rate. This is decided by the requirement of the electrical power, highest steam
temperature and overall efficiency of conversion. In view of this, preliminary computations
were carried out by varying the steam flow rate from 0.8 to 1.4 kg / s and found that 1.2 kg
/ s flow rate operating at highest temperature of ~ 400°C gives around 570 kWe of gross
power. Based on this analysis 1.2 kg/s has been frozen for detailed optimization of the
system for four loop and 0.9 kg/s for a two loop system. For each loop the following
parameters have been varied for optimization :
1. Riser diameter
2. Downcomer diameter
3. 3 Liquid metal flow rate
4. Mixer hole size and number of holes.
5. MHD diffuser length.
6. MHD channel.

Electrode length
Electrode width
Electrode height.

7. Magnetic field intensity.
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Large number of holes and smaller hole size are ideal for the mixer. This decreases
the frictional pressure drop and produces small bubbles thus increasing the interfacial
drag. This leads to larger void fraction. Ideally, porous mixers are the best, since the hole
size is as small as 10 microns and number of holes are almost unlimited. The main
disadvantage is possibility of holes getting choked due to the presence of dust particles,
impurities etc. In view of this, it is decided to design a mixer distributor with 1.5 mm hole
diameter (limited by mechanical drilling). The number of holes (few thousands) is decided
such that the frictional pressure drop at the orifice is less than 0.05 bar.

Riser diameter is very critical for overall efficiency of conversion. For a given flow
rate of the steam and lead, smaller pipe diameter increases the frictional pressure losses,
decreases inventory. However this increases the void fraction due to increase in the
Froude number. This necessitates determination of optimum diameter. Diameter of the
downcomer decides, frictional pressure drop and inventory. Larger diameter increases the
inventory, decreases the frictional pressure loss but can increase the pressure losses in
MHD diffusers. Liquid metal flow rate is crucial as the electrical power generated is
proportional to liquid metal flow rate and MHO pressure head. Larger liquid metal flow rate
decreases the void fraction and increases the frictional pressure drop leading to decreases
in the MHD pressure head. MHD diffuser connects circular cross-section of downcomer
with rectangular MHD channel cross-section for smooth transition of the flow. Length of the
MHD diffuser is optimized for minimum pressure losses. The electrode length, width and
height of the MHD generator crucially decide the voltage, current, end loss, load factor,
frictional pressure drop in the channel etc. and need to be optimized.

The four MHD generators are planned to be connected in series to obtain maximum
voltage. In view of this, parameters are varied such that same current is obtained from all
the loops. If required the loops can be operated in any combination. Hydrogen cells are
being planned for generating hydrogen from the electrical power. Typically a single
Hydrogen cell requires 2.0 to 2.5 V and takes current up to 14 kA. A number of cells
connected in series and parallel act as electrical load. Exact voltage and current
requirements will depend on the losses in the bus bar and net-work of the cells. In view of
this, analysis has been carried out both for 80 and 100 kA current for given geometry and
steam flow rate. The required voltage and current can be fine tuned by varying the
magnetic field between 0.9 and 1.2 T.

Based on the above criteria, for each loop optimization is carried out. The steam
pressure at the separator exit of loop 1 is matched with the mixer pressure of loop 2 after
accounting for pipe pressure losses. Similar analysis is carried out for other loops also. (
In the case of lead-bismuth for loop 4 of scheme 2, additional pressure drop is provided for
regenerator 2). The exit pressure of loop 4 is fixed at 1.5 bar based on the requirement of
regenerator and condenser.

3.5.2 Four Loop LMMHD Power Conversion System
[The engineering design has been carried out by Mr. G. K Agarwal and B. S.
Manjunath of Refueling Technology Division. The Hydrogen plant details are
provided by Mr. S. Suresh Rao of Heavy Water Division. The solar Receiver design
by Mr. D. Saha and Mr. A. K Pal of Reactor Safety Division. Magnet design,
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Instrumentation and Controls by Mr, G. P. Srivastava, Mr. U. Mahapatra and Mr. D.
N. Badodkar. incinerator details by Mr. P. D. Ozarde of Waste Management Group]

Option -1

The schematic of the loop is shown in Fig. 3.5.1 In this scheme no heat is directly
given to LMMHD loops and the required heat is supplied through steam. In order to use
carbon steel pipes (to reduce the cost) the highest temperature is fixed at 420 C. In view
of this the operating loop temperatures are lower and necessitates using of lead-bismuth
alloy in loops 2 and 4. The steam from the solar tower enters the loop 1 operating at 360 °
C and 60 bar at 420 °C. The steam enters loop 2 mixer at 38 bar and temperature 355 °C.
Loop 2 operates at 270 °C with lead-bismuth alloy. Steam from loop 2 enters heat
exchanger (incinerator / solar) and additional heat is added raising the temperature to 420
°C. Loop 3 operates at 350 °C with mixer pressure at 17 bar. Steam enters loop 4 at 345
°C and 7.5 bar. The loop 4 operates at 255 °C with lead-bismuth alloy. The detailed
parameters of all four loops are presented in Table. 3.5.1. Gross power of 536 kW is
obtained. The required Q is around 3.98 MW and gross efficiency is 13.5 %. Table 3.5.2.
gives system parameters when operated at 100 kA.

Option - 2

In this option air receiver is replaced by water / steam receiver. How ever, the
LMMHD loops remain identical to that of option - 1 . The schematic of the system is shown
in the Fig. 3.5.2. Analysis has been carried out for 0.6 and 0.9 kg / s flow rate and keeping
the temperatures of the loops same as 1.2 kg / s flow rate. The important parameters are
summarized in Table 3.5.3a and 3.5.3.b. We see that, in order to operate both at 0.6 and
0.9 kg / s flow rate, loopi has to be bypassed. Pressure in the Ioop2 mixer has to be
maintained at 45 and 43 bars respectively. The gross power obtained are 261 and 354 kW
for 0.6 and 0.9 kg / s flow rates respectively. For flow rates below 0.6 kg / s, the system
can be operated by bypassing both loopi and Ioop2. However the over all efficiency
drastically falls. Thus we see that like in the case of scheme-1, the system can be operated
with wide range of flow rates, temperatures and different electrical loads.

