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1. INTRODUCTION

This report describes the activities of the Laser and Plasma Technology Division
during 1994. This division is engaged in the research and development of high power
beams namely laser, plasnr a and electron beams. The advent of lasers, plasma and
charged particle beams in recent years has made it possible to localize heat transfer
processes spatially and temporally. Laser and Plasma Technology Division has striven
to establish indigenous capability to cater to the requirements of the Department of
Atomic Energy . The broad program objectives of the division are

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

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

• Improvements in technology and exploration of new areas

During the year Research & Development activities related to tunable lasers,
gas lasers and their applications were continued. Parametric studies on optical
parametric oscillators revealed some interesting results which were corroborated by
theoretical modeling. A spark gap that can replace a thyratron used in a moderate rep-
rate laser has been developed. A short duration 100 picosecond, U (10 Gigawatt)
Nd.glass laser capable of generating focal intensities of 1013-1014 Watt/cm2 is being
developed. This laser will be used to study materials subjected to laser driven shock
pressures in the range of several megabars. Isotope selective, infrared multiple
photon dissociation (IRMPD) techniques with several halogenated methanes using
pulsed CO2 laser have been developed for production of Carbon-13 on a laboratory
scale. A laser scan dimension sensor has been built.

Studies related to the basic processes and technological applications of plasma
jet devices were continued. Trial coatings of molybdenum on different substrates have
been done. Plasma melting torch, currently under development, has been operated at
150 kW power level. Plasma sprayed bioceramic coatings of hydroxyapatite (HA) were
prepared. Reactive plasma spr ing of nickel aluminide using argon and acetylene has
been carried out. A plasma torch based aerosol generator has been developed and
tested. A muiti aperture, low energy ion beam extraction assembly has been developed
and tested for extracting broad ion beams from rf generated plasmas. The 6.5m high
Liquid Metal Magnetohydrodynamic system has been operated and valuable data has
been generated on the operating characteristics of various subsystems. The gamma
ray spectrometer has been interfaced to a PC for acquiring data and calculating void
fractions

The 150 kV, 6 kW EB welding equipment for the MPTF has been installed and is
undergoing commissioning trials. The system has a rectangular stainless steel vacuum
chamber of dimensions (1.5mx1.5mx2.0m)



This report will cover the details 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. In view of this, the discerning reader will notice a certain nonuniformity in the
style of presentation. Also, effort has been made to restrict the report to a reasonable
size. If any clarifications are required the divisional staff may be contacted.



2. LASER ACTIVITIES

Laser & Plasma Technology Division has carried out during 1994, studies
related to tunable dye lasers, gas lasers, laser produced plasmas and applications of
lasers in spectroscopy, ph Dtochemistry, laser communications and other industrial
areas. This chapter summarizes the activities carried out in these areas.

2.1 TUNABLE LASERS

2.1.1 Optical Parametric Oscillator
[R.C. Bapna, K Dasgupta, L.G. Nair]

As a part of our attempts for indigenous development of advanced wavelength
tunable coherent sources of radiation, we have taken up a program for developing an
optical parametric oscillator (OPO) The OPO combines, in a single device, the
advantages of an all solid state tunable source, with wide tuning ranges in UV, visible
and near IR, high peak and average power, and high conversion efficiency. Although
the first successful operation of an OPO dates back to 1965, its subsequent
developments and scientific applications were limited due to unavailability of suitable
non-linear materials. With the development of new non-linear materials like p-barium
borate (BBO. 1985) and lithium triborate (LBO, 1989) there has been a rapid growth in
recent years (1990-94) in the development of OPO's.

In its simplest form, the OPO consists of a non-linear crystal (lacking inversion
symmetry) placed within an optical resonator and irradiated by an intense optical pump
(pump laser) field at Wp. The pump field at Wp gives rise to a pair of signal and idler
fields at frequencies Ws and Wj such that Wp = Ws + Wj. These excited fields can get
simultaneously amplified as they propagate collinearly with the pump beam through
the non-linear crystal. Usually the resonator mirrors are chosen to feedback either the
signal or the idler so that if the net round trip gain is more than the loss, oscillation can
take place at the signal or idler frequency (singly resonant OPO). In addition to energy
conservation, momentum conversion requires that the momentum mismatch K = kp-ks-
kj (k = wave vector) should be small compared to rc/l ( I = crystal length ). Maximum
gain occurs at k = 0, and in practice Ak - rc/l is taken to be a good approximation for the
maximum allowable momentum mismatch.

At a given Ws (fixed by the resonant cavity), Wp, and propagation direction kp, it
is possible to use birefringence of an anisotropic crystal to offset dispersion in a
collinear phase matching geometry so as to obtain k = 0 and hence ensure maximum
possible gain at Ws. Wavelength tuning of the OPO is achieved either by changing the
crystal orientation with respect to the pump beam or by changing the crystal
temperature.



The requirements on the pump laser characteristics, the OPO output
charactei istics, the threshold pump power requirements, depend on the setting of Ws.
In order to identify an initial experimental configuration, we have carried out a
numerical simulation to understand the effect of some of the parameters on the
performance of the OPO. The results are briefly described below:

The calculations are based on the refractive index data for an LBO crystal and
corresponds to a Type-1 phase matched [LShujle et al, Appl. Phys. Lett., 59, 2805
(1991)] parametric process in a 1.6 cm crystal.

a. Tuning of OPO
For a singly resonant OPO and a monochromatic collimated pump field, as the

angle made by pump beam with a suitably chosen optic axis is changed by rotating the
crystal, the values of Ws & Wj determined by the phase matching condition k=0 also
change. The dependence of Ws of this phase matching angle is plotted in Fig. 2.1.1.a
for LBO. With 355 nm pump radiation, the OPO should cover the tuning range from 400
nm to 2500 nm for an angle change of 15° to 40°.

b. Pump Laser Requirements
The maximum pump bandwidth 6Wp for which reasonable gain will exist at Ws

is limited by the momentum mismatch k=7t/l arising from the spread in pump and idler
spectra and depends on Ws as shown in Fig. 2.1.1.b.

The maximum allowable (full angle) divergence referred to as "acceptance
angle" of a monochromatic pump beam under condition of critical phase matching is
given by [M.Ebrahmzadch et al, IEEE J. Quant. Electron., 26 1242 (1990)].

A0,
1 1 dn.

K
where 9p is the angle between the pump beam and the relevant optic axis of the
crystal. The results are shown in Fig. 2.1.1c and indicate the stringent requirements on
the spatial characteristics of the pump beam. From the Figure, the value of 6p should
be between ~ 0.7 to 1.4 mrad.

The threshed energy density depends on the pulse duration, the round trip time
within the cavity, me reflectivity of the cavity mirrors, the effective non-linear coefficient
and the crystal length. Considering a monochromatic collimated pump beam, the
dependence of the threshold energy flux on the signal wavelength is shown in Fig.
2.1.Id.

c. Spectral bandwidth of signal wave
The linewidth of the OPO output is plotted in Fig. 2.1.le as a function of the

wavelength of the signal. In the free running OPO, the line widths vary from ~1 nm
away from degeneracy to about 5 nm at degeneracy. Gain narrowing during multiple
passes in the cavity will reduce the signal bandwidth.
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2.1.2 Dye Lasers

We have a continuing program for the development of tunable high average
power pulsed dye laser oscillator-amplifier systems for photochemical and
spectroscopic applications. To construct Oscillator-Amplifier (O-A) dye lasers, the
Copper Vapour Laser (CVL) pumps need necessarily to be operated at high powers.
The most efficient way of achieving this is to use the CVLs also in a O-A configuration.
During the past year we have studied two types of configurations.

For optimum stability and high efficiency dye laser operation, a low divergence
CVL pump beam is necessary. This can be obtained by operating a CVL oscillator in
the low divergence unstable resonator mode. However, the typical overall efficiency (for
both the 510.6 nm and 578.2 nm CV lines) is only -0.45% as compared to -0.6% for
the plane-plane resonator. In addition, when only the green (510.6 nm) CVL. line is
used for pumping, as required for dyes like Rh6G, the efficiency of the unstable CVL
oscillator reduces to -0.3%. By operating in an O-A configurat;on, higher efficiencies in
a low divergence, high power, single beam can be obtained.

The unstable resonator CVL oscillator, in addition to its lower efficiency has a
shorter pulse duration (typically - 20 ns FWHM) as compared to the plane-plane
resonator (typically - 50 ns FWHM). To utilize the entire gain duration of the CVL
amplifier for optimum energy extraction, it is therefore necessary to temporally stretch
the unstable resonator pulse.

a. Two stage travelling wave CVLs
[Sasikumar, S. Kundu, S. Singh, J.C. Monga, K. Dasgupta, KG. Manohar,
R.Natesh, LG.Nair]

A CVL Master Oscillator CVL1, operating in the low divergence (0.6 mrad)
unstable resonator mode, had a pulse duration of 18 ns (FWHM). Its output was
temporally stretched using the external ring resonator arrangement. The beam splitter
(BS) had a 36%R / 64%T ratio. Green CVL pulses were temporally stretched from 18
ns (FWHM) to 48 ns (FWHM). The passive ring arrangement, in addition to
substantially stretching the CVL pulse also smoothens out the strong intensity
modulations inherent in CVL oscillators, thus increasing the temporal overlap between
the oscillator pulse and amplifier gain.

