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FOREWARD

The generation of high power beams and their control, are an integral part of any

advanced R&D laboratory today. In order to ensure that the benefits of this important

technology is available to us, the Laser & Plasma Technology Division has been

engaged in R&D of specific areas of Electron beam, Plasmas and Lasers, and their

application. The division's effort also ensures that we remain in the forefront of those

areas of beam technologies that are relevant to our establishment's programmes.

This annual report is a summary of the work that was pursued in the division

during 1995. This year, as in previous years, there have been several notable

achievements, which are mentioned in the introduction. From the contents, it becomes

clear that our programmes of limited goals, constitute a large spectrum of activities.

Expertise in these areas have been acquired as a result of decades of dedicated work

in these fields. In future, these efforts would continue, new ground broken, more

exciting results obtained and novel applications found. It will be the endeavour of this

division to achieve these goals.

U.K.Chatterjee
Head, Laser & Plasma Technology Division
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1 INTRODUCTION
This report describes the activity of the Laser and Plasma Technology Division

during 1995. This division is engaged in the research and development of high power
beams namely laser, plasma and electron beams which are characterized by high
power density, normally in excess of 1 KW/mm^. Laser and Plasma Technology
Division has strived to establish indigenous capability to cater to the requirements of
the Department of Atomic Energy. The broad program objectives of the division are

1. Development and technology readiness studies of laser, plasma and
electron beam devices

2. Studies on related physical phenomena with a view to gain better
understanding of the devices

3. Improvements in technology and exploration of new areas

SIGNIFICANT ACHIEVEMENTS DURING 1995

Laser And Spectroscopy
Tunable dye lasers are useful for photochemical and spectroscopic applications.

A spectral isolator has been designed and developed for tunable dye lasers to remove
the unwanted broad spectral background of amplified spontaneous emission and obtain
high spectral purity. A nanopositioner with a step size resolution of 50 nanometers has
been developed for tuning pulsed dye lasers accurate to within 0.2 GHz, which is only
a fraction of the laser linewidth typically about 2.5 GHz. The nanopositioner based on
wavelength tuning system is currently being used for high resolution spectroscopic
experiments.

-A non contact laser measurement technique has been developed for the
measurement of diameters of objects. The compact prototype unit developed at BARC
has been extensively tested and can measure diameters in the range of 0.5 mm to 30
mm with an accuracy of 25 microns. These are ideally suited for measurements in toxic,
radioactive or corrosive environments.

Plasma Physics And Maqnetohydrodynamics
Studies related to the basic processes and technological applications of plasma

were continued. A variety of high power plasma jet devices in the range of 50-300 kW,
working on stabilized and constricted arc jets are being developed for material
processing applications. An axial flow stabilized arc plasma torch operating in
transferred arc mode has been operated at power levels exceeding 250 kW with an arc
length over 270 mm. The torch uses a novel system of magnetic coils for arc deflection
and rotation for distributing the energy flux over the work piece. Based on this a plasma
melter has been developed and tested for melting and consolidating zircalloy scrap into
ingots.



Vortex stabilized plasma torches operating in nontransferred arc mode have
been developed"ahd integrated into plasma chemical reactors, plasma spray units and
aerosol generators. Reactive plasma processing has been employed to obtain
aluminides, carbides etc. A number of plasma spray jobs have been executed which
includes ultra-high vacuum compatible electrically insulating coatings for synchrotron
radiation source, protective coatings for handling molten corrosive metals, bioceramic
coatings, diamond and diamond-like carbon coatings etc. Using the plasma aerosol
generator, fine submicron size gamma-aluminium oxide was synthesized.

The 6.5m high Liquid Metal Magnetohydrodynamic system has been operated
and valuable data has been generated. Gamma ray attenuation technique has been
extensively used to measure void fraction profiles in two-phase liquid metal-air flows in
the presence of magnetic fields. A novel scheme utilizing nuclear waste heat for
generating electrical power using liquid metal magnetohydrodynamic technique has
been proposed; and conceptual schemes and preliminary calculations have been
completed.

Theoretical and experimental studies of drop-wise condensation of liquid metal
from vapour phase is of immense practical importance and has been studied in a
specially designed experimental facility. The process of condensation is a remarkable
example of pattern formation involving nucleation, growth and coalescence. Computer
modeling is being done to interpret the results.

Electron Beam Technology
Electron Beam machines are characterized by high power densities and clean

high vacuum environment. This unique processing capability has been utilized in
developing a number of Electron Beam machines for welding/melting applications. A 6
kW high vacuum Electron Beam Welding equipment has been developed indigenously
and recently commissioned at the Machine Tool Prototype Factory at Ambernath. The
overall cost of this indigenously fabricated machine is 1.4 crores, about 60 % of a
comparable imported unit. This unit has been introduced into the production line for the
fabrication of special components for defence applications.

REPORT LAYOUT

This report will cover the activities of the division during 1995 and describe how
successfully the objectives have been met. The activities described in the report are
diverse in nature. The report has been compiled from individual reports of various
groups/sections with marginal editing. Also, we had deleted the details to restrict the
report to a reasonable size. If any clarifications are required the divisional staff may be
contacted.

oOo
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2. LASER ACTIVITIES
Laser & Plasma Technology Division has carried out during 1995, studies

related to tunable dye lasers, gas lasers, laser produced plasmas and applications of
lasers in spectroscopy, photochemistry, laser communications and other industrial
areas. The broad objectives of the laser related work may be stated as

• Study of fundamental physical processes leading to better understanding
of the devices under development.

• Development of laboratory models and their technological upgradation to
user grade prototype.

• Design and performance evaluation of the different sub systems that
constitute the laser systems

This chapter summarizes the laser related activities carried out in the Division.

2.1 TUNABLE LASERS

2.1.1 Dye Laser Amplifier
[S. Singh, S. Kundu L.G. Nair]
The Rhodamine 6G dye laser amplifier was operated with a low dye

concentration. This is necessary to obtain an amplified beam which reproduces the
optically shaped dye oscillator beam with minimum distortion and upto 12 watts of dye
laser amplified power was generated. Due to the low dye concentration used, only 65%
of the incident CVL pump power is absorbed by the dye solution. To reutilize the
transmitted CVL pump beam, an optical arrangement using two cylindrical lenses in a
near confocal arrangement as shown in Fig. 2.1.1 was devised and successfully tested.
With this arrangement a relative increase in the dye amplifier extraction efficiency upto
11 % was achieved.

Increased amplifier extraction efficiencies were also experimentally obtained by
temporally matching the dye oscillator signal beam to the CVL pump pulse. To achieve
this the signal pulse (FWHM w 18 ns) was temporally stretched to ~ 28 ns by pumping
the dye oscillator with a temporally stretched CVL pump pulse. The amplifier extraction
efficiency was measured to be - 20% higher than that for unstretched pulses.

2 1 2 Effect Of Pump Beam Polarization On Dye Oscillator Efficiency
The degree and state of polarization of the output beam obtained from a CVL

pumped Grazing Incidence Grating (GIG), narrowband dye laser oscillator were
measured. The dye output beam was found to be strongly polarized in the plane of
incidence of the grating when the CVL beam was unpolarized. The conversion
efficiency (even at low CVL pump powers of 4.5 W) achieved with the polarization
mode of the CVL pump beam matched to the preferred direction of polarization of the
prism-grating combination ( p- polarization ), were measured to be 40% higher than for
pumping with an s-polarized beam.
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2.1.3 Theoretical Study of Temporal Synchronization for
Efficient Amplification of Pulsed Dve Laser
[S. Singh, K. Dasgupta, L.G. Nair]
The dye amplifier efficiency is a strong function of the temporal overlap between

the injected signal pulse and the pump pulse to the amplifier. Incomplete pulse overlap
results in the loss of a substantial fraction of the pump energy through Amplified
Spontaneous Emission (ASE). In order to investigate the dependence of the amplifier
efficiency on the temporal overlap of the signal and the pump pulse, a steady analysis
is inadequate. It is necessary to study the transient behaviour of the amplification of the
laser pulse. We have therefore used a time dependent rate equation model to study the
temporal evolution of the dye laser pulse in a dye amplifier in the presence of ASE.
This model has been used to theoretically study the dependence of the amplifier
efficiency on the temporal overlap between the signal and the pump pulse.

A rate equation model incorporating the following : presence of ASE, excited
state absorption and ground state absorption at the signal wavelength was used. A
double sided transverse pumping scheme was considered for the amplifier. This
provides a reasonably uniform transverse gain distribution. Thus the spatial distribution
of the amplifier gain in the plane transverse to the direction of the propagating signal
beam was assumed to be uniform.

The temporal pulse shapes of the signal (578.2nm) and the pump pulse
(510.6nm) from the CVL were simulated so as to closely resemble the experimentally
observed pulses. The signal pulse was taken to be a Gaussian distribution in time while
for the pump pulse, a combination of two exponential functions gave the best match.

In Fig. 2.1.2 are shown the amplifier extraction efficiency as a function of time
delay between the signal and pump beam for the (u) unstretched signal and pump and
(s) stretched signal and pump conditions. The corresponding variation in percentage of
ASE is shown on the same figure. For the stretched signal although the peak efficiency
is lower owing to the reduced peak signal and pump powers, the efficiency is less
sensitive to delay variations so that the requirement on the synchronization of the
signal and pump pulses becomes less stringent.

21.4 Four - Wave - Mixing and SRS in Single Mode Optical Fibers
[K. Dasgupta, K.G. Manohar, S. Singh, L.G. Nair]
The subject of non-linear optical effects in optical fibers has continued to draw

attention among the scientific community due to the wide-spread use of the optical
fibers in devices, communication, laser delivery etc. We have recently observed (a)
discrete cascaded Stimulated Raman Scattering (SRS) of several orders, and (b)
partially degenerate four-wave mixing (FWM) with frequency shifts ~ 4.8 THz, during
the propagation of a linearly polarized, narrowband, pulsed dye laser through ~20m of
a polarization preserving, single-mode step-index silica-core fiber (# F- SPV Newport
Co., core-dia 2.6u, NA = 0.1).
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Partially degenerate FWM in our observation refers to generation of two new
frequencies at w as and w s, (Fig. 2.1.3) such that w as +w s = 2wp, where Wp is the
laser frequency. The phase matching requirement is satisfied at some frequency shift at
which the contribution to the phase- mismatch due to material dispersion is
compensated by the modal dispersion due to birefringence. Because of the long fiber
length, FWM can take place efficiently only for a small phase mismatch. This is the
reason for our observation of narrow band FWM components (Fig. 2.1.3).

Our results show strong competition between the FWM process and SRS. When
FWM is suppressed by orienting the principal axis of the fiber along the laser
polarization (case-l), SRS band intensities increase and higher orders of SRS show up
(Fig. 2.1.3 B). When the fiber axis is rotated by 45x (case - II), the FWM components at
w as and w s grow in intensity and generate their individual SRS bands which lie in
between the strong SRS bands arising from the pump laser itself (Fig. 2.1.3 A).
However, in case-l, complete suppression of FWM takes place only over some broad
wavelength ranges of the input laser; the fiber output exhibits enhanced FWM over
some narrow frequency ranges of the laser (Fig. 2.1.3 C-E). These results were
observed while tuning the laser frequency. The laser bandwidth was 0.08cm ~1. We
also find that there is a systematic discrepancy in the measured frequency shifts for the
peak of the FWM components such that kw as > kw s.

2.1.5 Optical Parametric Oscillator (OPO)
[S.C. Bapna, K. Dasgupta]
A pulsed nanosecond optical parametric oscillator (OPO) has been designed

using the new non-linear material lithium triborate (LBO). The OPO is to be pumped by
the 3rd harmonic of an Nd:YAG laser and will be continuously tunable over the range
400 nm to 2.4 urn. In order to identify an experimental configuration for initial attempts,
a numerical simulation has been carried out to understand the effect of the pump laser
and the crystal parameters on the OPO performance. Based on these results, a Q-
switched Nd:YAG laser (80mJ, 20ns, 10Hz) has been procured and installed.
Experiments have been carried out to optimize the 3rd harmonic (355nm) efficiency.
The 3rd harmonic is generated using a combination of 2nd harmonic generation in KTP
followed by sum frequency mixing in an LBO crystal to provide 355nm radiation. For the
case of a 75mJ pulse at 1064nm, a conversion efficiency into the green of 40% after
frequency doubling and an overall conversion efficiency of 14% was obtained at the 3rd
harmonic, 355nm.

2.2 GAS LASERS

A large demand exists for various ggas laser sources, yet the activities are
limited to a narrow area in view of the limited resources available. During the period
under report the activities were related to the two areas namely CO2 Laser Systems
and Argon Ion Lasers.
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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 convected away by the fast flowing 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 a 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 cm^ 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 CO2 laser
(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 urn wavelength range. The
electron beam source can also be utilized as a preionizer for Rare Gas Halide excimer
laser.

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
9-11um 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 of
-50Hz are being made.

The ability to generate CW powers upto tens of watt at a variety of visible
wavelengths and upto 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 stereo!ithography, 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 T i : Saphire lasers.

The section has a programme for making a laboratory model of 10 watt multiline
laser and an engineered prototype of 3 watt flowing gas 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.



22.1 High Power Fast Axial Flow (FAR CO2 Laser
[Shailesh Kumar and R. ChandramouliJ
Fast Axial Flow Lasers are used as fine & contact less cutting tool in industry for

cutting of metal sheets. Efforts devoted to the development of a 2 kw FAF CW CO2
laser prototype were continued. The system will be scaled up version of 500 W laser
developed earlier. The system scale up involves increasing gain length and gas flow
rate four times at the specified operating conditions. As a first step, gain length is being
increased from 70 to 140 cm. Detailed calculations were carried out to optimize the
design. In the modified design hot gas column between two cathode boxes have been
eliminated and replaced with a common plenum with a slotted copper cathode.
Accordingly the vacuum duct to distribute gas flow equally into two limbs has also been
redesigned. The discharge segments with helix grove etching have been fabricated.
The design takes care of the formation of spurious off axis modes in a long resonator. A
composite input energy source comprising of a dc power supply and pulsar pre-ionizer
circuit has been designed to ensure simultaneous discharge in the two gain segments.

2-2.2 R.F. Excited CO£ Laser:
Design studies on discharge tubes suitable for capacitively coupled RF excited

CO2 laser of medium power have been carried out. A modified double walled glass
structure with highly polished electrodes have been made and is being tested with a in-
house built RF supply.