3.5.3 Two Loop LMMHD Power Conversion System

Option - 3

A two loop LMMHD PC operating at low pressure and low steam flow rate has also
been designed ( see Fig. 3.5.3). Loop 1 consists of lead operating at 350 C and loop 2
with lead-bismuth operating at 215 C. Steam flow rate of 0.9 kg / s enters mixer of Loopi
at 31 bar and generates 98.5 kWe- From loopi steam enters Ioop2 at 15.5 bar and
generates 180 kWe of electricity. Thus a total of 278.5 kWe is obtained. The required
thermal heat is 2.56 MW. The gross efficiency is 11.2 %. The details of various parameters
are summarized in Table. 3.5.4.

Even though the efficiency of this system is relatively low, the main attraction of this
system is all the aspects of technology can be demonstrated i.e.: LMMHD PC concept,
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WATER AND STEAM CIRCUIT

U1

450 ftC
62 BAR

RECEIVER-2

?ECEIVER-1

a:

I
i

PRESSURISER

3 1.2 KG/S
140°C

Oh.
ELECTRIC HEATERS
IN 'OFT CONDITION
ONLY

OUTPUT POWER = 536KWe
PLUNGER PUMP HEAT INPUT = 3.7MWTh

INCINERATOR
(INC—1)

F1G.5.5-2 LEAD LOOPS-1&3 AND LEAD-BISMUTH L00PS-2&4 WITH WATER/STEAM RECEIVER



SIMPUFIED FLOW DIAGRAM OF
WATER AND STEAM CIRCUIT +50 °C

62 BAR

SOLAR
IECE1VEJ?

CAPACITY: 2.04MWTb

3 PRESSURISER

Qh,
ELECTRIC HEATERS
IN 'OFF' CONDITION

ONLY

PLUNGER PUMP

FIG. 3 -5-3 TWO LOOP SYSTEM WITH STEAM/WATER RECEIVER

OUTPUT POWER
HEAT INPUT

279KWe
2.5MWTH



solar receiver and helio stat technology, incinerator waste utilization and hydrogen
generation at significantly lower cost as compared to 4 loop system.

Table 3.5.1: Parameters For I
270°C (lead-bismuth), 350°C

Particulars
Riser diameter (m )
Riser length (m)
Downcomer diameter ( m)
Mixer pressure (bar)
Mixer No. of holes (1.5 mm dia.)
Separator pressure ( bar)
Highest pressure in the loop (bar)
Riser Void fraction - entrance
Riser Void fraction - exit
MHD diffuser length (m)
MHD Generator Length ( m )
MHD Generator Width (m } .
Electrode Length ( m )
Electrode Spacing ( m)
Liquid metal flow rate ( kg/s)
Steam flow rate ( kg/s )
Velocity (m/s)
APMHD (bar)
APfriction (total) (bar)
Load Factor
Internal Resistance ( ^n)
Voltage (V )
Current (kA)
Magnetic field ( T )
Electrical Power (kW)
External Load ( ^Q)
Total Voltage ( V )
Gross Electrical power (kW)
Q (total) ( MW)
Gross Efficiency ( %)

.oops 1,2,
(lead) and
Loop-1
0.2890

32.0
0.2428
60.0
4000
38.0
70

0.20
0.42
1.2
0.9
0.1
0.7
0.16
1100
1.2
6.5

10.16
1.72
0.85
2.16
1.07
80
1.2

90.6

3 and 4 Operating At 360°C (lead),
255°C (lead-bismuth) Respectively

Loop-2
0.3635
32.0

0.3175
37.5
6000
17.0
48

0.20
0.50
1.6
1.0
0.1
0.8
0.18
1600
1.2
8.5

10.53
1.82
0.89
2.21
1.64
80
1.2

137.7
83.7
6.7

Loop-3
0.4286

19.5
0.3333

16.5
8000
8.0
26

0.38
0.69
1.9
1.1
0.1
0.9
0.2

1610
1.2
7.7

10.36
1.37
0.89
2.22
1.64
80
1.2

137.7

Loop-4
0.4890

18.4
0.3398

7.5
10000

1.5
19

0.50
0.86
2.0
1.1

0.09
0.9
0.2

1750
1.2
9.3
11.7
2.04
0.91
2.33
2.02
80
1.2
170

536
3.98
13.5

Table 3.5.2: System Parameters
Loop
No.

L-1
L-2
L-3
L-4

m,
(kg/s)
1100
1650
1550
1650

B
(T)
1.0
1.0

1.05
1.10

k

0.79
0.86
0.86
0.87

i When operated At 100 kA Current
Power
(kWe)
83.0
137.7
135.7
172.6

Gross Power
(kW e )

529

Voltage
{Volts)

5.3

15a



I able 3 & 3 a System Parameters When Operated At 0.6 kg/s Steam Flow Rate

Loo
pNo

L-2
L-3
L-4

m,
(kg/s

)

1300
1300
1650

Pmix

(bar)

45.0
20.5
8.5

Psep

(bar)

21.0
9.0
13

B
(T)

1.2
1.15
1.15

k

0.87
0.88
0.90

Pow
er(k
W)

72.0
81.0
138

0

I
(kA)

70

Gross
Power
(kWe)

261

Voltag
e

(Volts
)

3.7

Note. Loop L-1 is bypassed

Table 3.5 3 b: System Parameters When Operated At 0.9 kg/s Steam Flow Rate

Loo
pNo

L-2

L-3

L-4
Note:

m,
(kg/s

)

1600

1700

1800

Pmi
X.