The stretched CVL pulses of 6.3 W average power were sent through the first
CVL amplifier stage, CVL2. A green output of 26 Watts at an efficiency of 0.4% in a 0.6
mrad divergence beam was obtained from this stage.CVL1 and CVL2 were triggered
externally from a common electronic master oscillator, through variable delay
generator. The delay was adjusted such that the gain pulse of the amplifier coincides
temporally with the arrival of the CVL pulse (to be amplified). For optimum
synchronization, the output power was optimized with respect to delay.



b. Single Stage Regenerative CVL Amplifier
[S. Kundu, Sasikumar, K. Dasgupta, S. Singh, K.G. Manohar,
R. Natesh, L.G. Nair]

A regenerative ring CVL amplifier which provides long duration pulses was
studied and compared with the passively stretched pulse described above.

The regenerative amplifier set up is shown in Fig. 2.1.2.a. It acts as an active
pulse stretcher, and produces amplified CVL pulses of longer duration as compared to
the passive stretching case. BS is a beam splitter with ~30% reflectivity; M^ and M2
(M3 in Fig. 2.1.2.b are high reflectivity mirrors; DBS is a green (510.6 nm) reflecting
dichroic beam splitter which allows only the green component to be amplified and
stretched. The CVLs, (CVL1 - oscillator, and CVL2 - amplifier), were triggered
externally by a variable delay generator to synchronize the oscillator pulse with the
amplifier gain.

Fig. 2.1.3 shows the oscillator pulse (a) and the output pulses obtained under
both passive (b) and active (c) pulse stretching schemes for a path length of 6m in the
ring. While the pulse duration (FWHM) increased from ~18 ns (CVL1 output) to only
-50 ns (FWHM) in the passive-stretching scheme, the pulse duration at the
regenerative amplifier output was increased to ~80 ns (FWHM) while the base width
was increased to more than 120 ns because of gain inside the ring cavity.

Since beam splitters of large sizes were not available, CVL1 output was reduced in
size telesccpically by -33% before being introduced coaxially into CVL2 which led to
lower amplifier efficiencies. Measurements were made with apertures placed at the
entrance and exit of the amplifier to isolate the higher divergence output around the
main beam resulting from amplification of the fluorescence from CVL1 (in the case of
the passive scheme) as well as the free running annular component in the case of the
regenerative amplifier. The extraction efficiencies for the green component (Extracted
Power / Electrical Input Power) are shown for different oscillator (CVL1) powers in Fig.
2.1.4. The low efficiency of the regenerative amplifier scheme at higher oscillator
powers could perhaps be increased with a different reflectivity of the beam splitter.

2.2 GAS LASERS

The Gas Laser Section is engaged in research and development activities
related to different types of discharge pumped gas lasers which provide sources of
coherent radiation in near uv, visible and infrared regions of the spectrum. The broad
objectives of the 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.
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FIG 2.1.3 PULSE SHAPES OF (a) CVL OSCILLATOR (b) TRAVELLING

WAVE AMPLIFIER WITH EXTERNAL PULSE STRETCHING

(c) REGENERATIVE AMPLIFIER.
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Although a large demand exists for various 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.

High Power CW CO2 Lasers working at power levels 0.5-2 kW 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 program 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 \xm 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 lasers provide discrete lines in the
9-11 nm 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 ~50 Hz 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 stereolithography, and serving light sources in confocal
microscopes. Ion lasers face a challenge from frequency doubled diode pumped
Nd:YAG lasers. However, later has yet to match the high power available from ion
laser. Meanwhile solid state laser advances have created new applications for ion
lasers, e.g. pumping of tunable T i : Sapphire lasers.

11



The section has a program 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.

2.2.1 Development of Fast Axial Flow CW CO? Laser
[Shailesh Kumar, R. Chandramouli]

One arm of the 4 arm 2 kW Fast Axial Flow CW CO2 Laser capable of
producing 500 watt of laser power was described earlier (BARC/1994/P/004). Most of
the components for the second limb of the laser system, have been procured.
Fabrication of another laser table has also been completed. This table is placed
parallel to the existing one and the second limb is being assembled. Suitable ducting
for gas flow in closed loop leading to development of equal pressure heads in the two
limbs has been planned and the required items are being procured.

A folded resonator has been designed to efficiently extract laser power from the
two discharge segments. Totally reflecting, metallic plane mirrors and concave mirrors
with 20 m radius of curvature are being procured to implement the design.

Two compact heat exchangers to accomplish the pre- cooling and post cooling
of the gas flowing in the closed loop through the 2 kW laser blower were designed. A
detailed calculation lead to the requisite value of 4.8 W/cm2 CC for the heat transfer
coefficient. These heat exchangers have a high ratio of surface area to volume and are
fabricated using wavy finned circular %SS tube of fin thickness 0.3 mm and a pitch of 400
fins per meter. This ensures a reduced drop across the heat exchanger thereby adding
minimum load to the blower. Indents for the heat exchangers were raised and purchase
orders are likely to placed in near future.

The problem of short circuiting in the 63 Amperes 3 Phase variac was rectified.
A new ballast resistor stack with a power rating of about 15 kW has been incorporated
in the power supply to avoid frequent failure of resistor stack. With the modified power
supply, the laser has been operated at output power level of 500 watts. The system has
been reliably operated with routine maintenance.

The existing CW CO2 laser was used for preliminary experiments in the area of
material processing. To perform these experiments, we made use of a stepper-motor-
driven fixed speed rotation stage which in turn was mounted on a DC motor driven
linear translation stage of 30 cm span. The laser beam was transported to the
experimental work station by a totally reflecting mirror. This beam was focused on to
the work piece by a combination lens of 100 mm effective focal length housed on a
nozzle through which a shroud gas (argon) was flown. With this setup, micro drilling
was performed on mild steel and inconel samples of 2 mm thickness. In the case of
mild steel, the hole size was « 100 urn while the diameter of the molten pool was 800 ^

12



m. Holes 600 |.im in diameter were drilled in Zircalloy sheets. Two 2-mm thick mild steel
sheets were welded together. Laser welding of SS and Zircalloy was inhibited due to
the formation of an oxide layer on the irradiated zone. Experiments are being carried
out to optimize the processes.

2.2.2 RF Excited CO? Laser
[Shailesh Kumar, R. Chandramouli, D.P. Chakravarthy]

A transverse discharge electrode channel for RF excited CO2 laser has been
designed and fabricated. The laser discharge tube was tested for vacuum and will be
employed to study RF discharges. A 1-KV,100-Watt, 13.6-MHz RF power supply i9
being developed in our division for these studies.

2.2.3 Electron beam controlled CO? Laser
"[V. P. Singal]

An electron beam controlled CO2 laser was designed, fabricated and
commissioned. (BARC/1994/P/004). The vacuum system comprising of a
turbomolecular pump broke down and was repaired. A new vacuum system based on
indigenously made sputter ion pumps was designed and fabricated. The electron gun
chamber is evacuated continuously by a sputter ion pump and turbomolecular pump is
used for short periods so as to reduce the pressure to about 1 C~5 Torr when the sputter
ion pump takes over. The new system reliably produces vacuum * 10~7 Torr in the gun
chamber.

The results of the experiments carried out so far indicated that the voltage
pulses used for extracting the electron beam does not lead to optimum preionization of
the laser gaseous medium. A new electronic pulser to produce rectangular 150 kV-5 \is
pulses is being designed. It is be designed to work at rep. rate of 5 Hz. This work is
being carried out in collaboration with A.P.P. Division. The optical cavity of the laser
was modified. Presently it consists of 10 MR gold coated Cu-mirror and a 60%, 10 MR
dielectric coated ZnSe output coupler.

The laser has been operated reliably during the period of this report. It produces
reproducibly 20 Joules-4 j.is pulses, when operated in oscillator mode. The beam
divergence was measured to be » 5 milliradians. The laser produces a circular burn
pattern 50 mm in diameter on carbon paper. The laser was used to carry out
preliminary experiments in the area of surface treatment of graphite with laser beams.
The laser beam was focused to a beam diameter of « 5 mm by means of a 1 MR
concave gold coated Cu mirror. After irradiation the samples were examined under a
scanning electron microscope. The examination revealed structural changes due to
irradiation. More experiments are planned to gather enough data to draw useful
inferences. The work is being carried out in collaboration with Chemistry Division.