2.2.3 Electron Beam Controlled CO2 Laser
fV.P. Singal]
An electron beam controlled CO2 laser was described in earlier report

(BARC/1994/P/004). The laser was used to an irradiate, under normal atmosphere,
graphite samples 3cm x 3 cm x 0.5cm in size. The laser produced 10 Joule - 4 us
pulses. The laser beam was focussed to a spot, 4 mm in diameter on the graphite
sample with the help of a ZnSe lens of 10 cm focal length. The samples were subjected
to different number of shots varying from 10 to 50.

Samples were examined under SEM prior to and after the irradiation. The
examination revealed development of sharp geometrical structure after irradiation.
Some of the structures appeared diamond-like. XRD analysis showed extra peaks
besides graphite peaks in the case of irradiated samples. Moreover, 100% intensity
peak was different from that of the original sample. The peak data were fitted to crystal
structure using a computer programme. The data provides best fit to monoclinic
structure. This work was carried out in collaboration of Chemistry Division.

Arrangements are being made to carry out surface treatment in controlled
atmosphere e.g. inert atmosphere or vacuum. A vacuum chamber capable of producing
vacuum ~ lO'^Torr is being built for this purpose.

Efforts were continued to improve the shape of the voltage pulse applied to the
electron gun in order to deposit electrical energy efficiently in the lasing medium. In this

10



regard an electronic pulser has been designed to produce 150kV-150A-5us pulse at
rep. rate of 10Hz. A triggered spark gap to switch 200 kV has been designed. The
whole system is under fabrication in the Divisional Workshop.

2.2.4 Studies Carried Out With A Medium Repetition Rate Tea CO2
Laser Pulse Shortening
It is reported that the usual gain switched pulse of the 10 KHz, 800 mJ (10

P(20)) laser, being used for photo chemical studies should be shortened in order to
obtain certain desirable results in the photolysis studies. In the event of non-availability
of CdTe electro-optic switches for pulse shortening an alternative was sought. A short
pulse generation technique based on laser break down switch was tried out. The
switching action depends on the laser breakdown which cuts off transmission with a
reported fall time in the picosecond range. A ZnSe lens with 10 cm focal length was
used to bring the existing laser beam to focus. A point of nucleation in the form of
copper wire was kept at the focus. With the formation of the plasma at the focus the
0.2us FWHM pulse was cut off to a 50 ns FWHM pulse.

Experimental set up for improvement of spatial profile
To study the possibility of improving the transverse beam profile of pulsed CO2

lasers a four wave mixing scheme in lnSD was set up to investigate phase conjugation.
This process can occur when 4 electromagnetic waves interact in a suitable medium
through the non-linear susceptibility of the third order. The experimental set up for
degenerate four wave mixing where a pair of oppositely propagating pump waves at the
same frequency in lnSb, provides the conditions for which a third wave, also at the
same frequency incident on the material from any direction would result in a fourth
wave emitted from the sample. We have been able to observe the formation of dynamic
grating in a 0.3mm wafer and the scattered beam was recorded by a Beam Profile
Monitor.

2.2.5 Injection Locking of TEA CO2 Laser
[D.J. Biswas and J.P.Nilaya]
The injection locking of a low gain line (10R-24) in a non dispersive slave TEA

CO2 laser cavity was achieved. The schematic of the experimental layout is shown in
Fig. 2.2.1. Seed photons were obtained from a CW CO2 laser (master cavity) in a
polarisation that could be orthogonally coupled into the slave cavity of 25 cm length.
The shortness of the cavity allowed oscillation on SLM which, in turn, helped in the
realisation of more effective gain on the weak injected line. By monitoring the temporal
profile of the pulse from the slave laser, it was confirmed that the locking persisted
throughout the duration of the pulse. When the cavity length of the slave laser was
made longer, similar measurement indicated locking to take place only during the gain
switching period of the slave laser pulse.

22.6 3-Watt CW Flowing Type Ar+ Laser
[A.Pandey and N.Govindarajan]
Effects of multiple peripheral hole graphite discs on the output characteristics of

II
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the indigenously designed and fabricated Argon-ion laser in the laboratory, were
studied. As shown in Fig. 2.2.2, the laser tube consists of graphite discs with 1.5 mm
dia peripheral holes and 3 mm dia central bore separated by quartz spacers in a quartz
envelope. A solenoid is used to produce axial magnetic field up to 1 kGauss so as to
confine the discharge. The tube is water cooled. A bahated tungsten matrix tube and a
tantalum tube have been used as cathode and anode respectively. A 300-litre/minute
rotary pump with molecular sieves trap has been used for pumping the plasma tube.
The cold pressure of Argon gas (IOLAR grade) which is fed through needle valve at
cathode end is in the range of 60-300 mtorr for laser operation. A negative DC supply
capable of supplying 700 volts and 40 amp current is used to maintain the discharge in
plasma tube. Brewster Windows are mounted on both sides of plasma tube to minimize
the reflective loss. The broadband dielectric coated concave mirror with 96% reflectivity
is used as output coupler and broadband dielectric coated plane mirror or a Littrow
Prism, with 99.8% reflectivity, are used for multiline and tunable laser operation,
respectively.

Multiline output power of the order of 500 mwatts with an efficiency of 0.01 % was
obtained at 21 amp current. Laser was tuned using Littrow Prism and power was found
to be concentrated in two lines at 4880 A and 5145 A, as shown below:

Lasing Wavelength

4765
4880
4965
5017
5145

Power (mW)
at 100mtorr&21 A

40
300
45
15

125

Variation of output power was found to follow quadratic current dependence
supporting the concept of two step excitation process. Output power variation as a
function of magnetic field was measured and magnetic field threshold of the order of
130 Gauss, as shown in Fig. 2.2.3, was obtained.

The present tube gave higher output power and efficiency, lower magnetic field
threshold and better discharge quality as compared with the tube described previously
(BARC/1994/P/004), due to more efficient gas transfer during the discharge. However,
the powdering of the graphite during the discharge, led to the contamination of
windows, which required frequent cleaning. This, perhaps can be prevented by
replacing the central part of graphite discs by molybdenum or tungsten. Work in this
direction is in progress.

2.2.7 Development of Multiwatt Argon Ion Laser
[D.N. Joshi, R.L. Verma]
An argon ion laser system operating in gas flowing mode was described in

previous report. (BARC/1995/P/003). During the current year various operational

13
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characteristic of the system were measured. The primary objective of the study was to
investigate the relationship between the gas pressure inside the laser tube and the
laser output power. For this purpose the tube construction was modified to facilitate the
measurement of pressure drop across the plasma column inside the tube. It was
experimentally observed that for a given axial magnetic field, the laser output power
monotonically increased with a decrease in the gas flow rate until the discharge
extinguished. This behaviour is in contrast with the behaviour of sealed off lasers.
Similars results have been reported by several authors; however, no explanation for
this phenomenon has been reported.

The calculations of the gas conductances of different segments of the flow path
in our tube revealed that the segment between cathode tip and the anode which
constitute the plasma column has minimum conductance, the hollow cathode tube has
higher conductance, and the conductance of other segments are comparatively too
large to effect the pressure distribution inside the tube. Measurements of the pressure
drop across the plasma column and the hollow cathode were carried out during actual
operation of the laser. The measurement results generally agree with the values
anticipated from the above calculations. The lower output power at a given value of
discharge current for a given laser tube while operating in gas flowing mode is
attributed to the large pressure gradient existing across the plasma column.

In order to reduce the pressure drop across the plasma column an external
glass-tube connection was provided between the cathode and anode regions of the
laser tube. This proved to be unsuccessful as during operation the discharge jumped
from the confined plasma column inside the laser tube to the side connecting tube and
punctured it. Arrangements are now being made to provide differential pumping across
plasma column in order to control the pressure drop across it. This way a direct
discharge path outside the laser tube will be avoided.

Fig. 2.2.4 shows the multiline output power as a function of discharge current.
The output power varies approximately as square of the discharge current. At a certain
value of the current the output power increases with the application of an axial
magnetig field, however, the nature of the dependance on the discharge current is not
altered much. Fig. 2.2.5 shows the relationship between the output power and the axial
magnetic field applied across the laser tube. The output power increases monotonically
with increasing magnetic induction upto a value of 350 gauss. No saturation effects are
observed upto this value of magnetic induction.

Triggering circuit
As reported in previous report, the discharge in the laser tube was initiated with

the help of a Tesla Coil. A triggering circuit as shown in Fig. 2.2.6 is now used to
initiate the discharge. The circuits supplies 10 kV - 1 us pulse which help in break down
of the gas inside the laser tube.
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22.8 Design of Current Regulated Power Supply for Argon Ion Laser
[A.Shikalgar, S.L.Makker]
A current regulated power source to supply a constant presettable current to the

Argon Ion Laser tube with the following ratings was designed.
Maximum d.c. output voltage 500 V
Load current Adjustable between 20 A to 60 A
Accuracy + 0.1 % of full scale.

Various safety circuits are planned to be incorporated in the system to reduce the
damage in case of malfunctioning.

Description
Fig. 2.2.7 represents the schematics of the designed power supply. Mains

voltage is connected to the rectifier-grade 3 O transformer via a D.O.L. starter.
Transformer output is rectified to provide 560 V d.c. output. LC filter is used to reduce
the ripple content. This filtered d.c. voltage is applied across the Argon Ion Laser tube
in series a pass bank regulator which consists of 120 power transistors forming 60
current branches. Each branck has two transistors. Upper transistor (Q1) is biased such
that it can carry IA current and it shares half of the power dissipation that takes place in
the branch.

The lower transistor (Q) is fed from error amplifier and driver circuit. Error
amplifier generates the signal proportional to the difference between the set and the
measured values of the current. Driver circuit drives the base of the lower transistor
such that the collector current flowing through it is equal to the set value of the current.

Current sensing resistors are fitted in each branch to measure the current. The
voltages developed across the resistors are summed up by an OP-AMP summer. The
output of-the summer is fed to Digital pannel meter to indicate the current flowing
through discharge tube. To protect the transistors against excessive current fuses are
fitted in all the branches. The system is tripped after blowing off of 10 fuses to avoid
further successive blowing off of the fuses. The temperature of the heatsink is
monitored and if it exceeds 75°C the system is tripped off.

Major components of the system such as transformer, D.O.L. starter have been
indented. Temperature trip circuit, blown fuse indicator and trip circuit, error amplifier
and driver circuit have been built and tested separately at low power.

2.2.9 Current Regulated Power Syppjy for magnetic coil of Argon Ion Laser
[A.Shikalgar, S.L.Makker]
A current regulated power supply is designed and constructed to drive a

constant presettable current through a magnetic coil of Ar+ Laser. The ratings of power
supply are as listed below.
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DC. Resistance of coil 62 ohm in cold state
Output current Presettable between IA - 5A
Accuracy + 0.1 %

The system is essentially an SMPS in which duty factor is controlled by a current
feedback.

Circuit Description
Fig. 2.2.8 depicts the schematic of the current supply; mains voltage is first

rectified & filtered to provide 500 V DC. The voltage thus obtained is switched ON &
OFF by a MOSFET switch and further smoothened by a LC filter. The average value of
the output voltage is proportional to the duty factor of the switching signal. The duty
factor is controlled by SMPS controller LM 3524 according to the feed back signal
derived from a current sensing resistor and adjustable gain amplifier. LM 3524 adjusts
the d.c. output voltage such that current through the coil is kept constant at the preset
value. Variation in the preset value of the current is achieved by changing the gain of
feedback path.

Experimental model has been built up and tested. Efforts to reduce the switching
losses across the MOSFET are going on.

2.2.10 Nonlinear Dynamics of Lasers
[B.K.Goswami]
The nonlinear dynamics of various periodically forced dissipative models have

been theoretically studied and compared with several past experimental results from
class B lasers. In particular, Generalized Multistability (i.e. coexistence in phase
space of several periodic or chaotic states), discovered in the previous decade, have
emerged as one of the exciting phenomena in this area. These phenomena have been
investigated in four directions :
1. Analytical studies of various subharmonic bifurcations (e.g. period doubling,

period tripling etc.) in the periodically forced dissipative systems with the help
of various perturbation techniques. Some of these works have been carried
out in collaboration with Dr.S.V.Lawande, Head, Therotical Physics Division,
BARC.

2. Numerical analyses of the development of the bifurcation structure (i.e.
composition of various bifurcation phenomena in the parameter space) with
the help of software developed by the researcher.

3. Development of more advanced software to probe the underlying rich
complexity of the bifurcation structure in the parameter space. Through
interaction with various scientists abroad, two versatile software have been
obtained. These software have been installed in advanced computers (e.g.
Graphic Work Stations, Sun Machines).

4. Interaction with various scientists, working in the area of Nonlinear Dynamics,
in India and abroad. In particular, a collaborative work has been started with a
scientist from Poland in the direction of theoretical and experimental
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investigation of generalized multistability of periodically forced CO2 lasers.

Some results of the theoretical analysis
1. Two important phenomena in the nonlinear dynamics of periodically forced class B

lasers have been studied; first, the interaction between the period 1 and period 2
branches, and second, the qualitative similarity (or recurrence) of the bifurcation
structures in various period 2 subharmonic resonance regions. These results have
been found in good agreement with past various experimental observations from
the periodically forced CO2 lasers and with several computaional results based on
laser rate equations.

2. The period tripling bifurcation in the driven damped laser rate equations has been
studied analytically. These results are in good agreement with past several
experimental observations in periodically forced CO2 lasers. The role of period
tripling in the development of bifurcation structure has been investigated. The
structure has been found to be self similar.

3. The comparative study of the period tripling bifurcation in various periodially forced
dissipative systems is an interesting new subject. The period tripling phenomena
in the Van der Pol Duffing oscillator has been studied in collaboration with Dr.S.V.
Lawande, Head, Theoretical Physics Division, BARC. This oscillator serves as a
universal model for the oscillators in a vast field of science, in addition to be a
model of a class B laser with an intra cavity saturable absorber.