(bar
)

43
0

19.
0

8.0

Pse
P

(bar
)

19.
5

8.5

1.3

B
CO

1.15

1.10

1.10
Loop L-1 is bypassed

k

0.90

0.91

0.91

Power
(kW)

102.1

114.3

137.6

I
(kA)

70

Gross
Power
(kWe)

354

Voltag
e

(Volts
)

5.1

3.5.4 Multi-detector Gamma Ray Attenuation Technique for
Void Fraction Profile Measurement System in the LMMHD Two-Phase Flows
(Dr N.S.Dixit, Dr.P.Satyamurty)

Determination of void profile using the gamma ray attenuation method in the
LMMHD two-phase vertical flows assumes radial symmetry. However, the experiments
conducted with a single detector system have shown that there is no radial symmetry in the
flow. In order to detennine the void profile in a non - radial LMMHD two-phase flows, a
multi-detector gamma ray attenuation technique has been proposed. For this design work
involving higher strength radio active source, rotating platform etc. has been carried out.

The design work consisted of :

a) Requirement of Radioactive Source.
b) Radioactive Source Housing and Window
c) Detector system and Data acquisition System and
d) Rotating Platform to house Radio active source and Detector System.
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Table 3.5.4 Major Parameters of two loop System

Particulars
Riser diameter ( m )
Riser length (m >
Downcomer diameter ( m )
Mixer pressure (bar)
No. of holes in Mixerf 1.5 mm dia.)
Mixer temperature ( C)
Separator pressure (bar)
Highest pressure in the loop (bar)
Void fraction in the riser -entrance
Void fraction in the riser -exit
MHD diffuser length ( m )
MHD Generator Length ( m )
MHD Generator Width ( m )
Electrode Length ( m )
Electrode Spacing ( m )
Liquid metal flow rate (kg/s)
Steam flow rate (kg/s)
Velocity {m/s)
APMHD (bar)

APfric(TOTAL) (bar)
Load Factor
Internal Resistance ( HJQ )
Voltage ( V )
Current (kA)
Magnetic field ( T )
Electrical Power (kW)
External Load (M£0
Total Voltage (V)
Gross Electrical Power (kW)
Q (total) (MW)
Gross Efficiency (net) (%)

Loop-1
0.4286

24
0.3033

31
8000
350
16

39.2
0.26
0.49
1.9
1.1
0.1
0.9
0.2

1400
0.9
6.7
8.5
1.1

0.86
2.22
1.19
84
1.0
100

Loop-2
0.4286

26
0.3033

15.5
10000
215
1.5

27.4
0.27
0.80
2.0
1.1

0.09
0.9
0.2

2000
0.9
10.6
10.7
3.1

0.91
2.33
2.13
84
1.1
180

39.3
3.3
280
2.5

11.2(9.2)

Requirement of Radioactive Source.

60Based on our experience of 75 mCi w Co source used for a single detector
system and also considering the distance between the source and the detectors, we
decided to use a 100 mCi source. The reason for choosing 100 mCi source is that if the
strength of the source is taken less than 100 mCi we have to take the measurement for a
very long time to get sufficient number of counts ( more than 6000 to reduce the Poisson
error to less than 1 % ) ; on the other hand, a stronger source leads to handling / shielding
problems.
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Radioactive Source Housing and Window:

Radioactive source housing / container has been designed based on the advice of
BRIT. It is a three block system. One block houses the radioactive source ( IRC-2 ), the
second block is blind and third block has window for transmitting the gamma rays through
the two-phase flow in the Riser pipe. The source block will be moved in front of the window
only during the experiment. The source will be housed in the lead block in such a way that
there is a minimum of 125 mm thickness of lead from all directions. The window for the
passage of gamma ray beams of three mm is decided depending upon the number of
detectors to be used. There is a choice of using 4-8 detectors at a time. Depending on the
number of detectors to be used, the corresponding window will be used. The total weight of
the housing, window and the detector system will be around 250 kg.

Detector system and Data acquisition system :

We can use up to 8 detectors at a time during the experiment. Each scintillator
detector consists of 2.5 cm X. 5.0 cm Nal crystal with PMT and associated electronics.
Photons will be collected for tens of seconds simultaneously from all the detectors. Signals
collected through the SCA's will stored in a PC for analysis.

Rotating platform

Considering the weight of the source housing etc. made of lead, the rotating
platform has been designed. It has two circular mild steel plates of 800 mm diameter and
20 mm thickness. The top plate has gears and rotates on the bottom plate on bearings for
smooth motion. The platform has both linear and circular motion. The rotating motion
facilitates the measurement at various angles (through as small as 5°). The linear motion is
for alignment of the source and the detectors using He-Ne laser. The schematic of platform
is shown in Fig. 3.5.4

3.5.5 Multi-Electrode Epoxy Channel
(Dr.N.S.Dixit, Dr.P.Satyamurty)

One of the disadvantages of LMMHD is the generation of low voltage. In order to
have larger voltage, segmented electrode, MHD generator is proposed. However, the pitch
of the electrode plays an important role. If the electrodes are spaced very close to one
another, there is a overlap of the voltage. On the other hand, if the electrodes are spaced
far off from one another, the channel length becomes longer requiring longer magnet and
hence higher magnet power requirement as well as additional pressure drop in the
channel. In order to study these phenomena and to develop multi-electrode generators, a
segmented multi-electrode epoxy channel has been designed and experiments are
planned. There are five pairs of electrodes spaced at 40 mm, 60 mm and 80 mm (
corresponding to the aspect ratios of 1, 1.5 and 2 ). The length of the channel is 0.75 m
with a cross section of 40 X 6 mm2.

161



00
1 - Rotating Platform.

2 - Cutout in the
Platform,

3— Source Housing.

4— Riser pipe.