13



A uv preionized TEA CO2 laser was assembled and commissioned. The optical
cavity consists of a 10 MR gold coated concave mirror and 80%, 10 MR dielectric
coated ZnSe output mirror. Incorporating a grating in the optical cavity. Efforts are in
progress to couple this laser with the electron beam controlled CO2 system operating
in amplifier mode to produce laser emission tunable over a wavelength range 9-11 p.m.

2.2.4 Development of a Medium Repetition Rate TEA CO2 Laser.
[Paramita Deb] ~

An indigenously built repetition rate laser of active volume 2.5 x 3 x 30 cm3 was
improved upon to entrance its energy output, and to make it tunable. 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 10.6 |.im and
9.4 (.tm bands. Typically the average energies at 10 Hz is 800 mJ on the 10P(20) line
and 400 mJ on the 9P(20) line. The laser can be continuously tuned from 1 Hz to 25
Hz, though the pulses remained regular only upto 10 Hz when operated over a duration
of 5 minutes. The repetition rate laser was used for the study of neat CF2HCI. The work
examines the systems characteristics such as C-13 decomposition extent, and
enrichment factor under photolysis. The results obtained with a 10 Hz frequency show
a promising trend, the enrichment factor being significantly better in relation to those
obtained at a repetition rate of 0.5 Hz.

UV. Preionizer for CO2 Lasers
The UV preionizers in high repetition rate lasers is usually based on pin type of

discharge. Ws have tried out a modified sliding arc preionizer. The sliding arc
preionizers used till today utilize arc discharges across dielectric surfaces. Steel
electrodes mounted a glass substrate are commonly used for this purpose. This
arrangement works well with a single shot laser, but fails at, repetition rates of 6 Hz (9J
per pulse). At this rep. rate, the glass substrate cracks, the araldite adhesive is charred
and stainless steel electrodes fall apart. To overcome this problem a modified type of
sliding arc was tried out. Here the substrate is glass, but the S.S. electrodes face each
other to form a zigzag path of arcs. The arcs do not touch the glass plate due to its
configuration, thus saving it from the high temperature generated in the vicinity of the
arc. This configuration has worked well at a repetition rate upto 50 Hz. The
configuration has the added advantage of confining the vapour deposition of reaction
products between the glass plates and thus avoiding contamination of the laser gas
mixture. Another novel substrate tried out consists of commercially available ceramic
tiles for domestic use. The S.S. discs were joined to the tiles with torr seal, which had a
better temperature resistance than araldite. The sliding arc length was 25 cm which
required a voltage of 20 kV to breakdown. It was operated successfully at a rate of 50
Hz for 20 minutes non-stop.
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2.2.5 Development Of High Repetition Rate Tea Co? Laser
[D.J. Biswas, J. Padmanilaya]

A TEA CO2 laser in which a single switch has been used to control both the pre
and main discharges was commissioned. Two pairs of plane electrodes with rounded
off edges defined a discharge volume of width = 2.5 cm, height = 1.4 cm and length =
42 cm. One electrode had a 30% transmissive central region. 32 preionising pins were
mounted beneath this electrode in two rows running along the entire length. Each of the
preionising pin was connected to an inductance of 40 1.1H as current limiter. The circuit
layout is shown in Fig. 2.2.1. As soon as the spark gap closes, voltage appears at the
tip of each pin and preionising sparks occur between each of these and the transparent
electrode. The ballast inductance helps in distributing the preionising current through
each pin equally. The total energy going into the preionization is limited by the value of
the coupling capacitor ( Cpre). While volumetric conditioning of the laser gas mixture
takes place the peaking condenser ( Cp ) gets charged through the inductance L. The
resulting high impulse voltage appearing across the electrodes reaches its peak after a
delay (71/VlXp) causes a discharge to take place between the main electrodes. The
main condenser's (C) energy arrives into the discharge slowly owing to the presence of
L in this loop. Initial spiker pulse followed by a long tail has resulted in the operation of
this system with much less Helium concentration as compared to conventional TEA
CO2 laser. In the most optimized condition 2J per pulse has been obtained with a gas
mixture of CO2:N2:He::0.4:0.4:0.5 and 180 J/litre energy loading.

Such a system others a number of advantages for high- repetition rate
operations. First of all it operates with only one switch. A switch puts restriction on the
long term operation of a laser due to its limited life. Secondly there is no dissipation on
the ballast inductances which would, therefore, function reliability at high repetition
rates. Finally its operation capability with very little Helium will, we believe, make this
system an attractive choice for repetitive operation.

a. Single Switch as a Driver of Two High Repetition Rate Lasers
Applications of TE lasers involving operation in the oscillator amplifier

configuration require generation of two well synchronized fast high voltage pulses. High
repetition rate operation of such a system can be achieved by the usage of two
thyratrons. Thyratrons are expensive and have limited life. Here the reliable generation
of two well synchronized, fast high voltage discharges at 200 Hz pulse repetition
frequency (prf) by rotating a suitably configured circular dielectric plate between the
electrodes of two spark gaps is reported. In an earlier publication we had reported high
prf operation with a similar rotating dielectric spark gap (BARC/1994/P/004, pp 23-27).

The circular dielectric plate of diameter 24 cm has eight small equispaced holes
each of diameter 5 mm along a circle near to its circumference. As before the operation
in the triggered mode is achieved here by the usage of an optical sensor. In the first set
of experiments where the two discharges are to be delayed only by few micro seconds,
SG-), SG2, and the optical sensor are so located that holes of the rotating dielectric
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appear simultaneously between them. The schematic of the circuit diagram is shown in
Fig 2.2 2, the Inset of which shows the position of the spark gaps with respect to the
holes of the rotating dielectric. Condensers Ci and C2 are resistively charged to 25 kV
by the same power supply. Switching of SG-| and SG2 make them discharge
respectively into the loads R-\ and R2 which in turms of resistance resemble typical
TEA CO2 laser load. The diodes D̂  and D2 prevent C<| and C2 to discharge
simultaneously through the same switch. In order to synchronize the discharge
switched by the two spark gaps, it is prerequisite that both of them operate in the
triggered mode. Triggering of SG-) is achieved in the following way. Whenever a hole
appears in the gap of the optical sensor, the photo detector gives out a pulse which
after processing and amplification by pulse transformer (PTI) is applied to the trigger
electrode of SG-j. This pulse would trigger SG1 as a hole also appears in its gap in
synchronization with this pulse. Triggering of SG2, switching of which is to be delayed,
is achieved by deriving a trigger pulse from the SG-j controlled discharge. The trigger
pulse is fed to the trigger electrode of SG2 via an inductance L. By varying L and also
the gap of the SG2, the delay between the switching of SG-| and SG2 could be varied
from less than a |.is to few |is.

In the next set of experiments one discharge is delayed from 100 us to 1.5 ms
with respect to the other. For this the SG-), SG2, and the LED-detector pair are so
positioned that holes arrive simultaneously n SG-] and the LED-detector pair while a
hole is yet to arrive in SG2 (see the inset of Fig. 2.2.3). Triggering of SG^ is achieved
as before. Operation of SG2 in the triggered mode is more involved here and is
achieved in the following way. The rising edge of the pulse generated by the LED-
detector pair, after invers;on and amplification, triggered a NE 555 timer operating in
the monostable mode, triggerable by negative going input pulse (Fig. 2.2.4). This
monostable multivibrator (MSMV) produces a pulse the width of which could be varied
by varying R, A second identical MSMV when triggered by the falling edge of this pulse
gives out a pulsa, tho rising edge of which is therefore delayed with respect to the
rising edge of the LED-detector pulse by the width of the first MSMV pulse. This pulse
after amplification by PT2 switches SG2 when by varying R, the arrival of this trigger
pulse on SG2 is adjusted to coincide with the arrival of a hole between its electrodes.

In both operations excellent synchronization between the discharges has been
achieved at 200 Hz prf.

b. On The Recovery Of A Switch
In the operation of many gas lasers, a condenser is charged to a suitable

voltage and then discharged by means of a fast high voltage high current switch such
as a thyratron or a spark gap into the laser load fast enough before glow to arc
transition can occur. Following a discharge, when the switch is still in the state of
conduction, large current can flow through it from the power supply. Unless the switch
goes back into nonconducting state, the condenser will not be charged again. By
limiting the charging current the recovery of the switch may be ensured, however, at the
expense of the maximum achievable repetition rate. Recovery of the switch has been
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the subject of investigation in a number of studies. We show here, for the first time to
our knowledge, that the recovery of the switch critically depends on the value of the
charging capacitance for both R-C and DC resonant charging. The dependence is such
that the maximum repetition rate achievable with the charging network becomes
independent of the capacitance value. Although our speculation has been
experimentally verified for a spark gap with R-C charging, it is believed to hold good for
thyratrons and DC resonant charging.