2.3 LASER APPLICATIONS

2.3.1 Laser Photochemistry
Molecular Isotopic Photochemistry Section has continued to pursue the

developmental activities relating to Carbon 13 and Hydrogen isotopes separation by
selective IR laser chemistry. During 1995 this section has made significant contribution
in the following areas

a. Investigations in Waveguide Reactors
[V. Parthasarathy S.K. Sarkar ]
Laser isotope separation (LIS) studies in a waveguide reactor (WGR) are

important for two reasons, viz. (i) the possibility of extending iso fluence zone near the
focus over a longer length (ii) minimum dead volume for the reactor. Both these
aspects can enhance the product throughput considerably at optimum photon utilisation
for LIS runs in a flow configuration.

IR MPD of neat CF2HCI using 0.5 Hz TEA CO2 laser
We have systematically examined several aspects of the LIS in WGRs of

different types and dimensions (cf. Table 2.3.1) under various beam coupling
conditions. The performance of the WGR is assessed in terms of the enrichment factor
(P), C-13 decomposition extent(13\/R) and the fraction of the irradiated volume
dissociated per pulse (Y) for the C-13 selective IR laser chemistry of neat CF2HCI.
Results obtained under 2 particular conditions in a WGR are compared with those from
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similar runs in a normal cylindrical pyrex cell (cf. Table 2.3.2)

Table 2.3.1: Description of WGRs

Reactor

A
B
C
D

Type

Normal Ce11
Pyrex WGR
Pyrex WGR
Copper WGR

WG Section
ID Length
(mm) (cm)

101
4 50
4 103
7 62

Volume
(cm)

766
150
155
415

Note : Copper WGR had an internal gold coating

Table 2.3.2: Photolysis Conditions And Results

Run#a

1
2
3
4
5
6
7
8
9
10
11
12

Reactor

A
B
C
A
D
A
B
C
A
D
A
D

Focal Fluence
( J /cm 2 )

3.3
3.6
3.5
2.5
2.6
6.2
6.4
4.5
2.1
2.0
3.5
3.5

i3 V R

(cm3/pulse)

0.075
0.037
0.056
0.122
0.135
0.046
0.031
0.037
0.029
0.034
0.051

0.046±0.014

P
53.5
40
45.5
67
80
46
49
49

305
145
232.5
202±20

Y
( x 1 0 4 )

13.2
19.5
21.5
39.4
43.5

4.0
11.9
10.3
5.6
9.7

16.5
19.4

(a) 9P(22) line for the runs (1)-(5), 9P(32) line for the rest.
For the runs in reactor D (and correspondingly in A), f(lens)100 cm, for
the rest, f 50 cm. In some of the runs an intra cavity aperture was used
(dia. 20 mm for (4 & 5) 23 mm for (11 & 12 )). In some other cases an
external aperture was employed (diameter 15 mm for (1-3) 17 mm for
(6-8) and 23 mm for (9 & 10)i. A BaF2 intra cavity window was used in
(1-3) to attenuate the energy^.

These results show that efficient decomposition occurs in WGR and selectivity is
well preserved as in the normal cell runs. It is 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 LIS.
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Transmission Characteristics of Waveguide Reactors
[ V. Parthasarathy P. Nilaya D.J. Biswas S.K. Sarkar ]
The IR MPD results indicated that efficient dissociation occured in all WGRs

(vide infra ). However the gold coated copper WGR showed poorer performance than
pyrex WGR. This could perhaps arise due to different amount of energy losses as the
beam traverses through the WGR. Therefore the transmission characteristics of WGRs
were examined for assessing their performance and thereby exploring the possibility of
improving their efficiencies over the present value. A low power CW CO2 laser and a
high power TEA CO2 laser under various beam coupling conditions were used for such
measurements (cf. Table 2.3.3 for typical experimental results).

Table 2.3.3 : Transmission characteristics
Pyrex WGR (L 60 cm internal dia. 8.3 mm) and

gold coated copper WGR (L 62 cm internal dia. 7 mm)

CWCO2
Laser

TEA Laser

Focussing
Condition
Unfocussed

f=25 cm lens
f=10cm lens
f=10cm lens

Spot Size
at WG tip
External aperture to obtain spot
size in the range 7-5 mm

1 1

Intracavity aperture
spot size in the range 5.5 - 3 mm
External aperture
spot size 7- 5.5 mm

% Transmission
P-WGR C-WGR
97-100 95-100

92-94 80-83
81-85 65-68
87-93 80-90

82-87 74-78

Note : These measurements were carried out in air with the WG component
alone excluding the windows section from WGR. A reference beam was
continuously monitored to take care of any fluctuation in the incident energy in
all the runs. For the pulsed laser signal averaging was done for 16 shots

These results show that using the unfocussed cw beam at glancing angle the
transmission of both the WGRs are in the same range which indicate that the optical
quality of gold coating is quite good. However under focussing condition, the
transmission reduces due to multiple reflections at the WG wall. In such cases pyrex
WGR behaves better than copper WGR. It is also seen that with tighter focussing the
loss increases in both the WGRs but the performance of pyrex WGR remains better
than metal WGR. The pulsed laser measurement with predominantly TEMOO mode
(intracavity aperture) is found to have better transmission compared to usual multimode
beam (external aperture). This information is very useful since the TEM 0 0 laser mode
excites 00 only the lowest order mode EH<n of the WGR and results in mimimum loss.
Transmission characteristics thus provide useful guidelines to assess the performance
of any WGR. Though a cw laser measurement may yield good transmission result the
performance of WGR should be evaluated under the actual IRMPD experimental
condition using a high power pulsed laser beam with focussing
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b. C-13 LIS by IR MPD of Neat CF2 HCI using 10 Hz TE CO2 Laser
[V. Parthasarathy, P. Deb, S.K. Sarkar ]
Infra red laser chemistry of neat CF2 HCI is quite promising for practical C-13

enrichment. The evaluation of this system with a medium repetition rate TEA CO laser
is of utmost importance. This work examines the system's characteristics such as C-13
decomposition extent ( 1 3 V R ) and enrichment factor( p) under photolysis with a home
made 10 Hz TE CO2 laser and compares the results with those already obtained using
the 0.5 Hz Lumonics 103-2 laser.

The indigenously built laser is a compact unit of active volume 2.5 X 3 X 30 cm3

and has two profiled Al electrodes. It employs the UV preionized double discharge
scheme. Preionization is produced by capacitively loaded pin array on either side of the
Al electrodes triggered by a thyratron. A semiclosed gas recirculation is used in which a
small fraction of the laser gases is constantly being bled off and replaced. A set of two
fans placed above the main discharge electrodes provides the necessary circulation.
The resonator cavity consists of a 70 % reflectivity (10 meters radius of curvature)
ZnSe output coupler and a master grating. The laser could be tuned from P(6) to R(36)
in both the 10.6 \xm and 9.6 jim bands. Typically beam energies are 800 mJ on the
10P(20) and 400mJ on the 9P(20) line. Photolysis conditions and results are
summarized in Table 2.3.4 . The results obtained with the 10 Hz laser show a
promising trend and the p values especially are significantly better in relation to those
obtained with the 0.5Hz laser. There appears to be a sharp fluence threshold ( 2.5
J/cm2) above which " ^ V R Irises steeply. With proper optimization of laser parameters
beam energy can be further enhanced. Such a system will be quite useful for photolysis
in a flow reactor configuration.

Table 2.3.4 : Photolysis Conditions and Results

R u n * 8

1
2
3
4
5

Pressure
(CFpHCL)

25 Torr
25 Torr
50 Torr
50 Torr
50 Torr

E h«am

0.16
0.25
0.20
0.24
0.32

Cl cm -2)

2.2
2.7
2.0
3.3
2.5

% Depletion
( 1 3 C )

13
46

8
43
61

(cm3 /pulse)

0.020
0.072
0.010
0.069
0.110

P

123
94

89±3
54
67

(a) 9P(22) line was used in all the runs in a 766 cm3 pyrex cell. For the runs
(1-3) 10 Hz laser was employed (Irradiation time 10 minutes). For (4 & 5)
0.5 Hz laser was used (Irradiation time 180 minutes).

(b) In (4) a combination of an intra cavity BaF2 window and an external
aperture (dia. 16 mm) was used to adjust fluence. In (5) an intra cavity
aperture (dia 20 mm) was kept and the beam was focussed by a f =100
cm lens . f =50 cm optics was used in (1-4)
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c. Generation of Short CO Laser Pulse using Plasma Shutter Cell
[R.S. Karve, V. Parthasarathy, S.K. Sarkar ]
From our IRMPD studies, we expect that shortening of the laser pulse could be

helpful in improving the selectivity at higher working pressures. Plasma shutter device
is known to be useful for shortening of pulse duration, although it cuts down the
available pulse energy considerably. Therefore we undertook a systematic study to
develop such a device to carry out isotope selective experiments at higher working
pressures.

A brass cell with an adjustable length of 15 cm by means of bellows, was
fabricated and fitted with lenses of f =5 and 10 cm at two ends. Using helium in the cell
at different pressures we could obtain short pulse in the range of 15-70 ns. Table 2.3.5
gives the experimental results :

Table: 2.3.5 Generation of short CO2 laser pulse using Plasma Shutter (PS) Cell

1
2
3
4
5
6
7

PHE
fTorh
100
125
150
200
300
400
400

E incident
(A\

2.14
2.20
2.24
2.29
2.09
2.18
0.85

Eout
(A\

1.14
1.07
0.95
0.96
0.83
0.72
0.17

E out 1 Ejn
l°/n\
53
48
42
42
39
33
20

Pulse width *
(ns)

70 ±10
50 ± 5
40 ± 5
33 ± 5
20 + 5
13 ± 3
15 + 3

Laser wavelength : 10P(20); In run (1)-(6) the incident pulse
has an initial 100 ns spike followed by a few yis tail whereas in
run (7), only the initial spike has been used.

During the course of this study we have found that the threshold parameters for
laser induced breakdown in PS cell is dependent on many factors like the type of the
gas, its pressure and laser frequency. Even the diameter of the focal spot incident
pulse duration as well as distribution of intensity across the beam can influence the
threshold parameters.

23.2 Laser Photochemical Engineering
With growing use of laser photochemistry (LPC) in nuclear chemical industry

particularly in processes requiring high selectivity it has become necessary to develop
the laser photochemical field using the process engineering formalism. Our survey
showed that the majority of the published data in LPC are collected under diverse
conditions of reaction and reaction environment and are therefore difficult to use. Thus
it became necessary first to form a rational basis for LPC data comparison &
verification. Towards this end we have presented for the first time a unified basis for
classification of laser photochemical reactor (LPCR) for both atomic and molecular
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reactants. The key features of LPCR have been grouped under laser source
photoreactor reaction environment and mode of operation. This provides the process
engineer a quick method of arriving at a potential reactor and process scheme and
helps him appraise a new LPC process for production. The usefulness of the
classification in selecting LPCR has been shown (Gantayet & Madhavan 1995) with
examples of production of enriched C-13 by IRMPD of halomethane and production of
Zr91 depleted zirconium material by multiphoton ionisation of atomic zirconium vapour.

Dropwise Condensation
The theoretical and experimental studies of dropwise condensation of liquid

metal from vapour phase is of great importance in heat transfer problem. The growth of
drops involve several stages. It starts with nucleation then growth of droplets occurs
either by coalescence or by direct condensation of vapour on it and then the drop runs
off after reaching a critical size. The nucleation can basically take place by two ways:
(i) The surface has some selected sites on which the drop condensation can take
place; this is called heterogeneous nucleation. (ii) In the other nucleation process any
site on the substrate is an active site for drop condensation and is called homogeneous
nucleation. For a supersonic vapour jet the later one should be the case as the metal
vapour condenses at the place of its interaction with the cold surface.

In our earlier studies we analysed the stages of growth and coalescence. Using
a source technique we could obtain a time freeze of bismuth drop distribution pattern
on SS substrate. Nucleation stage could not be captured due to non availability of very
high speed & high magnification imaging facility. We could study the pattern at various
length scales. In our experiments the integrated flux is measured which is proportional
to the time. With time the droplet size increases and hence the length scale study could
be correlated with time. These studies on different experimental samples showed that
at different scales the pattern is similar and reproducible. This study was further
advanced by introducing analysis of the digitized images. The condensation which
were earlier based on qualitative observations were configured quantitatively and also
some new pattern parameters were estimated. The salient features of our analysis
results are presented below:

i. The plot between number of drops vs drop size shows two distinct slopes. This
feature is repetitive for different regimes (length scales) of analysis. The different
slopes are the indication of bimodal distribution for homogeneous nucleation. Fig.
2.3.1 shows the self similar bimodal distribution at three length scales. The
bimodal distribution consists of two types of distribution one for very small sizes of
drops and the other one contains larger drops of roughly equal sizes which are
about to run off.

ii. The drop diameters and pitch for different regions of various experimental
substrates were measured. Drop diameter to pitch ratio shows that area covered
by drops is independent of drop size for condensation under similar conditions.

iii. Fraction of area covered by major drops was found to be proportional to the flux
(as shown in Fig. 2.3.2).
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iv. The experiments were conducted with substrates of different materials like
graphite SS(polished) & wet blasted SS. They also show the self similar pattern as
mentioned before. Some topological features could also be observed.

Work has been initiated to study the effects of the distribution of pattern on mass
transfer.

2.3.3 Laser Applications
a. Study of Surface Roughness

[A.S.Rawat, U.C.Bhartiya, R.C.Khattar]
Based on the results obtained earlier on Standard Rough Surfaces using

experimental set up, it has been planned to design a portable instrument for surface
roughness measurement using specular reflection technique. Mechanical design of the
instrument has been prepared and given to workshop for fabrication. Laser diodes have
been procured for use in this instrument. Further work is in progress.

b. Extended Range Laser Data Communicator
[S.L.Makker]
Experimental set up to determine the range of the communicator was made. The

range estimation of the upgraded model was done by comparing its receiver signal
output strength with the earlier model. Its signal strength was found to be more by a
factor of 8 under similar conditions. This makes the above communicator (new model)
suitable for a distance of more than 2.5 kms. in fair weather.

The technical details of this instrument were prepared for advertisement and
forwarded to the Technology Transfer Group (TTG) BARC. About 45 parties responded
to the advertisement and after reviewing, 4 parties were identified as potentially
capable of absorbing the know-how. The detailed document of the communicator
containing circuit diagram, layout, test procedure etc. is being prepared. This
information will be part of know-how. Further response from TTG is awaited

c. Laser Dust Monitor
[S.L.Makker]
The lab. model of this instrument with the digital read out has been assembled.