5 - Extension Plate

6— Detector Array.

Fig. 3.5.4 Schematic of Multidetector Gamma—ray
Void Fraction Measurement System for
LMMHD Two-Phase Flows.
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3-6 JOB SHOP / POWER BEAM FACILITY
[A.K. Das, K. P. Sreekumarand T. K. Saha]

The activities of the Power Beam Facility was confined to servicing the BARC/DAE
units only. Though a large number of organizations like MNES, IIT Delhi, BHEL, MTPF,
CEERI had made initial approaches for getting bulk jobs done, the lack of manpower was a
great handicap. However, apart from the routine spray, the MS split mold for uranium
casting was plasma sprayed with alumina over a bond coat of molybdenum for Atomic
Fuels Division. The results were most encouraging since the coating lasted 17 heats. The
joint program of AFD and PBF, L&PTD now envisages coating 1 meter long split molds for
uranium casting. The work for coating graphite crucibles for uranium melting is also
underway with the rotary table and the torch units having been fabricated. A post-spray
treatment through Laser glazing was also carried out. The laser glazed samples were sent
to NCML for experimental analysis of corrosion resistance and surface densification.

The Power Beam Facility participated in the two special exhibitions set up on the
occasion of the visits of the Honorable Prime Ministers of India. Two stalls were set up
complete with4 attractive technical panels depicting each facility with clear definition of their
technological capabilities. The specimen display area consisted of plasma sources, plasma
surface engineered samples as well as EB welded samples. The completed technical
brochures of the Power Beam Facility are now available for distribution.

3.7 PUBLICATIONS & PRESENTATIONS

3.7.1 Journal Publications

Characterization of Plasma Synthesized Alumina., P.V.Ananthapadmanabhan,

K.P.Sreekumar, N.Venkatramani, P.K.Sinha and Patrik R.Taylor., J of Alloys and
Compounds, 244 70-74 (1996)

Particle Morphology and Size Distribution of Plasma Processed Aluminium Powder, P.V.
Ananthapadmanabhan, K.P. Sreekumar, N. Venkatramani, R. Kameswaran, C.C.
Dias and S.C. Mishra, Bull. Material Sci. 19 (No.3), 559-564, (1996)

Diamond Deposition by Vacuum Plasma Jet K. Ramachandran, D. S. Patil, N.
Venkatramani, A. R. Biswas, S. Venkateswaran, and R. D'Cunha, Bull. Ind. Vac.
Sci., vol. 27, No : 3, 23-27 (1996),.

Plasma Sprayed Hydroxy Apatite Coatings, D. S. Patil, K. P.Sreekumar, N. Venkatramani,
R. K. Iyer, Ram Prasad, R. S. Koppikarand K. R. Munim, Bull. Mater. Sci., vol. 19,
No. 1,(1996)115-121.

Variation of axial temperature in thermal plasma jets, N.K. Joshi, S.N. Sahasrabudhe ,
K.P.Sreekumar and N. Venkatramani, Meas. Sci. Tech., 8(10), p. 1146-1150,1997.

Characterization of AI2O3, Al2O3+TiO2 Powder Mixture and Coatings Prepared by Plasma
Spraying., K. Ramachandran, V.Selvarajan, P.V.Ananthapadmanabhan,
KP.Sreekumar and N.Ananthaseshan., Materials Manufactg. Pro., 12, No.5,
(1997)
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Studies on Spray Efficiency and Chemical Analysis and Density of the Plasma Sprayed
AI2O3 and its Mixtures with TiO2 Coatings., K.Ramachandran, V.Selvarajan,
P.V.Ananthapadmanabhan & K.P.Sreekumar., Plasma Devices and Oper. 5, (1997)

Synthesis of Sub-micron Alumina in a thermal Plasma Jet., P.V.Ananthapadmanabhan,
K.P.Sreekumar, N.Venkatramani, P.K.Sinha and S.C. Mishra, Transactions of
Indian Ceramic Society. [Vol.57, p69 (1998)]

Void fraction measurements in a steady-state mercury - nitrogen flow loop, P. Munshi, P.
Jayakumar, P. Satyamurthy, T. K. Thiyagarajan, N. S. Dixit, N. Venkatramani,
Experiments in Fluids Vol.24 (1998)

3.7.2 International Conference/Symposia

Infrared and Raman Spectral Studies of Diamond and Diamond Like Carbon Films, S.
Venkateswaran. R. D'Cunha, A. P. Roy, D. S. Patil, K. Ramachandran and N.
Venkatramani, Presented during "International Conference on Spectroscopy
(INCOS)", B.A.R.C. Bombay, January 3-5, 1996.

Two-phase steam and high density liquid metal vertical flow studies in LMMHD power
conversion system, P. Satyamurthy, N. Venkatramani, A. M. Quiraishi and A.
Mushtaq, 4 th National Heat and Mass Transfer Conference and 3rd ISHMT / ASME
and Mass Transfer Conference, I i T Kanpur, December 29-31,1997.

Effect of longitudinal magnetic field on void fraction profiles in the riser of a liquid metal
MHD energy conversion system of gravity type, P. Satyamurthy, N. S. Dixit, T. K.
Thiyagarajan, R. Grover, M. Demelio and N. Venkatramani, 3 rd International
Conference on 'Transfer Phenomena in Magnetohydrodynamic and
Electroconducting Flows', September 22-26,1997, Aussois, France.

Diamond and Diamond Like Carbon Coatinngs for Various Applications, A.K. Dua, V. C.
George, D. D. Pruthi, C. G. S. Piliai, P. Raj and D. S. Patil, K. Ramachandran, N.
Venkatramani, Proceedings of the International Conference on "Industrial
Tribology", ICIT-97, Calcutta, Dec. 2-5,1997.