Whether the residual charges, present inside the switch after the termination of
a fast high current discharge, will continue to keep the switch in conduction will depend
on the rate of rise of voltage at A (Fig. 2.2.5) and not on the absolute value of the
charging currents for both R-C and resonant charging. The voltage builds up at A in
time according to the following equation

RC CHARGING DC RESONANT CHARGING
V (t) = Vo [1 - exp(- t/RC)] V (t) = Vo [1 - cos (- <ot)]]

where co = 1/ V LC. Thus the rate of rise of voltage at A is

V( t ) = , | e x p ( - » R C ) V ( t ) .

Over short interval following a discharge, which is a valid assumption for the
recovery, the rate becomes

V(t) - £ V(t, - V0.'t - £

Thus larger value of charging capacitance should help in the recovery of the
switch for a given charging resistance or inductance. Also V(t) is inversely proportional
to RC or RL. Therefore maximum achievable repetition rate becomes independent of
the capacitance value. If C becomes more, then R or L can be accordingly reduced to
maintain the same charge up time of the condenser but at no risk on the switch
recovery.

For experimental verification of this we have used a spark gap in self breakdown
mode as the switch and charged the condenser resistively. The non-recovery point of
the spark gap was found out experimentally as follows. For a given C, R was initially
kept high to ensure recovery of the switch. Few charging and discharging waveforms
are shown in Fig. 2.2.6.a. R was then reduced in small steps in order to increase V(*)
until the switch failed to recover. Condenser does not get charged after a discharge
(Fig. 2.2.6.b). Continuous flow of current through the spark gap was also visually
observed in this case. The same experiment was repeated for a number of capacitance
value. The experimental finding which corroborates with our prediction with regard to
the recovery of the switch has been shown in Fig. 2.2.7. It is obvious from this plot that
maximum repetition rate achievable with this spark gap is independent of the value of
the charging capacitance. The switch does not recover in the shaded region.
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2.2.6 Flowing type 3 watt CW A* Laser
[A. Pandey, N. Govindarajan]

A demountable laser tube having bariated tungsten matrix cathode and tungsten
electrodes was assembler1 and commissioned. (BARC/1994/P/004).

Reliability and reproducibility of the laser have been tested and found highly
satisfactory. Five laser lines at 4765 A0, 4880 A0, 4965 A0, 5017 A0 and 5145 A0

wavelengths, have been obtained by tuning the laser with Littrow prism, however, the
highest power has been found to be concentrated at 4880 A0 and 5145 A0

wavelengths. Variations of output power with changes in current, magnetic field and
pressure have been measured. Multiline CW output power « 350 mW has been
obtained at discharge current of 21 A. Various modifications are being incorporated in
the laser system in order to increase its output power.

2.2.7 Development of 10 watt Argon Ion Laser
[D. N. Joshi]

R & D activities devoted to the development of an experimental laser system
were continued. An experimental laser was set up around the discharge tube, used
earlier for studying the V-l characteristics of electrical discharges in Argon gas
(BARC/1994/P/004).

In order to flush out the impurities released due to heating of the electrodes of
the tube and to avoid problem of gas clean up the set up is designed to have
continuous flow of argon gas. An inexpensive electron-emitter of Th-W is used instead
of bariated tungsten matrix cathode. The tube assembly is made demountable in order
to facilitate the change of its components. The essential features of the present device
are shown in Fig. 2.2.8. The cathode is consists of a thoriated tungsten helix enclosed
in a tantalum tube about 7 cm in length and 6 mm in diameter. It is mounted on a metal
flange carrying a Brewster window and gas inlet connection. At the opposite end of the
plasma tube, a similar flange has a Molybdenum tube as an anode and the other
Brewster angle window. The T rewster windows are fused silica plates, sealed to quartz
tube with araldite. The plasma confining structure consists of electrically insulated bore
segments each segment consisting of 10 mm thick disc of graphite with a 3 mm central
hole which confines the plasma. The electrode assembly is housed in a silica tube. 'O'
ring sealed at both the ends to the metallic flanges. The tube is evacuated by a 300
litres/min. rotary pump through a port near the anode end. The pressure drop in the
tube was measured by means of two Thermocouple gauges, mounted at the exit port as
well as near the entry point of the gas. In operation argon gas continuously flows
through the tube, the pressure drop across the tube being controlled by the adjustable
leak valve. A solenoid surrounding the experimental tube provides the axial magnetic
field to aid in confining the discharge Two externally mounted mirrors with reflectivities
of 99.9% and 96% constitute the optical cavity.
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The discharge is initiated by means of a Tesla Coil with 1500 V potential applied
across the tube. To facilitate the break down the pressure in the tube is raised to a few
hundred m Torr. The discharge heats the cathode and the current rises to a value
limited by the ballast resistor. Satisfactory operation of the electron emitter in hollow
cathode mode is evidenced by the establishment of a hot spot on the surface of the
tantalum tube. Later on whun the current stabilizes at about 3 A another 600 V-40 A
power supply is switched across the tube. The discharge current thereafter is varied by
varying the supply voltage and/or the series resistance. The gas flow through the tube
is then slowly decreased so that mean pressure in the tube reads about 100 mTorr.

The maximum all line output power recorded so far is 1.5 W with an efficiency of
0.011%. The preliminary measurements indicate the divergence of the beam to be 0.5
mrad. The observed variation of the output power as a function of the pressure is
different from that obtained from a conventional sealed off device. No optimum
pressure is observed, but the output continues to increase with decrease in gas flow
until the discharge extinguishes. The output power continues to increase with the axial
magnetic field in the range 100-500 G, at a certain pressure. The application of
magnetic field is accompanied by decrease of voltage drop across the tube and the
resultant increase in current. The cathodes have been operated satisfactorily for more
than 20 hours at current levels exceeding 25 A. Various components required for a
sealed off plasma tube are being fabricated.

2.3 LASER APPLICATIONS

A number of laser applications in the fields of photochemistry, spectroscopy and
other industrial fields have been studied

2.3.1 Laser Photochemistry

Molecular Isotopic Photochemistry Section is actively engaged in developing
indigenously viable R & D Option for successful separation of Carbon-13 and Hydrogen
isotopes by selective photochemical methods. During 1994, this section has made
important contribution in the fo!'owing areas :

a. Carbon-13 enrichment: TEA CO2 laser driven synthesis of
13cF3X(X=Br, Cl)
[V. Parthasarathy, S.K. Sarkar]

Methods are developed for obtaining highly enriched CF3Br and CF3CI with C-13
content of 90% or more in laboratory scale quantities. These are based on isotope-
selective, vibrational photochemistry of CF3Br-CI2 and CF3CI-Br2 mixtures in two stages
using a TEA-CO2 laser. In CF3Br synthesis, C-13 selective dissociation is done in both
the stages through a closed chemical cycle:
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Stage 1 : natural C F ^ r ( + C I 2 ) ..•llgffl***'"*1 > enriched CF3C1

(C-13 < 50%) ...(1)

Stage 2 . enriched CF3CI (-f Br3 ) - ^ ^ ? ^ L - > Highly enriched CF3Br

(C-13 > 90%) ...(2)

For the synthesis of I3CF3CI, a scheme analogous to that of 13CF3Br can be
used. However, in order to get a high throughput, such a scheme would involve
handling of vast quantities of bromine which is not desirable. In principle, it is also
possible to carry out a quantitative conversion of 13CF3Br isolated from (2) into
13CF3CI W i t s ' a s e r chemistry with CI2 in a subsequent third stage. Instead we have
found that by burning C-12 species in a slightly enriched CF3CI sample obtained via
(1) provides a simple alternative method:

Slightly enriched CF3C1 (+ Br2 ) — ^ i F i ^ J ^ - * "CFjBr + CF,C1

(residual) ...(3)

In this scheme, the residual CF3CI becomes progressively enriched in C13 and
we could isolate a sample with approximately 97% C-13 content [cf. Fig 2.3.1].

A line tunable low average power TEA-CO2 laser (Lumanics 103-2) is used with
a lean N2 lasing gas mixture. The laser pulse has a temporal profile of a spike of 100
ns FWHM with very little tail. IR spectrophotometry is used periodically to monitor the
reaction progress while working with enriched samples. After each photolysis run, CI2
or Br2 is removed cryogenically at -130°C by distilling the more volatile halomethanes.
The desired species, either product or residual, is quantitatively isolated by preparative
gas-chromatography using a batch process. The details of the optimum experimental
conditions employed in our studies is given in Table 2.3.1.