In order to observe the extinction loss by smoke, dust etc., a small Aluminium chamber
with glass windows was fabricated. Lab. tests for signal. Extinction have been carried
out by generating smoke in the chamber by keeping it in between the Dust monitor and
retroreflector. Few more tests are required to be conducted on smoke dust samples as
a first step towards calibration. In order to calibrate the instrument a standard smoke
generator/dust emission source is required and its availability is being looked into.

d. Laser Scan Gauge (LASCAN GAUGE)
[A.S.Rawat, U.C.Bhartiya, R.C.Khattar]
In continuation of earlier work, a Personal Computer (PC) based set up

consisting of He-Ne Laser, DC motor scanner, collimating & focusing optics and
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electronic circuit was designed and tested for measurement of diameter of an object. A
special software was developed to average out spurious responses before displaying
the diameter. The software also takes care of indicating when there is NO OBJECT or
NO LASER SOURCE. The accuracy of the system was 25 microns and repeatability 10
microns for the range of diameters from 0.5 mm to 30 mm. A brief report on the system
was prepared and was published in BARC Newsletter-May 1995. Subsequently He-Ne
Laser was replaced by Diode Laser and beam spot size at object place was reduced to
about 0.1 mm. The diode laser has reduced the size of system and small beam spot
has improved repeatability. In order to make system stand alone, a microcontroller
based circuitary has been designed and tested which has been interfaced with LCD
and keyboard (Fig. 2.3.3). A lab. model of the stand alone instrument has been made
with various functions to select from, while operating the instrument viz. Averaging, limit
setting. The unit was displayed in National Laser Symposium held during January 17-
19, 1996. With the experience gained in developing this lab. model, a prototype model
is being developed which will have improved stability, repeatibility and accuracy.
Mechanical parts have been fabricated. Electronic circuits have been assembled and
tested. After the completion of the total assembly, tests will be conducted to check the
performances.

e. On-line Diameter Measurement
[A.S.Rawat, U.C.Bhartiya, R.C.Khattar]
During the development of Laser Scan Gauge, Fuel & Safety Section of 500

MWe PHWR Group of NPC approached us with their problem of on-line diameter
measurement of the clad in the clad balloning test. The diameters are to be measured
simultaneously at an incremental distance of 3 mm along its total length of 10 cms, at a
minimum rate of 5 samples per second. The problem was discussed in detail and it was
considered feasible to develop a system which will have On- line measurements in X &
Y directions.

A scheme has been finalised. The schematic (Fig. 2.3.4) depict the process of
measurements in one direction. The light output from a Semiconductor Laser Diode is
collimated and entered at a small angle into a rectangular glass block having dielectric
coating at two opposite faces. One surface of the block is fully reflecting and the other
partially reflecting. The beam goes through multiple reflections inside the block. As the
second mirror transmits a fraction of the light at each point it strikes, acts as a source of
thirty paralle beams, each with different power output. These beams are made to fall on
a rotating long plane mirror placed on the focal line of a cylindrical lens. All these 30
scanning beams get collimated by the scan beam collimator and fall on the object.
These collimated beams are then focussed on to a 30 photodiodes by a receiving
cylindrical lens which generate electrical pulses of width corresponding to the dia of the
object placed in the measurement zone. These pulses will be electronically processed
to calculate diameters at different locations of the clad. A similar set up in
perpendicular direction will complete the diameter measurement in both X & Y
directions. Important components required for the set up have been identified. Designs
for optical components are being worked out. Reflectivity of the dielectric coating on the
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two faces of the glass faces have been optimised to get maximum intensity output upto
the last 30th beam. Indents are being raised to procure the components.

f. Internal Diameter Monitor
[A.S.Rawat, U.C.Bhartiya, R.C.Khattar]
A request has come from Ordinance Factory, Ambernath to develop a laser unit

for measuring the diameter of fire hole of 5.66 mm bullet cartridge. Thus select/reject
the cartridge case during inspection before final assembly. Electronic circuitary has
been designed, assembled and tested. The set up to simulate the actual condition
using He-Ne Laser is being worked out. In this connection a visit was made to
Ammunition Factory, Kirkee, Pune where requirement of the system were discussed
after studying the case gauging machine.

2.4 HIGH POWER ND:GLASS LASERS, LASER PRODUCED
PLASMAS & SHOCKS

2.4.1 1J/100 psec laser program
All the important sub-systems namely a stable and reliable active-passive mode

locked Nd:YAG oscillator, pulse selector 3 amplifier stages of different sizes, spatial
filter assembly, spatial intensity profile monitoring system etc., needed for this laser
chain have been almost completed. The basic layout of the system has already been
shown in the earlier annual report. At present the laser is being tested for its optimum
performance after the recently commissioned 3rd amplifier stage. This amplifier stage
consists of 19 mm 0, 300mm long Nd:glass rod, pumped by 6 flash lamps housed in a
cylindrical aluminium cavity. Flash lamps can be charged and fired at a maximum input
of 12 k Js of electrical energy. The amplifier design has taken care of fast cooling of
laser rod by passing saturated solution of sodium nitrite.

A spatial filter assembly consisting of two 60 cm focal length lenses, a vacuum
chamber fitted with a pin hole holder capable of three axis movement is installed in
between 2nd and 3rd amplifier stages. The spatial filter is designed to filter out the
unwanted intensity modulation riding over the laser beam. These spatial frequencies
have already been noticed after the double passed output beam from amplifier 2nd.
The studies regarding the extend of these nonuniformities and selection of suitable pin
hole etc. are being made using a profile monitoring system. The spatial profile
monitoring system consists of a CCD camera, video frame grabber fitted in a PC and
line selector unit. The line selector can retrive the intensity distribution across any pre-
selected line and this could be displayed on a storage oscilloscope. The test
performance shows that the laser system is capable of delivering 400 mJs output with a
smooth spatial profile, after the 3rd amplifier stage.

The design work for the last amplifier stage is in progress. This is a 38mm O,
300mm long Nd:glass rod to be pumped by 12 xenon flash lamps. The design of a
Farraday Isolator to be installed after this stages has also been taken up. The Farraday
Isolator prevents damage of optical components from back reflected laser radiation.
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2.4.2 Velocity Interferometer
A velocity interferometer (SANDIA type) using a 2mm He- Ne laser as probe

beam is set up with the gas gun facility at the High Pressure Physics Division Lab.
Development of this interferometer in this division has already been reported in the
annual report 1994 - 95 with detailed diagram. A fringe record obtained from a gas gun
firing experiment showed the target free surface velocity of about 200 meters/sec. At
present a single frequency 1W Argon laser is being installed as the probe beam to
enable good fringe contrast and there by eleminate any recording errors.

24.3 Lasermicrodrilling
Laser microdrilling in certain capsules brought from Kundnani College of

Pharmacy has been done. Such microdrilled capsules called slow-release capsules in
which drug from inside the capsule shell is released at controlled rate. By careful
energy setting, and focal point control, 150 to 200 micron holes could be drilled without
any peripheral damage to the capsules, with the existing Nd:glass laser set up. The
drug release rate was found comparable with such imported capsules.

24.4 50 J/5 ns laser amplifier system
Work on over hauling, modifying and re-setting of this old Nd:glass laser chain

consisting of a Q-switched Nd:YAG oscillator, pulse slicer, Farraday Isolator and Eight
amplifier stages has been taken up. Two 19mm defective amplifier stages arc re-
designed and given for fabrication. Each system is being observed and tested to
assess the extend of damage to all the optical component including flash lamps, laser
rod etc.

2.4.5 10 J/20 ns Rubv Laser Program at APPD
All the necessary scientific and technologies guidence is given to this program

being designed and exicuted at APPD, for their plasma diagnostic work. The design
consists of a Q-switched Ruby oscillator, followed by two ruby amplifier stages. This
system is designed to deliver 10 J/ 20 ns pulse at = 6943A .

2.5 PUBLICATIONS & PRESENTATIONS

25.1 Publications
Extraction efficiency of gain saturated high power pulsed dye laser amplifier

-effect of ESA
K.Dasgupta, S.Kundu, L.G.Nair,
Appl. Opt. 34 1982(1995).

Observation of some new phenomena involving period tripling and period doubling
Goswami B.K.
Int. J. Bifurcation and Chaos, Vol.5, 303-312 (1995).

Investigation of temporal modulation of nanosecond regime CO2 laser pulses
by a CO2 amplifier
Paramita Deb, U.Nundyand U.K.Chatterjee
Infrared Physics & Tech. 36, (1995), 1007.



Latch proof operation of a switch of a high repetition rate laser with
D.C. resonant charging
D.J.Biswas, J.P.Nilaya, U.K.Chatterjee
Rev. Sci. Instrum. 66, 4813 (1995).

IR and visible luminescence studies in the infrared multiphoton dissociation
of 1,2-dibromo-1,1 -difluoroethane
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 240 489 ( 1995 )

CO2 laser induced IRMPD of 2-bromo-2-chloro-1,1l1-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
(Accepted for publication in Chem. Phys. Letters)

UV absorption cross sections of methylchloroform: temperature dependent gas
and liquid phase measurements
A.K.Nayak M.J.Kurylo and A.Fahr
J.Geophys.Res.100 11185 (1995)

TEA CO2 laser induced telomerization chemistry in conventional and
waveguide photoreactors
A.K.Nayakand S.K.Sarkar
J. Photochem. Photobiol.A: Chem. 87, 75 (1995)

The ultrviolet absoption cross sections of CH3I temperature dependent gas and
liquid phase measurements
A.Fahr A.K.Nayak and M.J.Kurylo
Chem.Phys.197 195(1995).

Temperature dependence of the ultraviolet absorption cross section of CF3I
A.Fahr A.K.Nayak R.E.Huie
Chem.Phys. 199 275 (1995).

Temperature dependent UV absorption cross sections for propylene methylacetylene
and vinylacetylene.
A.Fahr and A.K.Nayak
(Accepted for publication in Chem.Phys.)

Study of Free Jet Expansion
J. Mukherjee K. K. Mishra and L. M. Gantayet
B.A.R.C. Report No. B.A.R.C./1995/E/016.

2.5.2 Invited Talks
Laser selective chemistry

S.K. Sarkar
National Symposium on " Radiation and Photosciences "
RD Vishwavidyalaya Jabalpur February 16 18 1995.
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25.3 Symposia Presentations
Two stage amplification of CVL unstable oscillator pulses

SasikumarS., S.Kundu, S.Singh, LG.Nair,
Proc. of National Laser Symposium, I.R.D.E., Dehradun, Feb. 1995.

Pulse stretching by regenerative amplification in a Copper Vapour Laser
SasikumarS., S.Kundu, S.Singh, L.G.Nair,
Proc. of National Laser Symposium, I.R.D.E., Dehradun, Feb. 1995.

Amplification of temporally stretched yellow beam of Copper Vapour Laser
S.Singh, K.Dasgupta, S.Kundu, SasikumarS., L.G.Nair, U.K.Chatterjee,
Proc. NATO Advanced Research Workshop on Pulsed Metal Vapour Lasers
and their applications", Univ. of St. Andrews, Scotland, August 1995.

A new self similarity involving period tripling and period doubling
Goswami B.K.
Proc. of National Laser Symposium, Dehradun, Feb. 1995, p. 144.

Minimization of deleterious effects in a fast axial flow CC*2 laser with DC excitation
S.KSehgal, R.Chandramouli, R.L.Verma and U.K.Chatterjee
Proc. of National Laser Symposium, Dehradun, Feb. 1995, p.46.

Development of a sliding arc preionizer for a repetition rate TEA CO2 laser
Paramita Deb, KR.Rajeshree and U.K.Chatterjee
Proc. of National Laser Symposium, Dehradun, Feb. 1995, p.48.

Latch proof operation of a switch of a repetitive laser with DC resonant charging
D.J.Biswas, J.Padmanilaya and U.K.Chatterjee
Proc. of National Laser Symposium, Dehradun, Feb. 1995, p.56.

A single switch as a driver of two high repetition rate lasers
J.Padmanilaya, D.J.Biswas and U.K.Chatterjee
Proc. of National Laser Symposium, Dehradun, Feb. 1995, p.58.

An experimental argon ion laser with Th-W cathode
, D.N.Joshi and R.L.Verma

Proc. of Nat. Laser Symposium, Dehradun, Feb. 1995, p.66.
On the recovery of a switch

D.J.Biswas, J.Padmanilaya and U.K.Chatterjee
Proc. of Nat. Laser Symposium, Dehradun, Feb. 1995, p.60.

Characteristics of an ingidenously designed and fabricated argon ion laser
A.Pandey, N.Govindarajan and U.K.Chatterjee
Proc. of Nat. Laser Symposium, Dehradun, Feb. 1995, p.68.

Characteristics of an Indigenously Designed and Fabricated Argon-ion laser
APandey, N.Govindarajan and U.K.Chatterjee
Proceedings of National Laser Symposium, IRDE, Dehradun, Feb. 1995.

Non-contact Technique for surface roughness measurement using He-Ne Laser
A.S.Rawat, U.C.Bhartiya, R.C.Khattar, U.KChatterjee.
Proc. of Nat. Laser Symposium, Dehradun, Feb. 1995,

Application of laser microdrilling in the controlled release tablets
Proc. of Nat. Laser Symposium, Dehradun, Feb. 1995,

Laser Isotope Separation in Waveguide Reactors An evaluation study
V. Parthasarathy S. Sethi L.M. Gantayet and S.K. Sarkar
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National Laser Symposium IRDE Dehradun February 10-14^1995
Isotope selective IR laser chemistry of neat CF2HCI An appraisal

P. Deb V. Parthasarathy S.K. Sarkar U. Nundy and U.K. Chatterjee
National Laser Symposium IRDE Dehradun February 10 14 1995

Luminescence in infrared multiphoton dissociation of 1,2-dibromo-1,1-difluoroethane
(CF2Br-CH2Br)
K.K. Pushpa, A. Kumar, R.K. Vatsa, K.A. Rao, V. Parthasarathy and S.K. Sarkar
National Symposium on " Radiation and Photosciences "
RD Vishwavidyalaya Jabalpur February 16-18,1995.

Dropwise Condensation of Metal Vapour. A Study of Phenomenon
J. Mukherjee K.K. Mishra L. M. Gantayet and S. V. G. Menon
IICHE Conference: 'CHEMCON 95' at Kalpakkam (27- 30, December 1995).