Production of Thermal Spray Quality Metal and Alloy Powders by Plasma Processing.
P.V.Ananthapadmanabhan, K.P.Sreekumar, N.Venkatramani and Patrick R.
Taylor, EPD Congress 1997, (ed.) B. Mishra, TMS Warrandale, p 209

3.7.3 National Symposia

Cathodic Arc Evaporation Facility for vacuum Coatings, K. Ramachandran, D. S. Patil and
N. Venkatramani, Presented during the "National Symposium on Advances in
Vacuum Metallurgy (IVSNS-96), N.F.C. Hyderabad, January 23-24, 1996.

Development of Inert Gas Plasma Melting Facility., P.S.S. Murthy, A.K. Das, A.M.
Paingankar and N. Venkatramani., Proceedings of National Symposum on
Advances in Vacuum Metallurgy (IVSNS96), January 23-24, 1996, Hyderabad,
Nuclear Fuel Complex, Hyderabad.

Sintering Study of Zinc Oxide Varistor Prepared Through Citrate Gel Route, Amit Sinha,
B.P. Sharma, D.P. Chakravarthy and A.R. Biswas , DAE-BRNS Symposium on
Electroceramics, Rajkot, 13-15, March 1996.
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Plasmas and Beam Technology: Concept of an advanced toolkit for Material Processing,
A.K.Das and Venkatramani N, Proc. of the National Symp. on Plasma Science, pp
25-28, ed. P.K. Ghosh, Prentice-Hall, 1996.

Reactive Thermal Plasma Spraying, Venkatramani N, Proc. of the National Symp. on
Plasma Science, pp 39-45, ed. P.K. Ghosh, Prentice-Hall, 1996.

Error Aspects of low void fraction measurement experiments, P. Jayakumar and P, Munshi,
IIT, Kanpur, P. Satyamurthy, T.K. Thiyagarajan, N.S. Dixit, and N. Venkatramani,
Second National Conf. on Fluid Machinary 28-29, June 1996, Coimbatore, India

DC Plasma Jet Chemical Vapour Deposition of Diamond and Diamond like Carbon Films,
K.Ramachandran, D.S. Patil, N. Venkatramani, A.R. Biswas, S. Venkateswaran and
R.D'Cunha. Presented during the National Conference on Thin Films
characterisation and Applications, Coimbatore, June 10-12, 1996.

Evolution of Generalised Current Voltage Characteristics for Non-transferred Arc Plasma
Torch., A.M.Paingankar, A.K.Das, K.P.Sreekumar, P.S.S.Murthy, V.S.Shirodkar and
N.VenkatramanL, Paper No. F-2, XI PSSI Nat. Symp. on Plasma Sci. & Technology,
PLASMA-96, Bhopal, Oct. 1996

Parameter Optimization for Plasma Spraying Using Fractional Factorial Testing.,
K.P.Sreekumar, P.V.Ananthapadmanabhan, A.K.Das, N.Venkatramani, and S.C.
Mishra., Paper No. F-1, XI PSSI Nat. Symp. on Plasma Sci. & Technology,
PLASMA-96, Bhopal, Oct. 1996

Industrial Worthy Plasma Arc Devices: A Developmental and Characterization Study, A.K.
Das, XI PSSI National Symposium on Plasma Science and Technology(Plasma-96),
28-31, October 1996, Bhopal, Barkatulla University, Bhopal.

Self illuminated particle diagnostics in a DC plasma spray torch, D.N. Barve, N.K. Joshi,
S.N. Sahasrabudhe, K.P.Sreekumar and N. Venkatramani, Symposium on plasma
science and technology (Plasma 96), Oct. 28-31, 1996, Bhopal.

Chemical Analysis of the Plasma Sprayed AI2O3 and its Mixtures with TiO2 Coatings.,
K.Ramachandran, V.Selvarajan, P.V.Ananthapadmanabhan and K.P.Sreekumar.,
Paper No. F-8, XI PSSI Nat. Symp. on Plasma Sci. & Technology, PLASMA-96,
Bhopal, Oct. 1996

Transferred Arc-Plasma Image Processing using Digitizing camera, R.S.Haval,
P.S.S.Murthy and D.P.Chakravarthy, XI Plasma Science Society of India
Symposium on Plasma Science and Technology, Bhopal, October 28 - 31, 1996.

Effect of Rotating Magnetic Field on Thermal Power Delivered to a Crucible Simulator in an
Aaxial Flow Transferred Arc Plasma Torch.P.S.S.Murthy, A.K. Das, A.M.
Paingankar, V.S. Shirodkar, N. Venkatramani, X! PSSI National Symposium on
Plasma Science and Technology{Plasma-96), 28-31, October 1996, Bhopal,
Barkatuila University, Bhopal.

Plasma Generator for High Intensity Aerosols., N.Venkatramani, K.P.Sreekumar, P.V.Joshi
and B.K.Sapra., Seminar on Aerosols: Generation and Role in Medicine, Industry
and Environment., Mumbai, January 1997.

PC Based Data Acquisition and Control of Laser Doppler Anemometry System, R.S.Haval
and S.N.Sahasrabudde, Symposium on Advances in Nuclear and Allied
Instrumentation, February 5-7 , 1997.
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Electrical characteristics of a capacitively coupled RF discharge in a CO2 laser gas mixture,
D.P.Chakravarthy, N.K.Joshi, M.S.Madanmohan and U.K.Chatterjee, National Laser
Symposium, CAT Indore, 6-8, Feb 1997

Development of Dense Plasma Sources of the Rod and Hollow Electrode Type, Das A. K.,
Proc. National Symposium on Vacuum Science and Technology and Power Beams,
Mumbai, Eds. N. Venkatramani & A. K. Ray, 1,45,1997.

Electrothermal Efficiency of a 40 kW DC Non-Transferred Arc Plasma Torch for Vacuum
Spraying", A. M. Paingankar, K. P. Sreekumar, A. K. Das, V. S. Shirodkar and N.
Venkatramani, Proc. National Symposium on Vacuum Science and Technology and
Power Beams, Eds. N. Venkatramani & A. K. Ray, 2, C386, 1997.