There is still scope for improving the product throughput by using a higher
repetition rate CO2 laser and flow type reactor design. By reacting with CuO at 700°C,
these enriched species can readily be converted into 13CO2 which is a useful
precursor for several organic syntheses of C-13 labeled compounds.

b. High resolution FTIR spectral studies of 13CF3Br
[V.Parthasarathy, S.K. Sarkar]

The high resolution FTIR spectrum of "I^C^Br enriched by IR laser process, has been
analyzed in the region of the degenerate C-F stretching mode. This work is being
carried out in collaboration with spectroscopy Division, BARC (A.Batra, R.D'Cunha,
M.N.Deo). The Q-Branch maxima corresponding to the rQ|< and PQ^ sub-bands have
been identified and assigned in the observed spectrum. The data have been fitted
along with the ground state microwave measurements in a weighted least-square
analysis to obtain molecular parameters for the V4 state. The £4 value is estimated to
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be 0.77. The V4 band appears to be perturbed by l-type resonance. It has been
possible to determine the sign and also obtain an estimate for the l-type resonance
parameters from band contour simulations.

Table 2.3.1: Photolysis Conditions and Results

Reagents

Natural

Enriched
CF,CI(40%).BM1:6)

Slightly Enriched CF-,CI
(8%).Br, (1 6)

Enriched

CF-,CI(15%)Br,(1.6)

Slightly Enriched
CF-,CI(8%):Br,(1:9)

Enriched CF^CI
(26%):Bro(1:16)

Total
P

mbar
67

28

54

17

35

14

Experimental Conditions

Laser
Line

9P(32)

9P( 8)

9R(40)

9R(40)

9R(40)

9r(40)

Focal
Fluence
(J cm"2)

3.6

1.7

1.7

1.4

1.2

1.5

No. of
Shots

12200

5700

4620

7730

7200

7200

Decomposition
of species

(%)
28

63

42

41

29

42

C

0.47

4.6

72

98.6

81

99.3

Species
Isolated

Enriched

CF-»CI (40%)

H. Enriched

CFqBr (90%)

Enriched CF-,CI

(15%)

H. Enriched

CFcCI (8B%)

Enriched CF-^CI

(26%)

H. Enriched

CF-,CI (96.5%)

c. Photochemical Investigations In Waveguide Reactor

IRMPD of CF2HCI system
[V. Parthasarathy, S.K. Sarkar]

Reactor design plays an important role in maximizing the throughput of an
enrichment process by IR laser chemistry. Since the TEA-CO2 laser induced reaction
requires focusing of the beam to achieve critical fluence for the system studied, it is
essential that the isofluence region near the focus be extended by as much length as
possible. Waveguide reactors (WGR) are expected to be useful in this regard and have
been successfully employed for LIS in a few cases [S.K. Sarkar, A.K. Nayak, K.V.S.
RamaRao and J.P. Miital: J. Photochem. Photobiol., A; Chem 54,159 (1990)].

The performances of WGR are assessed in terms of the enrichment factor (P)
and the fraction of irradiated volume dissociated per pulse (Y) for C-13 selective
IRMPD of neat CF2HCI. Results obtained under particular conditions of laser
frequency, fluence and sample pressure are compared with those from similar runs in a
conventional cylindrical pyrex cell. These results show that efficient dissociation occurs
in WGR and Y are 2-3 times better compared to conventional cell. The enrichment
factor p is normally well preserved in WGR. as in the normal runs. However particularly
in metal WGR, p could be drastically degraded in case of improper beam quality and
alignment. This could be due to optical breakdown and/or nonselective thermal reaction
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on or near the metal surface at high laser fluence. These results are quite promising
and we have been able to identify that the performance of WGR can further be
enhanced by two approaches. Firstly, the transmission through WGR should be
maximized by proper reactor design compatible with available input laser fluence and
beam quality. Secondly, WG length can be increased to a limit where the attenuation
becomes severe and local fluence falls below the required threshold value. The
experience and methodology developed so far are currently being applied to WGR in
flow configuration.

2.3.2 Laser Photochemical Engineering

[J. Mukherjee, S. Sethi, L.M. Gantayet]

The Process Engineering and Material Handling Section is engaged in the
engineering scale-up and process development of the laser induced photophysical and
photochemical reactors.

a. High Fluence Laser Photochemical Reactor

The processes like LIS of carbon isotopes using freons as working molecules
require high fluence (greater than 4J/cm ) photochemical reactors. High fluence IR
laser beams damage the transmissive optics above 4J/cm . Therefore, the beam has to
be concentrated only inside a reactor by tight focusing, which gives rise to very small
reactor volumes and small throughputs. To make ihe process practically feasible the
reactor volume has to be scaled up and/or the repetition rate of the pulsed CO2 (IR)
laser must increase. Various methods of process scaling were examined. To utilize the
existing technology base of pulsed CO2 lasers and the photochemical processes being
studied by the molecular photochemistry group, we selected the medium reprate CO2
laser and a reactor with reflective optics, viz., namely the waveguide reactor. The novel
method used by us to manufacture a metal waveguide reactor compatible with the
photo products (HF) has been reported earlier.

In continuation with the development of the waveguide reactor, we studied the
sensitivity of the waveguide parameters for design and operation. The transmission of
the pulse energy of the beam was used as the performance index and a sensitivity
analysis was carried out. For a waveguide reactor of given dimensions the performance
was found to be sensitive mainly to the coupling parameters, viz., f-number of the lens,
alignment of the optics, dimensional accuracy of the windows; also sensitive to the
surface finish of the waveguide tube and the spatial quality of the laser beam (mode
and uniformity). The steps to improve the performance of the photoreactor, by
optimizing the sensitive parameters, have been taken up. (Table 2.3.2).
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Laser Type

Input Energy

Table2.3.2: Description of Various Photoreactors

: TEA 100-2 Pulse Width : 100 ns

: 0.5 J 9p(32) or 9p(26) Lens Diameter : 40 mm

No.

1.
2.
3.
4.

5.

6.
7.
8.
9.
10.

Waveguide Typa

Au coated Copper
Au coated Copper
Au coated Copper

Copper drawn

Copper drawn

Pyrex Glass
Pyrex Glass
Pyrex Glass
Pyrex Glass
Pyrex Glass

Dif..
mm
7.3
7.3
7.3
5.5

5.5

5.5
4.0_j
4.0
4.0
4.0

Length
mm
670
670
670
1000

1000

800
100
200
500
1000

Focal L
mm
1000
500
400
400

400

400
500
500
500
500

%
Transmitted

60
63
93
82

76

93
97
95
80
65

Remarks

Window at 650
mm from lens

Window at 660
mm from lens

b. Process Analysis of Laser Photochemical Reactor

The selectivity of the carbon isotopes and the enhancement in the yield using the
waveguide reactor have been reported earlier; the enhancement in the yield requires to
be improved manifold for engineering exploitation. We have further analyzed the
controllability and the operability of a laser photochemical process plant by examining
the host of relevant process variables. For the process objective of maximum
productivity the constraints were identified as follows. Laser constraints (pulse rep rate,
pulse energy and pulse widths etc.), photo reactor constraints (windows, compatible
wall material), product quality, reaction chemistry (temperature, pressure and diluent
gas concentration), safety requirements. In the first phase of the analysis we decoupled
the subsystems which can be independently controlled. The interaction between the
laser source and the photochemical reactor was broken on the basis of their time
constants, which vary by orders of magnitude. The laser parameters like wavelength,*
frequency, bandwidth, pulse duration, energy per pulse, flux density are, therefore, to
be controlled as demanded by the photochemical reactor, taking into account the
source fluctuations and the long term disturbances like drift and deterioration of the
optics. Using the product rate and product quality as the performance variables the
controllability and the operability of the process was studied by a reduction in degrees
of freedom analysis. The analysis has helped to define a control scheme for operation
of this process; it has also identified the direction of development of laser driven large
scale processes.
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c. TEA-CO2 Laser Driven Telomerization Chemistry
(S.K.Sarkar, A.KNayak)

The present study deals with the application of IR laser induced chemistry to
direct the synthesis of mc'ecular compounds in radical bimolecular reactions in gas
phase. The insertion of one or more C2F4 into CF3I (telomerization) is an exothermic
chain reaction. The product CF3(C2F4)nl as well as those of similar reactions have
practical interest as synthetic intermediates. The conventional technique for this kind of
reactions employ liquid phase, high pressure ( =100 bar) and moderate temperature
and requires an inhibitor. Using a pulsed CO2 laser, we have studied the above
reaction in a conventional and waveguide reactor as a model to demonstrate the laser
induced synthesis. We have shown that carrying out the same telomerization reaction
in a WG reactor, the absolute yield of the synthetic chemistry can be increased and
relative product distribution can also be changed compared to a conventional
cylindrical photoreactor.