Selection Criterion of LPCR
L. M. Gantayet & K.P. Madhavan
IICHE Conference: 'CHEMCON 95' at Kalpakkam (27- 30, December 1995)

2.5.4 Lectures
V. Parthasarathy delivered 15 lectures on " Chemical dynamics and Rate processes "

for both 38th and 39th batch Chemistry trainees, BARC Training School 1995

2.5.̂ 5 Professional Recognition
U.K. Chatterjee

Elected Fellow of the Indian National Academy of Engineers.
S.K. Sarkar

Secretary, Indian Society for Radiation and Photochemical Sciences (ISRAPS )
Convener, National Symposium on " Radiation and Photosciences "

RD Vishwavidyalaya Jabalpur February 16-18, 1995
Convener ISRAPS Scientific discussion on " Free radicals and Human health ".
Course coordinator for the course " Chemical dynamics and Rate processes".
Chairman of a Sel. Com. for the 39th batch BARC Trg. School (Chemistry).

V. Parthasarathy
Member of a Sel. Com. for the 39th batch BARC Trg. School (Chemistry).

A.K. Nayak
Guest Researcher at the National Institute of Standards and Technology
Gaithersburg Maryland USA during August 1993-July 1995.

L. M. Gantayet
Member, Committee for failure analysis of zirconium reduction report of N.F.C.
Advisor, to the statutory committee in assessing the safety of

medium and large chemical plants in the state of Maharashtra
Chairman of a Sel. Com. for the 39th batch BARC Trg. School (Chem. Engg. ).
Member of the selection committee for M.Tech. Trainees 1995.

0O0
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3. THERMAL PLASMA ACTIVITIES

Thermal Plasma Section works in the field of generation, characterization and
application of atmospheric pressure plasmas. These are equilibrium plasmas
characterized by temperatures in the range of 2,000 - 30,000 degrees K and charged
particle number densities in the range of 10^0 - 10^3 per m3. The broad programme
objectives of the section are centered around the following guide lines:

• Development, optimization, scaling up and technology readiness studies
of various types of plasma devices

• Study of fundamental plasma processes to contribute to better
understanding of this medium

• Studies related to the improvement of presently available processing
technology or exploration of new materials

These programs primarily cater to the various needs of the research and
development programs of the Department of Atomic Energy. However, the multitude of
spin-offs can also benefit many other relevant areas.

3.1. DEVELOPMENT OF PLASMA DEVICES

The high power plasma torch development program is a broad base activity
where state of art plasma torches and associated facilities are built for the design and
testing of high power plasma torches, for scaling up studies and for experimentation
and modeling of various plasma related processes. During the current year, the
program identified the following two major thrust areas for intensive follow up: rod
electrode transferred arc plasma melters and hollow electrode non transferred arc
plasma heaters

3.1.1 High Power Plasma Melter
[PSS Murthy, AK Das, A Paingankar, SC Gosavi, KP Kedare]
A high power plasma melter simulator stand has been established for testing

torch characteristics and torch-plasma-job interaction. As reported in the last annual
report (1994), the facility was operated upto 110 kW and measurements of the V-l
characteristics, torch efficiency and simulator heat load had been carried out. During
1995, systematic studies were carried out and the operating power was raised up to
250 kW at a stand-off distance of 350 mm using a single power supply. The upgraded
facility is shown schematically in Fig. 3.1.1. The rotating magnetic field was in place
and performed extremely well in distributing the heat load on the simulator so that high
power operation of the torch could be carried out without burning out the simulator. As
shown in Fig. 3.1.2, the peak heat flux on the central bar reduced considerably and the
half width of the heat flux increased by 25 -30 %. A water cooled heat shield was
fabricated and attached to the torch for providing better protection from the reflected
heat and gases. High speed photography (1000 - 8000 frames/sec) of the
rotating/oscillating plasma column has been carried out to study the arc stiffness and
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area of contact on the simulator. The number of copper bars in the simulator have been
increased thereby cutting off the escaping gases. There was a major breakdown in the
power supply unit due to flashover during monsoon; this has been rectified
subsequently and both units are now operative.

3.1.2 Hollow Cathode Plasma Torch Facility
[PSS Murthy, AK Das, A Paingankar, SC Gosavi, KP Kedare]
The emerging concept in the area of high power plasma torches used in heating

or transferred arc melting operations is oriented towards the hollow cathode, water
cooled plasma torches. It assures much longer electrode life, less interference with the
job in terms of impurities and can be raised to higher powers. Keeping this in mind, a
high power hollow cathode plasma torch development program has been initiated. Fig.
3 1.3 shows schematic of the first hollow cathode test torch. It consists of a copper
cathode, copper anode, insulator block with vortex gas injection, top cap, magnetic field
coil for stabilization and water cooling arrangements. The torch has been operated upto
45 kW in non-transferred arc mode with measurements of heat loss and V-l
characteristics.

3-1.3 Cutting and Welding Torch (30 kW)
[PSS Murthy, SC Gosavi, KP Kedare]
Considering that the bulk demand in manufacturing operations is for low-medium

powered plasma torches, a 30 kW plasma torch for cutting and welding application was
designed, fabricated and tested by cutting 10 mm thick ms plates. The problem of
double arcing, affecting the integrity of the cap and the nozzle is being taken care of
through a modified design.

3.1.4 Controlled Environment Plasma Spray System
[AV Bapat, CS Tulapurkar]
The Controlled Environment Plasma Spray System (CEPSS) was subjected to

pre-dispatch tests at Hind High Vacuum Co. Pvt. Ltd., Bangalore in March 1995. The
following qualifying results were obtained and the system was cleared for dispatch.

1. Vacuum level of 1 x10~2 torr was obtained in 16 -17 minutes when system
was pumped from atmospheric pressure. Before the pump down, the
chamber was loaded (exposed to atmosphere) for about 45 minutes.

2. Control of chamber pressure within ±5% of the set pressure or ±2 torr was
achieved for various leak flow rates up to 60 LPM (air at NTP) and set
pressures from 10 to 100 torr.

The system was received in BARC in March 1995 and the erection activity by
M/S Hind High Vacuum Co. commenced in May 1995. In May-June 1995 various
components were put into position as per the system layout and the floor plan. This
included foundation pads for the chamber, power and control console wiring and
erection of mono rail for the doors. During the same period, the cooling water loop for
the system was fabricated and tested for hydrostatic pressure of 7 kg/cm2 The system
was then hooked with the hydraulic loop and was tested for pump pressure.
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The vacuum performance tests on the complete system were taken up in
December 1995 after rectifying the root pump shaft and bypass valve shaft seal leaks
by subjecting the system to MSLD test. The system though ready in all respects is not
yet able to reproduce the pre-dispatch results mentioned above. Presently the problem
is under discussion. The system commissioning has been delayed due to some
problems faced during the initial installation and identification of the leaks.

The drawings for the work handling and torch handling devices have already
been released for manufacture. Presently the control console details are being worked
out. The devices are expected to be ready for initial tests by September 1996.

3.2. PLASMA THEORY
3.2.1 Plasma Modeling

[AK Das, A Paingankar]
The nonradiative Ellenbaas-Heller equation for a cylindrical axisymmetric

plasma column in a plasma torch has been solved to obtain the temperature profile as
a function of current and boundary conditions. A finite difference code was written in C
language with built-in functional approximations for the plasma material functions. The
torch V-l characteristics and temperature profile are shown in Fig. 3.2.1 and Fig. 3.2.2.

32.2 Plasma Chemical Equilibrium Code in ANUPAM
[AK DAS]
The data parallelisation of the plasma chemical equilibrium code was achieved

in the BARC Parallel Processing System ANUPAM. The work involved converting the
entire code into C language, running it in both DOS and UNIX platforms, in parallel
simulator PSIM and finally in ANUPAM. The efficiency of parallelisation with an almost
idle host system was 70 % and speedup of above 4 (Table 3.2.1). The transport code is
now being integrated and prepared for parallelisation. The p. oject was carried out with
VESIT, Bombay final year B.E. students. (The help received from Shri H. K. Kaura,
Head Computer Division, Shri P. S. Dhekne, Officer in Charge, Computer Facilities,
Smt. S. Mahajan, and Shri K. Rajesh of Computer Division is gratefully acknowledged).

3.2.3 Divisional Library Database
[MS Vengurlekar, SS Naik, AK Das]
Work is continuing on the database for Divisional library stock. The new

additions are the stock at MDRS and Modular Labs. Menu Driven DBASE program is
yet to be completed.

3.3 PLASMA DIAGNOSTICS AND INSTRUMENTATION

33.1 Transferred Arc-Plasma Imaging Studies Using A CCD Camera
[DP Chakravarthy, PSS Murthy, L Hanchinal, RS Haval]
In arc welding and arc-plasma technologies, digitizing video cameras are playing

an increasing and important role in real time operations, as well as in analyzing the
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TABLE 3.2.1

TIMING CHARACTERISTICS OF SERIAL AND PARALLEL RUNS

MACHINE 486 DX2, 66Mhz.

OS

DOS

SCO UNIX
SYSV,
REL3.2

COMPILER

BC++ FOR
WINDOWS

•C COMPILER

RUN TIME

i] 5 x 1 hr. 29 min.

ii] 5 x 1 hr. 23 min.

Hi] 5 x 1 hr. 18 min.

i] 5 x 49 min. 50 sees,

ii] 5 x 45 min. 25 sees.

COMMENT

With full file i/o

With partial file i/o

Without file i/o

With partial file i/o

With no file i/o

MACHINE ANUPAM, RISC, 40Mhz

OS

SCO UNIX
SYS V,.

REL 5.2

COMPILER

'C COMPILER FOR
PARALLEL

PROCESSOR (CCPP)

RUN TIME

i] 26 min. 40 sees,

ii] 25 min. 05 sees.

COMMENT

With partial file i/o

Without file i/o

PERCENTAGE EFFICIENCY

= Sequential time / ( parallel time x nuber of processors ) x 100 %

= 105 x 60 sec/ ( ( 25 x 60 + 5 ) x 6 ) x 100 %

* 70 %

Speedup = parallel execution time/ serial execution time = 4.186
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process. Regionalized light intensity filtration provides a more uniform CCD image of
the arc-plasma column and also the arc spots on the electrodes. Video "frame
grabbers" and computer image analysis software programs can be used to analyze
recorded data, and determine how variations in plasma and process parameters
influence the behaviour of the arc and its stability. The dimensions of the arc column
can be measured and the behaviour of the arc attachment at the electrodes studied.
The transferred arc-plasmas are widely used in metallurgical processes and are
characterized by strong gradients in temperature and velocity existing in the axial and
radial directions.

A CCD camera has been used in the investigation of transferred argon arc-
plasmas upto 100 mm in length. The Fig. 3.3.1 shows the schematic diagram of the
measurement set up. The transferred arc system has been operated at 10 kW (100
volts, 100 amps) and the images were captured using different welding filters. Suitable
software has been developed on IBM PC for acquiring, recording, processing and
display of the arc-plasma images. The intensity profiles have been plotted and
compared with available temperature data and the correspondence is found to be good.
Fig. 3.3.2 shows a sample graph of the axial and lateral intensity profiles.

The axial profiles show a sharp fall in the gray level intensity at the cathode end
compared to that near the anode. Most of the intensity (temperature) drop in the
plasma column takes place at a distance of upto 40 mm from the cathode irrespective
of the plasma column length which is varied from 50 to 100 mm. This indicates that bulk
of the radiative losses takes place near the cathode. As the arc column terminates at
the anode by an arc spot of 2 mm diameter approximately, an anode jet is created
which results in eccentricity in the arc column as seen from the images in Fig. 3.3.3.

The above work has indicated that arc-plasma imaging by CCD cameras and
processing the data by suitable software can result in useful information, which can be
used in studying and improving various types of arc-plasma devices being developed.

3.3.2 Spectroscopic diagnostics
[NK Joshi, SN Sahasrabudhe]
The Ar-I intensities recorded in the wavelength region 400 nm - 450 nm has

been analyzed to measure the excitation temperature in a spray torch. The axial
variation of excitation temperature in plasma jet, when spray torch is operating at 5 kW
and 10 kW input power level is shown in Fig. 3.3.4. Spectral measurements were
obtained at 2 mm increments from an axial position of 2 mm (from nozzle exit point) to
a distance of 20 mm. Further from this point, although the jet is visible but intensity
drops substantially. IN addition, the plasma temperature at the exit point of nozzle (i.e.
at z = 0 position) has been estimated using the energy balance technique. This gives a
measure of the average temperature of plasma jet. It is estimated by measuring the
electrical power input and coolant flow rate and rise in temperature. At 5 kW and 10 kW
input power level, the average temperature determined is 5350 K and 6490 K
respectively.
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The temperature variation along axial and radial direction in spray torch may be
given by an expression

T(z,r) = T C L ( z ) [ i - ( r /R)n ] ...3.3.1

where TCL(z) is the center line temperature and depends upon axial distance z, R is
the radius of exit nozzle , r is the radial distance from the axis and n is the profile
parameter. The center line temperature may vary as

TCL(z) = T C L ( 0 ) e x p [ - ( z / L ) ] ...3.3.2

where z is the axial distance from nozzle exit point, L is the visible flame length and
TCL(0) is the center line temperature at the nozzle exit point (i.e. at z = 0 ). The

average temperature ( i.e. temperature uniformly distributed over radial distance r ) at z
= 0 and TCL(0) can be related by an expression

Tav(z) = TCL (0) [n/ (n + 2)] ...3.3.3

The measurement of TCL(0) using spectroscopic technique is not possible due

to experimental difficulties. However, it is evident from eqn. (2) that a plot of In TCL vs

z/L will be a straight line and at z= 0 , TCL(0) can be determined by extrapolating the
measured axial temperature data.

The curve of In T vs z/L is plotted in Fig.3.3.5 and value of TCL(0) for 5 kW and
10 kW input power level are 8975 K and 10785 K . For our experimental conditions
where argon plasma is discharging into surrounding air, the visible flame length is
apprpximately 28 mm as determined by a simple optical measurement .Photographs of
the plasma jet were also taken at different shutter speed to determine the flame length.
The value of profile parameter n for these power levels is 3.0 (2.99 and 3.02
respectively) . This value of n may be used as a parameter in computer modeling of
non transferred arc plasma jets.