Design Development of Hollow Electrode Non-Transferred Plasma Beam Devices at
BARC, P. S. S. Murthy, A. K. Das, and N. Venkatramani, Proc. National Symposium
on Vacuum Science and Technology and Power Beams, Eds. N. Venkatramani &
A. K. Ray, 2,C349, 1997.

Plasma Deposition of Hard Carbon Coatings D. S. Patil, K. Ramachandran, N.
Venkatramani, M. Pandey, S. Venkateswaran and R. D'Cunha, Presented during
the National Symposium on Vacuum Science and Technology and Power Beams,
Mumbai, November 19-21, 1997. Published in the Proceedings vol. 2, p.C-115 -
123.

Thermal Plasma Processing of llrnenite Ore, P.V. Ananthapadmanabhan, K.P.Sreekumar,
N.Venkatramani and Patrik R.Taylor., Proceedings of Nat.Symp. on Vacuum Sci &
Tech.and Power Beams, pp C-335, IVSNS-97, BARC, Mumbai. (1997)

Performance of a Plasma Plasma Torch for Spraying: Correlation Between Parameters.,
K.P.Sreekumar, P.V. Ananthapadmanabhan, A.M. Paingankar and
N.Venkatramani., Proceedings of Nat.Symp. on Vacuum Sci & Tech.and Power
Beams, pp C-342, IVSNS-97, BARC, Mumbai. (1997)

A iow power capacitively coupled RF excited slow flow CO2 laser, D.P.Chakravarthy,
N.KJoshi, M.S.Madanmohan, N.Venkatramani and U.K.Chatterjee, National
Symposium on Vacuum Science & Technology and Power Beams, BARC, Mumbai,
19-21 Nov 1997

Heating of spray particles in a fluctuating plasma jet, S.N. Sahasrabudhe, D.N. Barve, N.K.
Joshi,, K.P. Sreekumar and N. Venkatramani, 12 th Nat. Symp. on Plasma Science
and Technology (Plasma 97), Dec. 2-5, 1997, IPR, Ahemadabad.

Current and voltage characteristics of a CCRF discharge in N2 gas and CO2 laser gas
mixture, N.K.Joshi, D.P.Chakravarthy and M.S.Madanmohan, 12th Nat Symp. on
Plasma Science and Technology, IPR.Bhat, Gandhinagar, 2-5 Dec 1997

3.7.4 Project Work/Reports

An Experimental Facility for Microwave Induced Plasma Processing of Materials D.S. Patil,
K. Ramachandran, A. L. Bhide and N. Venkatramani Report: BARC/1997/E/025

Plasma Torch Based Aerosol Generator., K.P.Sreekumar, P.V.Ananthapadmanabhan,
N.Venkatramani, P.V. Joshi, B.K. Sapra, P.V.N. Nair and K.S.V. Nambi., BARC
Report E-007, Pub. L&l Dim Bhabha Atomic Research Centre, Bombay, India.
(1996)
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Parallelisation of a Plasma Chemical Equilibrium and Thermophysical Property
Computation Code, A. K. Das with Goel Pankaj F., Asgaonkar Dhirendra.S. VESIT,
Bombay, 1996

Experimental project on plasma diagnostics using the spectroscopic measurement setup
for Physics trainees of 39 th and 40 th batch have done an.

Shri Lakshmappa.K.Ragha has successfully completed a project work titled 'Design and
implementation of solid state RF-power amplifier' for M.Eng'g. degree from
Kamataka University under guidance of Shri D.P.Chakravarthy during 96/97.

3.7.5 Inter-agency Collaboration

Dr. A.K. Das, A collaborative BRNS research program on modelling of impinging plasma
jets with Professor T. K. Bose of I IT Madras.

Dr. P. Satyamurthy, A collaborative BRNS research program on computer aided
tomography of two phase liquid metal flows with Professor P.Munshi of IIT Kanpur.

3.7.6 Professional Recognition

Dr. A. K. Das has been accepted as a Research Guide for degree leading to Ph. D.
(physics) at the University of Mumbai with effect from March, 1997.

Dr. A. K. Das is on editorial board and council of Plasma Science Society of India
Dr. A. K. Das attended a Thermal Plasma Modeling Meet at IPR Ahmedabad as an invitee

and presented a talk on thermal plasma modeling at BARC (Mar, 1996)
Dr. A. K. Das is guiding one Ph. D. student from Institute of Science Bombay on thermal

plasma modelling and characterisation.
Dr. P. Satyamurthy, Elected as one of the 16 World Council member of Internation

Association " HYDROMAG". An association to promote LMMHD, EPM and M.F.
This is for a period of 6 years.

Dr.N.Venkatramani, Convener IVSNS-97 National Symposium on Vacuum Science &
Technology and Power Beams, Mumbat November 19-21, 1997.

Dr.P.V.A.Padmanabhan -Visiting Scientist, Univ. of Idaho, USA (1996-97)
Dr.P.V.A.Padmanabhan - Who's Who in the World, Margins Publishers, New Jersey, USA.
Dr.P.V.A.Padmanabhan - Dictionary of International Biography Centre, 26th Edn.
International Biography Centre, Cambridge, England.

3.7.7 Lectures

Dr. A. K. Das and Dr. P. Satyamurthy, A course of lectures on Introductory plasma physics,
basic phenomena in plasmas and plasma theory is being taken for the 1997-98
batch of physics trainees of BARC training school.

Dr. A. K. Das presented a paper 'Processing Plasmas, A Protocol for Thrust Area
Management at the DST Vision 2020 at IPR Ahemedabad (Jan 1996)

N.K. Joshi, Delivered a lecture on 'Spectroscopic diagnostics of thermal plasmas' , Dept.
of physics, Pune university, Pune (Oct. 24,1997).