All irradiations were carried out using 9R(24) [1081.88 cm"1] CO2 laser line of
pulse energy 0.75J at room temperature in a cylindrical pyrex cell (40 cm long, 2.9 cm
i.d.) and a WG cell (50 cm long by 2.6 mm i.d WG with window section 10 cm long by
2.4 cm i.d) equipped with polished KCI windows. The laser beam was focused either at
the WG entrance or at the centre of the conventional cell by appropriate BaF2 lens. In
presence of C2F4, the radical CF3 can undergo addition reaction to form 1:1 telomer or
dimerise to produce C2F6 in addition to its recombination reaction. The overall reaction
sequence can be presented as:

CF3I - ^ - > CF3 .+ I- ...1

•CF3 + CF3 > C2F6 ...2

CF3 + -C2F4 > -C3F7 ...3

CF3I + M ...4

C3F7I + M ...5

C3F7I + -CF3 ...6

The laser chemistry of this system has interesting features depending on laser
fluence, CF3l:C2F4 composition and the reactor type.

A higher dissociation yield for CF3I was obtained in a WG compared to a normal
cell. With increase in C2F4 pressure, the dissociation yield decreased but the relative
yield of C3F7I increases compared to C2Fg in both the reactors. The difference in the
product distribution can be explained in terms of various competing rate constants and
the concentration of the perfluoro alkyl radicals generated in the irradiated volume.

The selectivity S ( = produced product/converted reactant) of a particular
channel is dependent on the composition and at a given composition dependent on
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reactor configuration. The selectivities of two channels for various composition and
reactor types lie on an apparently linear plot, however at higher C2F4 pressures it
tends to deviate indicating the initiation of further addition of C2F4 to form higher
telomers [cf. Fig. 2.3.2]. Therefore to synthesize a desired product with a prescribed
selectivity, one has to optimize the substrate to additive monomer pressure and also
the reactor geometry.

d. TEA-CO2 Laser Beam Profile Monitor
[S.K. Sarkar, S.S. Thattey, Vishnu Kumar]

The thermocouple based beam profile monitor developed in our laboratory is
now routinely being used for CO2 laser experiments. Presently we have attached a
stepper-motor drive for the translational stage. Using a PC-based control electronics, it
is possible to scan the laser beam very conveniently and record the signal on a chart
recorder. It is being planned to digitize this signal so that the beam profile data can be
stored and processed by an appropriate software to provide information on beam waist,
fitting to Gaussian or other profile, mode quality etc.

e. Medium Rep-Rate CO2 laser
[S.K. Sarkar, L.M. Gantayet, D.J. Biswas]

The design & fabrication of the electrode, laser cavity and heat exchanger have
been taken up. The chamber incorporating the laser cavity and heat exchanger wiil be
fabricated by an outside vendor. Fabrication of the electrodes is nearing completion
and the HV power supply for the laser has been ordered with a local manufacturer

2.3.3 Laser Industrial Applications

a. Study of Surface Roughness
[A.S. Rawat, U.C. Bhartiya, R.C. Khattar]

Optical technique for measurement of surface roughness has gained importance
due to its non-contact, non-destructive nature and high speed. In our study we are
observing the specular reflected intensity and scattered intensity in the plane of
incidence for surface of different roughness and different material. In the experiments
performed so far, we could establish a relationship between the ratio of specularly
reflected intensity to the incident intensity and the surfaces roughness. The samples
were stainless steel surfaces of roughness in the range 0.05 micron to 0.2 micron with
different surface finishes like grinding, lapping and polishing.

Till the beginning of this year, an experimental set-up consisting of He-Ne Laser
(0.6328 micron), partial reflector, sample holding circular table, rotating disc on which
photodiode is mounted, stepper motor with gear arrangement to rotate the rotating disc,
electronic card and PC interfacing with the card was assembled and some experiments
were performed with this arrangement. All the mechanical components were mounted
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on optical bench for alignment purpose. It was felt that this set-up had poor stability and
it should be modified to improve accuracy and reliability. To improve upon the
experimental set-up, the following modifications were done during the year.

1. The circular table on which sample was mounted is replaced by a new table
having angular marking with an accuracy upto 2 degree.

2. The beam splitter is used to obtain a reference beam that generate a signal
which after proper amplification gives an indication of the intensity of incident
beam on the sample. By this modification, change in beam intensity with time is
taken care of.

3. In order to improve stability, optical bench has been replaced by a single base
platform on which all the mechanical components are mounted.

4. Electronic circuit has been modified to process both, the reflected signal from
the sample and the reference signal. Corresponding modifications in the
software have been made to compute the ratio of two signals.

5. Few samples of standard rough surfaces have been procured.

After the above modifications and with standard samples, set of experiments
have been performed for different angle of incidence. Angle of incidence was changed
from 45x to 80x in increments of 5 degree and for each angle, lx/lo(lx-speculdr
intensity, lo-lncident Intensity ) was measured. This experiment was performed on
standard electroformed nickel samples of average roughness (Ra) 0.05, 0.1, 0.2, 0.4,
0.8 micron (grind finish) 0.05, 0.1, 0.2 micron(lapped finish) and polished stainless
steel sample of Ra-0.05 micron. RMS roughness of the surfaces were calculated using
equation

]f- =. exp[- ( 4 i t a / a ) 2 c o s 2 9 ]
•o

(where a is RMS roughness of surface, Q the wavelength of light, 6 the angle of
incidence) and it is compared with the values obtained using stylus instrument
(Perthometer- available in Central Workshop, BARC). Also assuming sinusoidal prof'/te
for normal machined surfaces, the relationship cT/Ra=1.11 has been used to calculate
the average roughness from RMS value(e) obtained by optical technique. The results
are summarized in the table shown below.

Type of
Surface Finish
Grinding

Lapping

Polishing

RMS(j.im)
Stylus Meas.

0.08
0.13
0.26
0.08
0.13
0.26
0.06

RMS([im)
Optical
0.061
0.123
0.248
0.090
0.128
0.260
0.060

Ra(nm)
Calculated

0.056
0.112
0.225
0.088
0.113
0.230
0.054

Ra((.im)
Standard

0.05
0.1
0.2
0.05
0.1
0.2
0.05
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Thus it was observed that specular reflection technique can be used to calculate
RMS roughness (e) of relatively smooth surfaces. Using He-Ne laser at 0.6328 micron
wavelength, we have calculated RMS roughness of surface in the range 0.05 to 0.2
micron.

Now more samples with different surface finish have been indented. These
samples will be used to confirm the above results and to create a data-base for
development of an instrument based on specular reflection technique.

b. Extended Range Laser Data Communicator:
[Shri. S.L. Makker]

After the development of short range Laser data communicator, it was decided to
take up the design of improved model with a range over 2 kms. in normal visibility. So
the upgraded model of laser data communicator has been designed with large dia
receiver optics, improved transmitter optics,improved electronics circuit assembly and
layout.

Earlier the instrument had been assembled with the larger diameter doublet lens
optics for receiving more signal and improved electronics circuit PCBs in the modified
chassis. It was experimentally observed that the existing divergence of laser output
beam of the transmitter was large at around 5 mr. It was felt that if divergence is
reduced, the range can be further increased.

In order to reduce the divergence of laser transmitter, the doublet lens for
transmitter optics was designed and given for fabrication. This lens assembly required
a change in mounting arrangement, which have been made and incorporated in the
chassis. Total optical path has been aligned to get the optimum laser beam output
divergence of about 2 mr. This has improved the received signal by around 6 times.

The efforts were made to setup old model and new model between Trombay hill
and Mod. Lab., to compare their performance and estimate the improvement in range of
the upgraded new model. Thic estimation can be done by monitoring the received
signal strength after integrating the received pulses and feeding it to the strip chart
recorder. As the field testing involves co- ordination from different divisions, this work
could not progress due to various delays. This work will be taken up as soon as the
help from different divisions is received.

As per the request Technology Transfer Group (TTG) participated in WISITEX-
94 exhibition at New Delhi and this upgraded laboratory model of Laser Data
Communicator was demonstrated. Now it is also planned to prepare the Technical
brochure of this instrument as suggested by TTG for the transfer of know-how to
outside party as per BARC guide-lines.
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c. Laser Dust Monitor
[Shri. S.L. Makker]

The instrument works on the principle of light absorption. The optical
absorbance experesses the energy loss of light. The quantity of smoke & dust density
is proportional to absorbance of this value. This relationship is measured by the
average output of the instrument which is calibrated with the actual dust concentration
measured by gravimeteric method. The measurement consists of mainly the following
sub- assemblies.

Laser driving circuit, laser beam output regulation, transmitter/receiver optics,
chopper timing circuit photo- detector amplifier, analog multiplexer, integrator, buffer
amplifier, difference, DPM circuit and chassis for housing all the above electronics and
optics assemblies.

Till the beginning of this year, the PCB of the receiver card was fabricated as per
our layout and circuit design. Assembly of electronic circuits of photo coupler,
photodetector amplifier, analog multiplexer, integrator and display circuit were carried
out and have been tried. The over all design for the chassis of the instrument for
mounting all the electronic and optical components is planned. The transmitter will use
the coaxial plano-convex lens.