3.3.3 Arc fluctuations and particle diagnostics:
[NK Joshi, SN Sahasrabudhe and DN Barve]
A strong interaction of electromagnetic, thermal and gas dynamic effects in arc

channel region leads to fluctuations in luminosity and power of arc. The current and
voltage wave form of spray torch operating at 5 kW , 7.5 kW and 12 kW has been
recorded using a digital storage oscilloscope. The digital storage oscilloscope has also
been used to measure the light emission from hot copper particles in plasma jet
operating at three power levels mentioned above. The argon gas flow rate was kept at
30 LPM . More data with different operating parameters of torch and nature of particles
(e.g. alumina, nickel etc.) are being collected to study the heating of particles in such
fluctuating plasmas.
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3.3.4 Broad Beam Ion Source
[JR Pai]
Broad beams of H + and Ar+, with beam diameter of 20 mm are obtained with

earlier set up of rf ion source. Schematics is shown in Fig. 3.3.6. 35 no. of 2 mm dia.
multi-aperture three electrode low energy beam transport (LEBT) is adopted to find the
maximum extractable ion beam current from a 20 mm dia. electrode surface. Beam of
20 mm dia. is obtained with a H + beam current upto 1.2 mA, corresponding to a current
density of 12j4A/mm2. Out of 12jjA/mm2 leaving the ion source, a H + beam current
density of 4.5|iA/mm2 is obtained at the collector electrode (target). The low extracted
beam current density at the target is mainly because of the mismatching in mechanical
alignment of three electrode apertures. A transmittivity of 30% beam is being recorded
for H+. This can be improved by the proper aperture alignment and voltage ratio to the
electrodes.

The simple numerical ion optic model developed earlier is used to compare with
the experimental ion beam parameters. The model is applied to the H + beam generated
with 2.5 mm aperture extraction triode L.E.B.T. The model is matching well with the
experimental results. Fig. 3.3.7 gives the experimental and theoretically predicted
results.

A preliminary work to study the feasibility of obtaining the negative ions from the
rf produced hydrogen plasma was attempted. Using the properly biased extraction
electrodes negative charges are measured and the negative ion current is obtained.
The amount of negative current measured is found to be greater than the positive
current measured with same plasma conditions and set-up. This can be attributed to
the formation of negative ions of hydrogen (H') in the rf produced plasma. The recent
works in other international laboratories, have already confirmed the production of
negatively charged ions in rf produced plasmas. Exact conditions to generate these
ions are still not known.

3.3.5 RF Power Amplifier for Capacitively Coupled Radio Frequency
fCCRF) Discharges
[DP Chakravarthy, MS Madanmohan]
The complete two stage cascaded 28 MHz rf power amplifier consisting of a

class C amplifier tube (Siemens RS1002A) driven by a solid state amplifier as shown in
Fig. 3.3.8 has been assembled, tested, modified and optimized for maximum RF power
output and efficiency.

The input inductive coupling and the output pi matching circuits of the RS1002A
have been modified using coupling variations and different tuned tank coil inductances
and capacitances to get maximum output power and efficiency. The neutralizing
circuitry is modified to improve amplifier stability at higher plate circuit voltages. The rf
output power can be easily varied by varying the dc screen voltage as shown in Table
3.3.1. The amplifier has been operated continuously and stably upto a maximum rf
power output level of 440 watts with 54 % overall plate circuit efficiency with a
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All Dimensions a r e In mn
r*lnn , N-35
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F16.3.3.6 Schematics of triode Broad Beam L.E.B.T.
N = no. of apertures, L = 105mm, P. Plasma Electrode, E.
Extraction Electrode, A. Acceleration Electrode, C. Collector
Electrode, (r is the radius of aperture) (VQ =
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corresponding input rf power of 20 watts drawn from the solid-state stage. An
impedance matching network has been designed and fabricated to transform the 50
ohms rf impedance of the tube amplifier to the 500 ohms to 1 kOhm approx. CCRF
impedance. The overall CCRF based CO2 discharge set up is being assembled and
studies on CCRF discharges will be carried out shortly.

TABLE 3.3.1: Operating Parameters of RS1002A Amplifier
(Vgrid = -200 Volts, Plate open circuit voltage = 3.1 kV DC.

Frequency = 28 MHz, Screen current = 3 -14 ma)

Solid

Vdc
volts
21.5
22.5
23.0
24.0

State Input

'dc
amps
0.9
0.9
1.0
1.3

'arid
ma
4.5
4.0
5.0
6.0

RS1002A tetrode stage

'plate
ma
120
160
215
295

Volate
kV

2.72
2.65
2.60
2.50

Vscreen
V

230
370
420
520

Watts
100
200
300
400

Table 3.3.1 gives the operating parameters of the RS1002A amplifier, tested
with a 1 kW termaline coaxial load resistor (Bird 8251) in conjunction with a rf
directional thruline wattmeter (Bird model 43).

3.3.6 High Temperature Isostatic Press
[DN Barve, MMV Murthy]
The high temperature isostatic press (HIP2000), which had been inoperative

due to difficulties with the microprocessor based control system, has been made fully
working by using the newly developed control circuit. The press is tested upto 170
bars pressure at 1200°C heater temperature. All the sub-systems such as the vacuum
pump, compressor, pneumatic valves, heater, panel indicators, recorder,
programmable heater controller are found to be working satisfactorily. Newly designed
interlock circuits for safety operation of the press were tested and found to be working
satisfactorily.

3.3.7 Control System & Instrumentation for LMMHD System
[DN Barve]
A personal computer based data acquisition and control system has been

designed and developed for the liquid metal magnetohydrodynamic (LMMHD) plant.
The important parameters of the plant such as upcomer pipe pressure and temperature
gradients, mercury flow in the downcomer pipe, water flow to the mixer, MHD voltage
and current (in all 8 channels) are continuously monitored. The water flow is regulated
by a using feedback control. The necessary PC based hardware is developed and
tested by simulating the plant conditions. A windows based menu driven software is
developed to monitor the acquired data and to display parameters and their variation
with time graphically on the monitor screen.
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3.3.9 Diagnostics of Two Phase Flows
[DN Barve]
In order to determine the nature of the void fraction fluctuations in two phase

flows encountered in the upcomer of the LMMHD plant, it is necessary to measure the
void fraction during very short time scale (4-5 milliseconds). Since gamma ray
attenuation technique is used for measuring void fraction, the attenuated gamma ray
counts are required to be measured during this period. The currently used gamma ray
counter is not designed to measure counts for a such short duration. Therefore, with
the help of a programmable PC add-on timer/counter interface card, a new PC based
counter is developed to measure the gamma ray counts for a time period as small as 1
ms. The new counter is tested with the actual system and found to be working
satisfactorily.

3.4. PLASMA MATERIAL PROCESSING

3.4.1 Thermal Plasma synthesis
[PV Ananthapadmanabhan, KP Sreekumar]
Ultrafine aluminium oxide powder has been synthesized in a thermal plasma

reactor by oxidation of aluminium metal powder. The reactor consists of a dc plasma
torch mounted on a reaction chamber made of stainless steel with provision of injecting
any reactive gas in the plasma jet. A mixture of argon and nitrogen is used as the
plasma gas and aluminium metal powder is fed into the plasma using argon as the
carrier gas. The metal particles were vaporized in the plasma stream and the vapours
of aluminium metal are oxidized to aluminium oxide by the compressed air injected
downstream the reactor. The synthesized powder has been characterized by x-ray
diffraction, which showed that it consisted of x-alumina. Particle size distribution by
laser scattering technique showed that more than 90% of the particles are below one
micron. Fig. 3.4.1 shows the particle size distribution of the synthesized powder with a
feed stock of aluminium powder in the range 20-40 urn. It is seen that powder particle
size has considerable effect on the product. Fig. 3.4.2 shows the particle size
distribution of the synthesized aluminium oxide with a feed stock of 20-105 \x. The
bimodal distribution arises due to the broad particle size distribution in the original feed
material.

3 4 2 Aerosol Generator
[PV Ananthapadmanabhan, KP Sreekumar]
A prototype plasma torch based aerosol generator has been developed. Initial

studies on aerosol generation of aluminium and iron have been carried out.
Commercially available aluminium and iron metal powder were fed into the plasma jet
by means of a volumetric powder feeder. Experiments were conducted with and without
air dilution. Sampling was done with both 8 stage Andersen cascaded Impactor (Cl)
and low pressure (Cl) Results of the experiments conducted are given Table 3.4.1. It
was also seen that aerosol density without air dilution was 60 mg/m3 and with air
dilution 6000 mg/m3. Fig 3.4.3 shows the schematic of the aerosol generator system.
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FIG. 3.4.1 Particle size distribution of aluminium oxide processed in an aerosol

generator with feed stock powder of 20-40 nm range
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100

F l 6 . 3 . 4 . 2 Particle size distribution of aluminium oxide synthesized using a coarser

fraction (20-105>im) of aluminium metal powder.
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Table 3 .4 .1

Evaluation of the experimental results

Variables Studied

Primary Plasma Gas (Ar. LPM)

Secondary Plasma Gas (N?. LPM)

Power (kW)

Current (A)

Voltage (V)

Powder Material

Powder Size Range (microns)

Powder Feed rate (g/min.)

Powder Carrier Gas (Ar. LPM)

Compressed air dilution (LPM)

Sampling Distances (mm)

8 stage Cl

14 stage Cl

Aerosol concentration (mg/m3)

8 stage Cl

14 stage Cl

Mode of distribution

Maximum Collection (micron)

E1

20

1

12.5

500

25

aluminium

20-40

5

8

-

1500

-

54.50

-

unimodal

0.4 - 0.7

E2

20

1

12.5

500

25

iron

20-40

5

10

-

500

1500

17.66

233.0

unimodal

0.7 -1.10

E3

20

1

12.5

500

25

aluminium

40 - 70

5

10

40

-

1000

-

6300

bimodal

0.11 -0.23P

2.0-3.3 S
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FIG.3.4.3. Schematic of the plasma aerosol generating system.

1. Power supply 2. Control console 3. Powder feeder 4. Plasma torch

5. Plenum chamber 6. Sampling duct 7. Sampling ports 8. Cooling water

9. Gas supply 10. Supply lines 11. Air flow meters 12. Sampling instruments



3.4.3 Spray Quality Powder Preparation
[PV Ananthapadmanabhan, KP Sreekumar]
Plasma spray processing technique has been used to prepare spray quality

nickel aluminium alloy which is presently imported. Commercially available aluminium
powder and nickel powder were pre mixed in the appropriate amount and fed into the
dc plasma jet operating in ambient. The powders were collected in stainless steel
vessel kept below the torch. Effect of the variation of the flight distance on the formation
of nickel aluminide have been studied. Results of thermal analysis showed that flight
distance strongly affects the formation of the alloy. Powder quenched in air through a
distance of 50 mm were found to the fully reacted where as powder quenched through
a distance of 170 mm required further thermal treatment upto to 500°C to effect the
formation of the alloy.

3.4.4 Plasma spray Coating for Special Applications
[KP Sreekumar]
Plasma Spray Services were extended to various users within Department of

Atomic Energy and also to other institutions for their applications. Some of the special
coatings successfully tested include
• Alumina coating on ms molds with a molybdenum bond coat for corrosion resistance

which were used for the casting of uranium ingots.
• Stainless steel spacers and copper septum coils were coated for the use in UHV

environment in synchrotron accelerator INDUS-1. These are ultra high vacuum
compatible 300 \L thick alumina coatings with electrical insulation better that 5 kV.

• Corrosion resistant coatings were provided on graphite crucible for use in melting of
special alloys.

34.5 CVD Of Diamond and DLC Coatings by LPPS Process
- [DS Patil and K Ramachandran]

Diamond and Diamond Like Carbon (DLC) have a rare combination of physical,
optical and thermal properties. High growth rate deposition of these materials will
create new opportunities for these materials in various applications. As a part of the
program designed to develop suitable processes for their high growth rate deposition,
low pressure plasma spray (LPPS) synthesis was attempted. In using a plasma spray
process there are several advantages such as high temperature of the plasma where
ions, electrons and radicals are heated to high temperature (few thousands of C). In
this type of conditions hydrogen dissociates to provide atomic hydrogen which is
required for the efficient elimination of graphite codeposition. Also sufficient supply of
active carbon species necessary for diamond/diamond like carbon formation is created.

The low pressure plasma spray facility set up in our laboratory was used for
doing the chemical vapour deposition of diamonds. Several depositions were done.
The plasma flame consisting of methane, hydrogen and argon gases was sprayed on
various substrates like titanium, silicon, copper and stainless steel which is maintained
at around 900-950° C. The deposited films have been characterized by Scanning
Electron Microscope. Nucleation of diamond/diamond like carbon depends on the
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various process parameters including substrate temperature. By proper variation of
these parameters like reducing the substrate temperature and increasing the torch
nozzle to substrate distance we have deposited diamond like carbon films on copper
substrates as confirmed by Raman spectroscopy.

3.4.6 Diamond Like Carbon Coatings Bv Arc Ion Plating Process
[DS Patil and K Ramachandran]
Using the facility for deposition of diamond like carbon (DLC) films by Arc Ion

Plating process, we have deposited DLC films on glass, quartz, copper and stainless
steel substrates. The films show resistivity better than 20 M Ohms. These films are
analyzed by Fourier Transform Infra-Red (FTIR) spectroscopy and Raman
spectroscopy, which confirms the deposition of DLC on the substrates. Fig. 3.4.4 shows
FTIR transmission spectra of DLC film on quartz substrate. The various absorption
bands are characteristics of sp3 bonding in the DLC film. Raman spectrum of the DLC
film on copper substrate is shown in Fig. 3.4.5, which is indicative of predominantly
diamond like characteristics of the film. Efforts will be concentrated in future in getting
the uniformity of deposition and stabilization of the arc on the cathode surface by
application of proper magnetic field.

3.4.7 Microwave Plasma Processing Of Materials
[DS Patil, K Ramachandran and AL Bhide]
The facility for processing of materials by microwave induced plasmas is set up

in our laboratory using a microwave generator 2.45 GHz, 700 W cw. Various
microwave components such as connecting flanges, sliding short circuit for WR 284
wave guide, four stub tuner and plasma cavity were made and assembled in the wave
guide circuit. This facility at present is being used for low pressure plasma work such
as processing of polyesters, plasma polymerization and diamond/diamond like carbon
film deposition.