167.



N.K. Joshi, Delivered a lecture on Thermal plasma diagnostics', 7 th refresher course
Aspects and recent trends in Experimental and Theoretical Physics', Dept. of
Physics, University of Bombay, (Mar. 15, 1996).

Dr.P.V.A.Padmanabhan delivered a lecture on plasma spraying and material processing at
IAT, Pune, Aug. 1997.
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4. ELECTRON BEAMS

During 1996-1997, the Electron Beam Technology Section of Laser & Plasma
Technology Division was mainly engaged in the design, development and studies on
electron beam units. The major achievement during these two years was the
commissioning of a large chamber high power EB evaporation unit at south site laboratory.
Studies on a 12 kV, 12 kW EB evaporation unit for Spectroscopy Division, BARC have also
been carried out.

4.1 DEVELOPMENT OF EB MACHINES

4.1.1 Commissioning of EB Welding Machine at MTPF. Ambernath
{T. K. Saha, M. Mascarenhas, N. Maiti, P. M. Varghese, A. V. Bapat,
A.K.Sinha, A. K. Ray)

Commissioning of this machine has been completed to the satisfaction of the users.
The machine was put through a stringent commissioning schedule at MTPF, Ambemath,
for one month, during which it was operated round the clock. The operators and service
technicians at MTPF were trained at our laboratories at BARC as well as at site. The final
batch of 3000 coronets were welded by their operators in the presence of our engineers
during this commissioning stage. The machine has been handed over on January 1997.

4 2 EB MACHINE SUB-SYSTEM DEVELOPMENT

4.2.1 Development of Vacuum Systems
(P. M. Varghese}

Six vacuum pumping modules consisting of different capacities of diffusion pump
and rotary pump combinations designed as per our specifications have been fabricated by
a private vendor and commissioned in our laboratory. Of these, 2 nos. are combination of
50 mm size diffusion pump backed by 150 litre/min capacity rotary pump. Both of them are
reserved for vacuum testing of various components that are fabricated in the section and
are located in two different laboratory sites. Another two pumping combination consist of
100 mm size diffusion pump backed by 300 litre/min capacity rotary pump. They are
provided with liquid nitrogen traps for efficient pumping of water vapour as well as to
prevent back diffusion and back migration of diffusion oil to the system. The next two
pumping combinations are 150 mm size diffusion pump backed by 300 Htres/min capacity
rotary pump. These systems are provided with water-cooled chevron baffles, which to a
certain extent, prevent back streaming of the diffusion pump oil to the system. One of the
pumping module will be connected to a water cooled vacuum chamber of about 300 mm
diameter and 300 mm long. This will be used for the study of indirectly heated cathodes to
be used in high power electron guns.
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4.2.2 EB Gun for Evaporation Studies
(N.Maiti, A.K.Ray)

A 12 kW, 12 kV EB evaporation system is being developed at the Spectroscopy
Division. L&PT Division is to develop the electron gun and the power source for the said
unit. This will be a 270 degree bent non-Pierce type of gun where crossed electrostatic
and magnetic fields act on the electrons to bend it by 270 degrees. The cathode is a
tungsten wire, directly heated and wound in the form of a helix 6 mm diameter and 10 to 15
mm long. The beam forming electrode and the anode are mounted in front of the cathode,
partially covering it as shown in Fig.4.1. The gun is immersed in a magnetic field
generated by a permanent magnet with suitable pole pieces. Nd-Fe-B permanent magnet
has been used and the required field-strength has been established. Beam oscillation will
be carried out by electromagnets. The magnetic coils will be wound on iron core and are to
be hermetically sealed. They would be mounted in a recess in the water-cooled copper
crucible for proper cooling. Two sets of coils, one for X deflection and the other for Y
deflection have been designed and are to be fabricated. The gun has been fabricated and
assembled. It has been operated upto 6 kV, 1.2 kW without application of magnetic
deflection field. The beam was collected on stainless steel plates positioned at various
distances from the gun filament. At this power, holes of 10 mm diameter have been drilled
on 0.6 mm plate. A number of experiments have been planned to determine the effect of
various parameters like relative positioning of the filament, beam forming electrode and the
anode on the E-beam size and shape. A few of the experiments have been carried out and
the results are being analyzed.

The water-cooled copper crucible for this unit has been fabricated (Fig. 4.2). The
crucible has been machined out of a vacuum melted copper block. It has been so designed
that it would not only house the material to be evaporated but also the electron gun, the
beam deflecting permanent magnet, its pole pieces and the beam deflecting and focussing
electro-magnets. Cooling of the crucible has been designed to take care of the gun and
magnet cooling also. Care has been taken to keep the number of brazing joints in the
crucible to the minimum. This reduction in the number of brazed joints would reduce the
probability of water leakage while operating the gun in vacuum.

A power supply that is already existing in our laboratory has been used to test the
gun upto 1.2 kw power level. One 12 kW, 12 kV DC power source alongwith auxilliary
power supplies required to feed the electron gun has been designed. The salient features
of the unit are given below:

EHT supply

Output voltage : variable from 3 to 12 kV,
Output current : variable from 100 to 1000 mA,
Voltage ripple : less than 2% in the whole range of

supply
Resolution : 0.5 kV for voltage and 0.1 A for current
Stability & repeatability : within + 1%
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Filament supply

Output voltage variable from 0 to 10 volts DC,
Output current variable from 0 to 60 Amps DC,
Output insulation -12 kV DC with respect to primary and earth

Deflection power supplies

These are dual DC supplies for beam shift in the X-direction with+ 15 volts DC
output having a current rating of 0.2 to 5 Amps These supplies are useful for adjusting the
position of the beam over the material to be evaporated.