During the year, work on this instrument has been continued. The chassis with
painting was received. The optical mirror coating for the transmitter and receiver optics
was done in our optical workshop. All the optical components, electronic circuit cards,
chopper disc and motor have been mounted in the chassis. The optical alignment of
transmitter receiver lenses and mirrors was carried out with the help of He-Ne laser and
beam expander.

The electrical synchronized timing chopper signal has been obtained with the
help of photo-coupler and amplifier mounted around the chopper disc. The PCB for the
photo-coupler amplifier was fabricated by the outside party as per one layout and
circuit design. The reference signal has been received at the photoamplifier output
through the internal optics. This provides synchronizing signal for processing the
sample signal and reference signal. The amplifier output signal through analog
multiplexer switch to the integrator circuit has been obtained and all these stages are
working satisfactory. Further testing of the sample signal is in progress. After testing
both the signals (reference & sample) will be connected to difference amplifier and its
output to digital panel meter. The design and assembly of the circuit to provide
constant level transmitter output beam is being planned. This circuit will detect the
variations in the beam output and generate the error signal to compensate for the
optical source variations.

36



d. Laser Scan Dimension Sensor (LSDS)
[A.S. Rawat, U.C. Bhartiya, R.C. Khattar]

Optical technique for measurement of Diameter is very useful due to its non-
contact nature and high speed. Because of non- contact, it can be used in on-line
measurement and contro. system. It also permits measurement of objects at high
temperature,of elastic or brittle materials with high accuracy.

The principle of working is that a laser beam of high directivity is reflected by a
mirror rotating at high speed and collimated by a lens to produce a parallel scanning
beam in the measuring plane and casts the shadow of the object being measured onto
the receiver. The time span of the shadow pulse is used to compute the diameter of the
object.

The work on the above idea was initiated in the last quarter of the year.
Mechanical design and drawing of the set-up was prepared and given to the workshop
for fabrication. The mechanical set-up consist of a stand for He-Ne Laser with level
adjusters, a block for the holding reflecting mirror used to reflect beam from source to
rotating mirror, a mount for low voltage DC motor and a mount for mirror attached to the
shaft of motor, convex lens assembly arrangement and holders for photodiodes. All
these mounts are installed on a single base platform. It has been fabricated and
received. The electronic circuitry has been designed, assembled and tested. The
interfacing of the circuitry with PC and the corresponding software program for
computation is under development.

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

The main activities of this group in the year 1994 include the development of
1J/100 psec Nd:glass laser, fluorescence life time measurements in laser dyes using
the second harmonic converted beam from the picosecond laser, diagnostics for shock
wave studies, laser micro drilling in targets and a number of theoretical problems
related to laser plasma interactions.

2.4.1 1J/100 psec Nd:qlass Laser
[L.J. Dhareshwar, N. Gopi, C.G. Murali]

The master oscillator and two amplifier stages A1 and A2 have been coupled
together with the newly designed and installed electronics control system, details of
which are given in section 2.5. The reliability of the Master Oscillator was improved by
redesigning the mode locking dye eel! mount. The pulse selection system v/as made to
operate reliably by eliminating the jitter in the opening of the electro-optic shutter. This
has made the reliability of the switched out single pulse better than 90%.
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It was observed that, on second pass, the output laser beam intensity profile
from Amplifier 1 (5mm dia, 75mm length, Nd:YAG) was elliptical in shape. This was
traced out to be due to the non-uniform pumping of the Nd:YAG rod by two flash lamps.
The pump cavity was redesigned to accommodate four flash lamps in a close coupled,
circular reflecting geometry. This has resulted in a uniform intensity profile as well as
an increased output of about 10mJ from this amplifier. However, the effective input to
Amplifier 2 was reduced to about 6 mj due to the reflective and transmission losses of
various optical components in the double pass configuration as shown in the Schematic
set up of Fig. 2.4.1.

The output beam polarization after the double passing in A1 is orthogonal \b the
output from the pulse selector. This would have lead to the upward rejection df the
double pass output beam from Amplifier 2. In order to avoid this, a half wave plate was
inserted between A1 and A2. Thus, the polarized output beam after A2 is restored to
the horizontal plane.

Amplifier 2 has been made operational in a double pass configuration, after
completing al! the necessary studies on the performance characteristics. The design of
the pumping geometry has already been discussed in the previous Annual Report. As a
first step, the graph of amplifier gain versus electrical input energy into the four flash
lamps was obtained by operating the amplifier rod as an oscillator. The threshold for
lasing action was determined for various output coupling. The single pass gain G was
determined using the relation - G 2 R 1 R 2 = 1 where R-j and R2 are the mirror
reflectivities. Fig. 2.4.2 shows the graph of electrical input energy into flash lamps
versus gain. A maximum slope efficiency and small signal gain of 0.4% and 7
respectively were measured as shown in the graph of Fig. 2.4.3.

The output of 6 mJ from Al was double passed through A2 and a maximum
output energy of 200 mJ was measured for an electrical input energy of 3.6 kJ into the
flash lamps of A2 and for an optimum delay of 400 j.is between A2 and oscillator pulse.
Thus, an output power of 2.5 GW in a 80 psec pulse duration has been recorded after
A2. The gain of A2 is found to be still within the pump limited operation. The energy
input to the amplifier unit is restricted by break down limit of the flash lamps, used for
pumping. It is observed that, intensity modulation on the spatial profile of the beam
after A2 necessitates the use of a spatial filter before passing through the next
amplifier, in order to prevent self focussing at this high laser intensity. A spatial filter
system has been designed and is under fabrication. Meanwhile, the next amplifier
stage A3 has been designed.

2.4.2 Fluorescence Lifetime Measurements in Laser Dyes

For the design of a high power dye oscillator-amplifier system it is essential to
know the photo physical parameters of the laser dye such as- the absorption- emission
cross section and the dye spontaneous emission life time. We have undertaken a
program to measure the life times of various laser dyes using the second harmonic of
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the 1.06 |.im pulse from the 1J/100 psec laser. The typical life times of the laser dyes
such as Rh6G are in the range of few nanoseconds. Measurements of such short life
times has been found to be easier and more accurate, using frequency doubled short
pulses of tens of picoseconds duration from modelocked Nd:YAG lasers. This method
has an advantage of recordinc the Fluorescence decay pulse in a single shot as
compared to the conventional fluoremeters using flash lamps, where data is collected
over a number of shots. A fraction of the output beam from the 1J/100 psec laser
system after frequency up conversion will be used for such studies. For preliminary
studies in a well known dye such as Rh6G where quantum yields are high, the IR
output after Amplifier 1 is upconverted to its second harmonic (0.53 pm) using a Type I
phase matched KDP Crystal. The residual 1.06 jam beam is cut off using a KG-3 filter
and the second harmonic pulse of about 1 mJ energy is focused into the Rh6G dye cell.
The Fluorescence is detected in an orthogonal direction using an FND 100 photodiode
of about rise time of about 1 nsec rise time and displayed on a 400 MHz storage
oscilloscope. The photograph of the typical Fluorescence decay pulse is shown in Fig.
2.4.4. The typical Fluorescence life time of the dye of a concentration of 10^M is
observed to be about 6 ns, and this value agrees with the reported results.

2.4.3 Experiments with SAND1A type Velocity Interferometer

The SANDIA type of velocity interferometer set up has been discussed earlier in
the previous annual report. After experimenting with laser-driven shocks imparted by a
30 J, 300 j.is free running Nd:glass laser, an attempt has been made to measure free
surface velocities produced by a Q-switched, Nd:glass of multinanosecond pulse
duration.

The Nd:glass laser used was a Q-switched oscillator giving a pulse of 10 ns
duration (FWHM) followed by five amplifier stages. The output energy was about 2.5 J.
The laser beam was focused by a f/5 lens of 50 cm focal length onto a 5 ^m thick
aluminium target placed in the near field of the lens, inside an evacuated chamber. The
laser irradiation spot on the target was about 200-300 |.im in diameter. The target foil
was mounted with epoxy onto an aluminium coated microslide. The aluminium coating
in contact with the rear side of one target foil served as the reflector for the probe beam
of the velocity interferometer. The typical fringe pattern obtained with a 5 urn target foil
thickness is shown in the Fig. 2.4.5. The velocity versus time graph as per the fringe
shift calculated from Fig. 2.4.4 is shown in Fig. 2.4.5. A peak free surface velocity of
600 meters/sec was observed in a time of 0.4 yis. This gives an acceleration of 1.5 x
1 0 ^ cm s'2. In comparison to our earlier results on thin foil hydrodynamics using
optical shadography technique, where a typical free surface velocity of about 1000 ms"
has been measured at an identical laser intensity, this lower value of velocity measured
is attributed due to the damping of the shock wave in the thin epoxy layer between the
target foil and the aluminized surface of the microslide.
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FIG.2.4.4 OSCILLOGRAM OF FLOURESCENCE OUTPUT
FROM RHODAMINE 6G DYE DETECTED BY
A FND-100 PHOTODIODE
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A ruggedized version of the SANDIA velocity interferometer is presently being
set up at the High Pressure Physics Division, at the Gas gun facility. A 1W, Argon laser
would be replacing the present low power He-Ne probe laser for the interferometer.