3.4.8 Properties of Barium Cerates
[BK Karan]
Barium cerate and the yttria substituted compositions have been synthesized

from barium acetate, cerium dioxide and yttria by the high temperature solid state
reaction route.

Electrical Conductivity of Bap 94Cap QftCei -X

The electrical conductivity of two compositions were measured by two probe
technique in both dry and wet oxygen and argon atmospheres. Fig. 3.4.6 is the
temperature dependence of the electrical conductivity (a) for the compositions
Bao.94Can..06Cei-xYx03-s i n d r v a s w e " a s w e t oxygen and argon atmospheres in the
temperature range 100° to 975°C. The plots of log o vs. T"1 are linear and the
activation energies for the conduction processes are fairly constant at E = 0.60 ± 0.02
and 0.38 ± 0.02 eV for the compositions x = 0.00 and x = 0.1 respectively. At 100°C
these compositions are insulators ( a < 10"4 Q-1nrr1) whereas above 900°C these are
fairly good conductors ( a > 4x10~1 Q ~ ' W ) . The trend of a for these compositions in
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different temperature ranges for the different atmospheres have been shown in Table
3.4.2.

Relative Dielectric Constants of Bao.94Can.O6Ce1-xYx°3-5
Fig. 3.4.7 is the temperature dependence of the relative dielectric constant for

the compositions Bao.94Cao.o6Ce1-xYx03-5 i n d r v a s w e " a s w e t o x y 9 e n a n d argon
atmospheres in the temperature range 100° to 975°C. Below 170°C the er value of
Bao.94Can.06Ce03 is constant at 75 and above 170°C it rapidly increases in the four
atmospheres studied. For the composition Bao.94Cao.06Ceo.9Y0.i03-6. er rapidly
increases with the increase of temperature in all the four atmospheres studied. Beyond
700°C and in dry as well as wet oxygen er falls rapidly and above 900°C the material
behaves as inductor rather than a capacitor. The trends of er for these two
compositions in different temperature ranges for different atmospheres have been
shown in Table 3.4.3

The Unusual Dc Voltage
Heterogeneous pellets of barium cerate based compositions were fabricated

from the powders of Bao.94Cao.06Ce-|.xYx03-s with x = 0.02, 0.04, 0.06 & 0.08. Two
different powder layers of different compositions were compacted to a single pellet.
These heterogeneous pellets were sintered at 1600°C in air in a super kanthal furnace.
The faces of different compositions were labeled as following, Y8 for x = 0.08, Y6 for x
= 0.06 etc. For DC voltage measurement both the faces were metallised with platinum
powder and cured at 950°C in air. The maximum voltage (~ 200 mV) was observed in
Y8-Y6 pellet in dry argon atmosphere when both the faces were metallised with 40 mg
of platinum powder (Fig. 3.4.8).

3.5. LIQUID METAL MAGNETOHYDRODYNAMICS

Thermal plasma section has taken up the study of motion of a liquid metal in a
magnetic field. These programs form a part of the advanced MHD cycle development
studies due to their significance in fission breeder reactors and fusion reactors. The
significant achievement in this area of activity has been the establishment of a 6.5
meters high gravity flow type mercury nitrogen LMMHD generator for carrying out
simulation studies, development of computer codes for MHD generator flows and total
loop calculations, theoretical and experimental study of end effects in MHD generators
without and with vanes, adaptation of gamma ray attenuation technique for void fraction
measurement to two phase liquid metal flows and studies related to the utilization of
nuclear waste heat for power generation using LMMHD conversion systems.

3.5.1 Experiments in LMMHD facility.
Ten experiments were carried out in LMMHD experimental facility during 1995

including long duration y ray count experiments with nitrogen and mercury at ambient
temperature.
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TABLE: 3.4.2
Trends of variation of a in different temperature ranges

for the compositions Bao ̂ Cay.06Cei_xYxO3-s
 m different

atmospheres.

B...MCa0MCeO3

Temperature Range (°C)

<650

>650

Ba,MC.

Temperature Ranj»e (°C)

<275

>275

Trend

a(DO) > a(WO) > a(WA) > a(DA)

a(DO) > CT(WO) > a(DA) > a(WA)

. .«Ce,9Y0 ,O3 ,

Trend

a(WO) > a(DO) > a(WA) > o(DA)

a(DO) > a(WO) > a(DA) > a(WA)
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TABLE 3.4.3
Trends of variation of er in different temperature ranges

for the compositions Bay 94Ca0 06Cej.xYxO3^ in different

atmospheres.

Ba0>94Cao.o6Ce03

Temperature Range (°C)

170-400

400 - 700

>750

Trend

er(DO) > er(DA) > er(WA) > er(W0)

er(WA) > er(DA) > er(WO) > er(DO)

er(DO) > er(W0) > er(DA) « 6r(WA)

^ao.«)4Cau.o6Cco 9Y0 |Oj.5

Temperature Range (°C)

100-200

200 - 600

>600

Trend

er(WA) > er(WO) > er(DO) > er(DA)

er(WA) > er(WO) > er(DA) > er(DO)

er(WA) > er(DA) > er(WO) > er(DO)
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Two phase flow studies in the riser pipe
[P Satyamurthy, Dixit NS, TK Thiyagarajan, M Ahmed and Jayakumar]
The design of optimum LMMHD energy conversion systems and scale up

studies crucially depend upon void distribution in the riser pipe. This necessitates
accurate measurement. Experiments were performed with narrow y ray beam of 3 mm
diameter and counts for every measurement i.e. with nitrogen only, with two-phase flow
and mercury only were in excess of 3000 counts. Counting was carried out along 19
number of chord segments across the cross section of the pipe. This results in
decrease in the statistical error, finite beam effects and better profile determinations.
Experiments were performed for various nitrogen and mercury flow rates and void
fraction profiles were measured at 1.1 m and 2.8 m from the mixer exit in the riser pipe
using 60 mCi y ray source. Presently detailed analysis of void profiles and area
averaged void fraction are being calculated using basic chord segment inversion
method, least square solution method and collapsed chord segment inversion
tomographic techniques.

MHD Generator studies
[P Satyamurthy, Dixit NS, TK Thiyagarajan]
Experiments have been performed to measure voltage and current

characteristics of MHD generator for various flow rates of mercury, external loads(open
circuit, HOj i f i and 335 ^Cl) and magnetic field intensity (0.24 , 0.41, 0.60 T). Typical
Voltage Current characteristics are shown in the Fig.3.5.1.

3-5.2 Modeling of Two-Phase Flow in the Riser Pipe
[P Satyamurthy, M Ahmed]
Accurate modeling and understanding of two phase interaction is essential for

designing efficient energy conversion system. A two phase flow model taking in to
consideration of the bubble momentum equation has been formulated and based on
this model a computer code is developed. The code has been successfully debugged
and presently predicted values with experimental values are being compared. The
required equation consists of quasi one-dimensional steady state continuity,
momentum and energy equation along with related auxiliary equations. Fig. 3.5.2
shows the comparison of measured void fraction with predicted values based on this
model at location 1.1 and 2.8 m respectively.

3.5.3 Thermal Insulation of the LMMHD Loop
[P Satyamurthy, Dixit NS]
In order to operate the system at higher temperature i.e. up to 175° C with hot

nitrogen and steam, the LMMHD loop has been thermally insulated. Ceriwool has been
chosen as thermal insulator and the insulating material is covered with aluminium
sheet. The thickness of the insulation was designed such that outer surface
temperature is <10° C above the ambient.
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3.6 POWER BEAM FACILITY FOR BEAM PROCESSING OF MATERIALS
[AK Das, KP Sreekumar, TK Saha]
Laser & Plasma Technology has proposed to set up a power beam facility

(jobshop) for beam processing of materials for offering the Beam Processing
Technologies (electron, laser and plasma) to DAE and private/public industries. The
services to be offered by the job shop are welding / joining, material melting / cutting /
shaping / machining, surface treatment / deposition / conditioning. The shop is
expected to start functioning during 1996.

Objectives
• To set up a job shop for offering beam processing services to DAE and

private/public industries. The Job shop will include Electron Beam, Plasma Beam
and Laser Beam machines.

• To offer consultancy services for beam processing of materials.
• To spread awareness about these machines & services by holding training courses.
• Finally to transfer technologies about beam processing machines.

3.7 PUBLICATIONS & PRESENTATIONS

37.1 Journal Publications
Satyamurthy P, Thiyagarajan TK and Venkatramani N

A conceptual scheme for electrical power generation from nuclear waste heat
using liquid metal magnetohydrodynamic energy converter,
Energy Conversion and Management, Vol 36, No 10, pp975-987, 1995

Ananthapadmanbhan PV, Sreekumar KP and Venkatramani N
Characterisation of Plasma Spheroidised Nickel-Aluminium Powders
Thermal Spraying: Current Status and Future Trends Vol 2
Ed Akira Ohmori 1127, (1995)

Thiyagarajan T K, Satyamurthy P, Dixit N S, Venkatramani N
Garg A and Kanvinde N R
Void fraction Profile measurements in two phase mercury- nitrogen flows using
gamma ray attenuation method
Experimental Thermal and Fluid Science, 10, 347-354 (1995).

Venkatramani N
Thermal Plasmas in Material Processing
Bull. Mater. Sci., 18, 741-754(1995)

3.7.2 International Conference/Symposia
Satyamurthy P, Thiyagarajan TK, Dixit NS, Venkatramani N and Mustaq A,

Two phase flow studies of mercury nitrogen in simulated liquid metal MHD
energyconverters of gravity type
14 t h Intnl Conference on Magnetohydrodynamics, 24-26, Aug 1995, Riga, Latvia

Satyamurthy P, Thiyagarajan TK, Dixit NS and Venkatramani N,
Method of void fraction measurement by gamma ray attenuation in large size
liquid metal MHD power generator of gravity type
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^ ^ p N ^ B ^ r t ë W i H g 1 A è p ë e f ë b f MHD/Tunahoma, June, 1^15 ; f995, USA
Sugandhi V , D'Curthà R.Roy AP, Patil DS, Ramachandran K and Venkatramani N

Infrared and Raman Spectral Studies of Diamond and . H u k -
Diamond Like Carbon Films
Intnl Conf on Spectroscopy (INCONS) January 3-5, 1996, B A R C Bombay

Karan BK, Patni MJ, Dasannacharya BA
The electrical conductivity and dielectric behaviour of yttria substituted barium
cerate based perovskites
!Oth Intl Conf Solid State Ionics December 3rd-8th, 1995, Singapore

3.7.3 National Symposia
Das AK

Concept of a Twenty First Century Toolkit for the
Practice of Molecular Engineering
VISION 2020, BARC, Bombay, 1995

Ananthapadmanabhan PV, Sreekumar KP , Venkatramani N and Sinha PK
Synthesis of Sub-Micron Alumina in a Thermal Plasma Jet
59th Annual Session of Indian Ceramic Society, Madras , Oct (1995)

Patil DS, Sreekumar KP, Venkatramani N, Iyer RK, Koppikar RS and Munim KR
Plasma Sprayed Hydroxy Apatite Coatings
6 t h AGM, Mat Res Soc of India, HT Kharagpur, Feb 8-10,1995

Ananthapadmanabhan PV, Sreekumar KP, Venkatramani N, Kameswaran R
Dias CC and Mishra SC
Particle Morphology and Size Distribution of Plasma Processed Aluminium
Powder
6 t h AGM, Mat Res Soc of India, I IT Kharagpur, Feb 8-10,1995

Pattanaik AK, Khanna AS, Venkatachalam S, Sreekumar KP and Harendranath CS
. Effect of Laser Surface Modification on Oxidation/Corrosion behaviour of
low Alloy Ferretic Steels
Nat Conf on Corrosion and its Control, NCCC-95 ,IIT Bombay , (1995)

Das AK
Plasmas and Beam Technology: Concept of an Advanced Toolkit for
Materials Processing,
Key Note Address, National Symp on Plasma Science, Kanpur, 8-10 Nov , 1995

Venkatramani N
Reactive Thermal Plasma Spraying
National Symposium on Plasma Science, Kanpur, 8-10, Nov , 1995

DasAK
Processing Plasmas, A Protocol for Thrust Area Management
DST VISION-2020 program on Plasma Physics, Ahmedabad

Ramachandran K, Patil DS and Venkatramani N
Cathodic arc Evaporation Facility fo Vacuum Coatings
Nat! Symp on Advances in Vacuum Metallurgy (IVSNS-96)
January 23-24, 1996, N F C Hyderabad

Pai JR and Rohatgi VK
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Studies On Rf Induction Coupled Plasma For Broad Beam Generation
National Symposium on Plasma Science, Kanpur, 8-10, Nov , 1995

Pai JR and Rohatgi VK
Ion Sheath Criteria and Modeling of Ion Trajectories
National Symposium on Plasma Science, Kanpur, 8-10, Nov , 1995

Shukla AB, Desai TM, Gogawale SV and Joshi NK,
Determination of plasma parameters using triple probe
Xth Symp on Plasma Science and Technology, Varansi, Oct 16-19 , 1995

3.7.4
Conversion of a Sei^."-;";,-1 >-. i',.v<[o<n"fi cc,d>-v >o Parallel Form

; > . ; BE Project Report, V tS iT , Bombay. V.'ibl>
Iyer S, Md Asim, Dubey R with-Das AK

An imaging system as a diagnostic tool for arc-plasmas
M S dissertation, BITS Pilani, 1995
Leena Hanchinal with Chakravarthy DP

3.7.5 Professional Recognition
Dr Satyamurthy P was invited to 14 t n Riga conference on Magnetohydrodynamics

(24-26 Aug 1995, Latvia) as a International Organizing CommitteeMemtoef and
to chair the session on MHD Power generation • • • ..-•>• .'.i^riber -y-d

Dr Satyamurthy P was elected as on© of the eighteen member international council for
the International association for Hydromagneticptenomena and ;-v o.ir :n*or
applicsations(HYDROMAG)

3.7.6 Lecture_3
Dr Joshi NK, delivered 15 lectures on Plasma Physics

Physics trainees of B A R C Training School , 1995
Dr Satyamurthy P delivered 15 lectures on Plasma Physics
;•,. Physics trainees of B A R C Trsinsng Schod , 1995
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4. ELECTRON BEAM ACTIVITIES
The main thrust of activities of Electron Beam Technology Section of Laser and

Plasma Technology Division is the design and development of various types of
Electron Beam (EB) equipment and subsystems, their performance evaluation and
process studies. The EB equipment are operated at a vacuum level ranging from 10~3
to 10"5 mbar. Thus, design and development of vacuum systems, work chambers, work
handling devices, high voltage power sources, control systems and electron optics form
an integral part of the EB activity. The activities of the Electron Beam Technology
Section of the Laser & Plasma Technology Division may be classified into the following
fields:

• Development of electron beam equipments for different industrial
applications like welding, melting and evaporation.