Oscillation power supplies

These are 10 to 1000 Hz frequency variable supplies having +10 volts output with
a current rating of3 Amps, meant for oscillating the beam over the molten surface.

The evaporation gun is to be mounted on the crucible along with the beam bending
magnets and their pole pieces. Cooling water connections are to be brazed to the crucible.
The new power source as per the specifications mentioned above, has been ordered and
is being fabricated by a local vendor. The power source is expected to be ready very
shortly. Total system trials will then be initiated.

4.2.3 Modifications made on the existing 150 kV EB Welding Machine at LPTD
{T. K. Saha, M. Mascarenhas, P. M. Varghese, A. V. Bapat)

X-Y manipulator:
The X-Y co-ordinate table of the work chamber that was driven by stepper motors

mounted outside the chamber has been replaced by programmable X-Y rotary drives. The
new motors, being vacuum compatible, are mounted inside the work chamber. This
modification has ensured smooth and precision job movement during welding operation
which in turn provides better quality welds. A PC has been interfaced recently with this
drive unit for numerical control of the three axis movement of the table. Trial runs are on to
study the performance of the unit.

Electron Gun
The filament replacement procedure was modified to ensure simpler changing of

filament and repeatabity in performance.

Power Supply & Control System
Rectifiers in the high voltage stack of the filament bias voltage supply located in the

transformer tank have been replaced by avalanche rectifiers with snubbers in parallel with
each rectifier.
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Suitable grounding scheme has been worked out to arrest the current surges
generated during high voltage discharges in the electron gun. Transient energy absorbers
have been connected at all signal lines, output lines, 1C power supply lines and power lines
in the control circuit. Decoupling capacitors have been connected at each IC power supply
point. SCR based inverter for the filament bias supply was replaced by a transistor based
inverter to protect the sudden drop down of the output bias voltage, thereby increasing the
beam current gradually. These modifications in the power supply and control circuit has
resulted in a more trouble-free operation of the welding machine.

4.3 ELECTRON BEAM PROCESS STUDIES
(T. K. Saha, N. Maiti)

4.3.1 Jobbing work taken up for other Divisions and Organizations

Welding assignments for many important components both for DAE and other
agencies have been accomplished by the 150 kV, 6 kW partial vacuum electron beam
welding machine that was developed indigenously during 1980. Canned motors for Heavy
Water Project, high speed rotors for Chemical Technology Division, reflector modules for
the KAMINI reactor and coronets for Defence are examples of such assignments which has
been successfully executed in the past. During this year the following jobs >vere carried out
in batches.

(a) Coronets for Defence: These coronets are made of high strength advanced alloy to be
used as parts of advance war heads. A total number of 727 pieces of this item have
been welded during the period of this report.

(b) Porous nickel electrode modules: Porous nickel discs were joined to stainless steel
rings for the development of high amperage electrolysis cell modules for the generation
of hydrogen in advance electrolysis process. 150 nos. of these components have been
welded this year.

(c) Shut off plates for KAMINI reactor: Shut off piates consist of a cadmium plate placed in
an aluminium cage sandwiched between two more aluminium plates. Electron beam
welding was applied all along the edges to ensure a leak-proof cage. 15 nos. of such
components have been welded.

4.4 PRESENTATIONS AND PUBLICATIONS

Some specific applications of Electron Beam Welding, T. K. Saha and A. K. Ray, page
E003, paper no. E01, Proceedings of Symposium on Joining Materials, SOJOM-96,
organised by Welding Research Institute and BHEL, Trichi, held on 12-14
September, 1996, at Tiruchirapalli.

Indigenous development of Electron Beam Welding Equipment in BARC, A. K. Ray, A. K.
Sinha, A. V. Bapat, P. M. Varghese, P. T. Raju, N. Maiti, M. Mascarenhas and T. K.
Saha, page no. D-003, paper no. D-01, Proceedings of the Seminar SOJOM-96,
organised by Welding Research Institute and BHEL, Trichi, held op 12-14
September, 1996 at Tiruchirapalli.
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Problems encountered during operation and maintenance of indigenously developed
Electron Beam Welder - their solutions" by T. K. Saha, N. Maiti, M. Mascarenhas, S.
K. Chavan, P. Y. Khan, P. T. Raju, P. M. Varghese, A. V. Bapat, A. K. Sinha and A.
K. Ray, page c-281, Proceedings of National Symposium on Vacuum Science &
Technology and Power Beams, Vol 2, Nov 19-21, 1997, held at BARC, Mumbai,
organised by Indian Vacuum Society and BARC.

Hard Nitride Coatings by DC Magnetron Sputtering by A. K. Ray, in Surface Coatings for
Advanced Materials, edited by R. P. Agarwala, Material Science Forum, Vol 246;
Trans Tech Publications, 1997.

Technique for joining Cu-SS by Electron Beam Welding by T.K.Saha, A.R.Biswas and
A.K.Ray, presented in the IVSNS-96 on 'High vacuum applications in Metallurgy"
organised by the Indian Vacuum Society in January 1996 at NFC, Hyderabad.

Electron Beam Processing of Materials by A. K. Ray- Invited talk delivered at PLASMA-97
held at Physical Research Laboratory, Ahmedabad, during 3-5 Dec. 1997.

Strip Beam Gun Design using Computer Simulation N.Maiti, P.Y.Khan, A.K.Ray &
U.KChatterjee Proceedings of National Symposium on Vacuum Science &
Technology on Power Beams, Vol.2, Nov. 19-21, 1997 held at BARC, Mumbai

Study of Underside Condensation of Liquid Metal on a partially wettable substrate
J.Mukherjee, K.K, Mishra, P.Anupama, N.Maiti, LM.Gantayet & S.V.G.Menon
Proceedings of Third ISHMT-ASME Heat & Mass Transfer Conference and 14*
National Heat & Mass Transfer Conference held at NT, Kanpur, Dec. 1997.
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