• Design and performance evaluation of the different sub systems that
constitute the above machines.

• Electron beam process studies and related applications.
• Jobbing work on EB welding carried out for other divisions and

organizations.

The major achievements accomplished during the year 1995 are as follows: A
150 kV, 6 kW EB welding machine was commissioned at the Machine Tool Prototype
Factory at Ambernath. A new high power crucible for EB evaporation, a prototype 100
mm linear electron gun for evaporation and a 200 kW, 80 kV DC power source have
been designed and developed. A large high vacuum chamber has been fabricated and
commissioned. This is for studying the behaviour of the high power gun in the presence
of vapour.

4.1 DEVELOPMENT OF EB MACHINES

4 1 1 Commissioning Of EB Welding Machine At MTPF. Ambernath
[T.K.Saha, M.Mascarenhas, L.C.Potdar, N.Maiti, P.M.Varghese, A.V.Bapat,
A.K.Sinha, A.K.Ray]
Work on the development of a 6 kW Electron Beam Welding Machine for MTPF

was taken up three years ago. ( Details reported in the annual report for the year 1994,
ref. no. BARC/1994/P/004). During this year, commissioning trials were taken at the
MTPF site at Ambernath, and the initial problems have been sorted out. During the
welding trials the X-Y table linear encoders gave rise to vacuum problems. They were
subsequently changed to rotary encoders. In the automatic mode, spurious signals
picked up by the controller circuit due to gun discharge, triggered the system to travel
to home position, thereby disturbing the welding.

During batch welding with X and Y table drives alone, difficulty was observed in
aligning all the joints in the same line below the beam. For this purpose a universal
rotary fixture was mounted on the X-Y table. This is similar to a milling machine dividing
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head, and can rotate the job around the horizontal and vertical axes. An additional
table mounted on this rotary fixture was used to provide angular rotation around a
vertical axis that was needed for beam alignment. The rotary table was provided with a
vacuum compatible stepper motor driven by a separate controller.

Test welds on strips of maraging steel were qualified for mechanical strength at
the Factory at Khamaria and at Atomic Fuels Division, BARC. The samples were
approved by both the agencies and the beam parameters were fixed. Before beam
trials at higher voltages, the chamber and gun column were cladded with 6 mm thick
lead sheet. To certify the effectiveness of lead cladding and determine operator safety
from X-radiation around the machine, the assistance of the Radiation Services Division
(RSD) of BARC were sought. Clearance for operation of the machine has since been
given by RSD and regular production welding has been initiated by MTPF.

4.1.2 80 kW. 30 kV. EB Melting Furnace
[L.C.Potdar, A.V.Bapat]
A new design of crucible was made and the fabrication work for this was done at

the vendors shop. This design has three AISI304 SS pipes welded concentrically on a
flange which matches with the bottom flange of the work chamber. The three concentric
tubes on the mounting flange make an inlet and an outlet passage for cooling water
flow. Four number of 12 mm diameter radial holes, two each for inlet and outlet have
been provided on the flange for water entry to and exit from the crucible. A replaceable
copper crucible in the form of an insert sits concentrically with the SS tubes with 'O'
rings at the top and bottom side provide the required water sealing. Hydrostatic test on
this assembly was conducted at the vendors shop at 7.5 Kg/crr)2 (gauge) pressure in
the presence of our inspector. Pneumatic test on the assembly was conducted at
BARC, at 5 kg/cm^. during which the assembly was submerged under water. The
crucible assembly was then integrated with the chamber for vacuum testing and found
satisfactory.

The actuator for the hydraulic jack used for the movement of the ingot collector
has been relocated for ease of operation. A drive motor has been mounted for
movement of the ingot plunger. A hydraulic loop for supplying cooling water to various
sub-assemblies has been designed. An inlet and an outlet water header were
designed, which are currently being fabricated at the vendors shop.

4.1-3 High Vacuum System For High Power Electron Gun Evaporation Unit
[L.C.Potdar, P.M.Varghese, A.V.Bapat]
The design of a vacuum chamber with associated vacuum system was

completed and installed. The vacuum chamber is double walled, fabricated out of
stainless steel, AISI 304 quality having internal diameter of 1000 mm and cylindrical
length of 500 mm. The overall assembly diagram and cross- sectional view of the
chamber are given in Fig. 4.1.1. The chamber internal shell thickness is 8 mm and
external shell thickness is 6 mm with an annular space gap of 5 mm. Both internal and
external shells are fabricated with AISI 304 stainless steel. The chamber is welded with
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flanges at both ends, having an OD of 1160 mm and thickness of 24 mm. The flange is
also fabricated out of AISI 304 quality SS. The body of the chamber is welded with 4
nos. of ports, one is rectangular having 300 X 400 mm size. A second one is 300 mm
nominal diameter and the remaining two ports are of 160 mm diameter. The annular
space is provided with guides for distribution of water. Two nos. of dished end doors
are provided on both sides of the chamber. The dished end door is welded with
matching flanges with the chamber and is fitted with viton 'O' rings. The dished end
flanges and ports are fabricated out of AISI304 stainless steel. The dished ends have a
thickness of 6 mm. Outer body of the dished end door is welded with semi-circular
stainless steel channels for circulating water. These dished end doors are hinge
supported for opening and closing the chamber. One of the doors is used for mounting
the vacuum system and is provided with two numbers of ports having 160 mm ID and
another one having an ID of 320 mm. The front door is provided with two ports, one
having an ID of 160 mm another is having an ID of 180 mm. One of the view port will be
provided with toughened glass and lead glass window for observation purposes. The
chamber is welded with support structure to rest it from the ground level. The frame
structure is fabricated out of ISLC75 grade structural steel. The overhead structure is
fabricated out of ISWB200 for the movement of the magnetic coil on the beam. The
magnetic coil support structure arm and linkages are fabricated out of AISI 304
stainless steel.

The vacuum system consist of a 350 mm diameter HHV make diffusion pump
having a pumping speed of 6000 liter/sec. This pump is backed by a double stage belt
driven rotary pump, Model CD120 of HHV, having a pumping speed of 2000 litre/min. A
refrigeration cooled chevron baffle of 350 mm diameter fabricated out of AISI 304 SS
and cooled to -40°C is assembled over the diffusion pump to minimise back streaming
and back migration of diffusion pump oil into the chamber. An electro-pneumatically
operated right angle valve is connected between the chamber and the chevron baffle. It
isolates the chamber from the diffusion pump. Limit switches are fitted to the valve
actuating mechanism such that without closing the valve fully the chamber cannot be
vented with air. Vacuum plumbing line made out of 50 mm nominal bore SS seamless
pipe accommodates a roughing valve, backing valve gauge ports, vent valves, etc. The
roughing valve, backing valves and high vacuum valves are interlocked for trouble-free
operation. A schematic of the chamber and vacuum system is given in Fig. 4.1.2.

The measurement of vacuum and controlling of various valves are done through
a microprocessor based Pirani-Penning gauge unit with set point controllers. The set
point controllers are pressure dependent and the signal can be derived from any one of
the Pirani or Penning sensors. An auto/manual vacuum controller is provided with fully
automatic and manual over-riding facility. The control console meant for the operation
of this system incorporates vacuum flow chart, status indicating LED's, measuring
gauges, set point controller, valve logic controller, mode selector switch, utility failure
indication along with operator call alarm, using the programmable logic controller. The
system is thoroughly tested for the operation and pump-down characteristics were
studied. The system gives a vacuum of 5 x10~6 mbar in 30 minutes from hot start and
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60 minutes from cold start.

4.2 EB MACHINE SUBSYSTEM DEVELOPMENT

4.2.1 Development Of High Power DC Source
[M.Mascarenhas, A.K.Sinha]
A 200 KW power source with a voltage rating of 80 KV has been evolved and is

being fabricated. The output of the power source is controllable from 30 KV to 80 KV
with a low ripple. Long term stability of output ratings is also desirable. The input supply
after passing through the switchgear components, is fed through a 3 phase thyristor AC
regulator, formed by two thyristors in each phase, connected back-to- back. This
controlled output is fed to the main EHT transformer whose primary is connected in
delta, while the two secondaries are connected in delta and star configuration. These
secondary voltages are rectified by two independent bridge rectifiers and connected in
series to generate 80 KV DC. Due to the 12 pulse rectification the inherent ripple is
reduced. A capacitor input filter is connected at the output which helps to reduce the
ripple to the desired level.

The output DC voltage and current feedbacks are used for metering, regulation
and spark sensing. The high voltage feedback is used for regulating the output and
ensure a constant voltage, independent of the load/mains voltage fluctuations. Linear
reactors are provided on the primary side to limit the short circuit currents to 3 times the
rated value, during gun discharges and flash-overs. The flash-over is sensed by the
output current feedback and corrective action is taken by the electronic controller to
extinguish these flash-overs.

Other than the cathode EHT supply the power source has provisions for auxiliary
supplies for the electron beam generation and control. These are the wire cathode
supply, the solid cathode supply and the bias supply.

The wire cathode supply provides an output of 12 volts DC that is delivered by a
three phase full wave rectifier with a ripple content of 10% r.m.s. To deliver sufficient
power for heating the filament the supply is rated for 100 amperes. This supply is
generated through a 3 phase thyristor ac regulator. The control loop of the electronic
controller is designed to prevent excessive heating of the filament in case of increased
bombardment and also maintains the wire cathode current and the solid cathode
current within the operating region. The DC output is settable linearly by a ten turn
potentiometer.

The solid cathode supply is designed for a voltage rating of 1500 volts with a
current capacity of 2.5 amperes. The primary control for this transformer is provided by
a single phase ac regulator. A linear reactor is provided in series to limit the short
circuit current level to safe value. In this case also the flash-overs at the output is
sensed and corrective action is taken to extinguish them.
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Since both the wire cathode and the solid cathode supplies are floating at high
cathode EHT voltage of 80 KV DC the transformers have to be of the insulated types.
Feedback voltages and currents for metering and regulation and flash-over sensing is
done by using PTs and CTs on the primary sides of the respective transformers.
Snubbers, MOVs and transient surge suppressors (Transzorbs) are used for protecting
the integrated circuits from breakdown.

Provision of a filament bias supply of 3500 volts DC is also made in the power
source. To obtain a fast response of the electron gun it is necessary that filament bias
supply be a high frequency inverter based. A response time of 1 msec is desirable.

In addition to the power supplies for the gun, provision is also made for a
deflection magnet supply of 0 to 800 volts DC for deflecting the electron beam through
270°. This supply with a low voltage ripple has a current rating of 2.5 amperes.

42.2 Electron Gun For Evaporation Studies
[N.Maiti, A.KRay]
Work on the development of a 10 KV, 10 kW EB evaporation unit has been

taken up for the Spectroscopy Division, BARC. For this purpose a 270° bent beam E-
gun is being developed. The gun will be immersed in a magnetic field produced by a
permanent magnet so that the beam trajectory will be decided by the E x B field.
Provision of beam deflection and scanning is also being made in order to achieve
better control on the evaporation rate and thereby the coating.

4.3 ELECTRON BEAM PROCESS STUDIES

4.3.1 R & D in Dissimilar Metal Welding
p\K.Saha, A.K.Ray]
The development of an advanced electrolysis cell module for production of

hydrogen required joining of 0.5 mm thick sintered but porous nickel electrodes to
stainless steel collar rings. EB welding was tried and found to be successful. Several
modules were produced for the Heavy Water Division.

4.3 2 Jobbing Work Taken Up For Other Divisions And Organizations
rr.KSaha, A.K.Ray]
Electron Beam welding of 700 pieces was carried out for the Ministry of Defence

during 1995.
i

43.3 Setting Up Of Job Shop For EB Welding
EB Technology Section has been catering to the needs of various divisions

within BARC and other organizations including different units of the DAE, for their
requirements in electron beam welding during the last decade. To fulfill this need in a
more organized manner, the setting up of a job shop has been taken up. The
revamping work of the site and the equipments have been initiated.
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4.4 PUBLICATIONS & PRESENTATIONS

4.4.1 Publications
Proceedings of the International Conference on Vacuum Science & Technology and

SRS Vacuum Systems, Vols. I, II and ill
Edited by: Dr N. Venkatramani and Shri A.K.Sinha
Published by Indian Vacuum Society, Bombay, October 1995.

A New Method for Rotation and Translation Invariant Fault Detection in PCB's
Proceedings on Indian Conference on Pattern Recognition, Image Processing
and Computer Vision (ICPIC), held at IIT, Kharagpur, Dec 13-15, 1995.

Operation and Maintenance Manual for 6 KW Electron Beam Welder
commissioned at MTPF, Ambernath.

4.4.2 Symposia Presentations
Experiences on indigenous development and maintenance of

EB welding machines at BARC
M.Mascarenhas
Fourth Special Meet on EB welding and Laser Processing of Materials at DRDL,
Hyderabad on May 4 & 5, 1995.

4.4.3 Training Programs
Four technicians from the MTPF, Ambemath were trained during the year for operating

the 150 kV, 6 KW Electron beam Welding Machine in our laboratory.
Three engineering students from the Shah & Anchor Kutchhi Engineering College,

Chembur carried out project work during July to December 1994.

4.4.4 Professional Recognition
Shri A.K.Sinha

• Convener, International Conference on Vacuum Science & Technology and SRS
Vacuum Systems, organised by Indian Vacuum Society at CAT, Indore during
Jan30toFeb2, 1995.

• Panel member at the "Fourth special meet on Electron Beam Welding and Laser
Material Processing" held at DRDL, Hyderabad during May 4 & 5, 1995.

Shri P.T.Raju
• General Secretary, Indian Vacuum Society, Bombay.
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