2.4.4 Laser Microdrilling

Work in this field was concentrated on obtaining minimum possible microholes
with maximum uniformity. For this a combination of 4 lenses giving effective focal
length of 25 mm was used to focus the Nd:YAG laser beam on to the targets. Using
suitable pin holes inside the cavity the laser was made to operate in the TEM00 mode.
Both Q-switched and free running shots were made on stainless steel target of 100 to
200 micron thickness, microhole sizes of 10 to 20 micron were obtained on these
targets with minimum taper. Since the laser beam size is not matched with lens
diameter the hole size could not be reduced further. An expanded and collimated beam
is expected to reduce the hole size further. Meanwhile, as per request made by M/s.
Ion Exchange India Ltd., attempt is being made to drill an array of 20 n diameter micro
holes on 25 mm dia -1 mm thick S.S. disks. Design work is also in progress to develop
a quasi CW, medium power Nd:YAG laser for material processing work.

2.4.5 Theoretical and Analytical Work

a. Analysis of observed spectral data on (3/2)co0 emission from laser plasma
[B.K.Sinha, G.P. Gupta]

The experimental result of the backscattered (3/2)w0 spectrum, observed in our
recent laser-plasma experiment, consists of blue as well as red wing near the threshold
laser intensity. This spectral feature has been observed earlier only in those
experiments where the pump laser intensity was much larger than the threshold one.
We have analyzed the possible mechanisms responsible for the observation of the blue
wing along with the red one in the backscattering direction. Analyses show that the
specular reflection of the amplified blue plasmons excited by the convective two
plasmon decay instability is the effective mechanism for the observed blue wing in the
spectrum. We have also compared the observed threshold with its theoretical estimate.

b. X-Ray Laser from Laser Plasma
[B.K.Sinha, G.P. Gupta]

We have accounted for the dielectronic recombination process, which is a very
significant process for highly charged ions in laser plasmas relevant to collisionally
pumped x-ray laser, in the plasma ionization balance in order to estimate precisely the
abundance of lasing ions and the average ionic charge, essential for estimating the x-
ray laser gain. The earlier gain calculations have been accordingly modified. The
impact of different ionization coefficients existing in the literature on the laser gain has
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been studied. The optimum electron temperature for the maximum gain with and
without dielectronic recombination has been evaluated for different laser plasmas.

c. Rarefaction Shocks In Laser Plasmas
[B.K.Sinha, G.P. Gupta]

The hydrodynamic equations describing the free expansion of hot laser plasmas,
considered to be non-collisional with two electron temperatures, are solved and the
characteristics of rarefaction shocks are investigated.

d. Optical Phase Conjugation Via Four-Wave Mixing In Laser-Plasmas
[B.K.Sinha, J. Lahiri]

Theoretical studies of optical phase conjugation via four-wave mixing in a two-
temperature laser produced carbon plasma are reported. The plasma is formed by
irradiating a carbon slab target with Nd:Glass laser operating at \0 = 1.06f. Starting
from Maxwell equations and using the theory of parametric decay instability, analytical
expressions of the phase conjugate reflectivity for a steady state probe have been
obtained. The variation of reflectivity as a function of frequency and angular mismatch
between the pump and probe waves has been considered. It is observed that the
reflectivity peaks occur under the situation of resonance when the frequency mismatch
equals the ion-acoustic frequency of the plasma. The detailed numerical results are
graphically reported and discussed.

e. Resonant Optical Phase Conjugation In Laser-Plasmas
[B.K.Sinha, J. Lahiri]

Theoretical investigations of optical phase conjugation in a laser produced
plasma are reported. We have considered a two-temperature carbon plasma formed by
irradiating a carbon slab target with high power Nd:Glass laser. Analytical expressions
for the phase conjugate reflectivity are derived, incorporating the effects of frequency
and angular mismatches between the probe and pump waves. Numerical studies have
been performed for the case when the frequency mismatch is in resonance with the ion-
acoustic frequency in the laser plasma, and the results graphically presented.

f. Quantum Optics And Lasers Without Inversion
[B.K.Sinha, J. Lahiri]

Interaction of laser light with four-level atoms has been studied. We used the
quantum mechanical density matrix formalism to treat various interesting problems in
the fields of Lasers Without Inversion, non-linear laser- spectroscopy and quantum
optics. The four-level configuration is a general one from which the special cases of
three-level systems follow. We have considered a four-level atom. The atom is under
double resonance with two electromagnetic fields i.e. lasers. The Master equation i.e.
the density matrix for the atom-laser Hamiltonian was set up and solved. For solving
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the system equation, we used the atomic matrix elements and relevant angular
momentum operations. Solution of the Hamiltonian gives us the eigen values and the
eigen functions of the atom-laser system. These equations were then used to study the
following.

Fluorescence Spectra
When the laser frequency is in resonance with atomic transition frequency,

fluorescence results. The spectra have been obtained under various general conditions
of atom-laser frequency detunings or mismatch. The fundamental fluorescence peak as
well as the Autler & Townes doublet have been obtained. Our numerical solutions of
the evolution of fluorescence spectra show that with the passage of time, the
fluorescence drops substantially. In other words, atoms cannot be excited to upper
states. This is the pehnomenon of Coherent Population Trapping. The evolution of
population with time has been studied by solving numerically the density matrix
equations. It is observed that with the passage of time, the populations in the upper
levels go to zero, while those in lower levels increase. This verifies our conclusions of
CPT in transient fluorescence spectra.

Absorption Spectra
We set up equations for absorption spectra and solved them numerically. We

found that under certain conditions of externally applied fields and detunings, the
spectra become negative. A negative absorption spectrum implies gain, and, hence
although there is no inversion in the system, it still shows gain. Thus, Lasing Without
Inversion is possible in our model.

Squeezing Spectrum
Squeezed light differs from classical light in the sense that the former has certain

quantum features which reduce the noise associated with classical light. Our four-level
model also generates squeezed light whose spectrum has been obtained graphically.
When an atom makes a transition from one level to another, the signature of this
transition is observed in the Intensity Correlation Functions. We have derived the
relevant equations for our model. Numerical solutions give a detailed picture of the
nature of quantum jumps occuring in our model.

g. Particle In Cell Plasma Simulation
[Kartik Patel]
Here we report the development of a parallel plasma simulation code on the

BARC parelle! computer BPPS. A model used to represent weakly coupled, low -
density plasmas, is the Particle - in Cell-model.The plasma is approximated by
substituting point charges with finite size particles. The particles move within a
simulation volume called the computational box. The computational box is discretised
into a spatial mesh. On the grid points the electromagnetic field variables are
computed. The electromagnetic fields are found by numerically solving the discretised
representation of the Maxwell equations. The particle position and velocities are
calculated by using the Lorentz equation.
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The computational procedure consists of the following sequential stages. Firstly,
the charge and current densities are deposited on the mesh points. Secondly, the
Maxwell field equations are solved to get the fields at the mesh points. Thirdly these
values are used to calculate the forces on the particles using the Lorentz force
equation. Fourthly.the Newton's equation of motion are solved to find the new particle
velocities and finally new velocities are used to update the particle positions. The
iterative execution of the above stages starting from a known initial configuration
results in a self-consistent evolution of the plasma. For the case of an electrostatic
plasma the Maxwell's equations reduce to the Poisson's equation.

There are two methods of decomposing the particles among the processors,
namely, the Eulerian method and the Lagrangian method. In the Eulerian method the
computational box is divided into regions assigned to each processor. The processors
are responsible for the calculations on those particles which enter their regions. If a
particle exits one region and enters the neighbouring region it is handed over to the
neighbouring processor via a local communication call. In the Lagrangian method the
particles are distributed into groups with equal number of particles in each group. Each
processor is responsible for doing all the particle related calculations for its own group.
Since these calculations involve the knowledge of the potential and charge densities,
the processors import their values as and when required. During the simulation the
requirement of the mesh quantities dynamically change, and they are communicated to
each processor during each time step.

To visualize the progress of the simulation a graphic output showing the particle
positions on an X-Windows terminal connected to the BPPS was used. This method
can be used to display any plasma parameter of interest during the simulation. The PIC
model for a two dimensional electrostatic plasma was implemented on the BPPS in C
language. The Lagrangian decomposition scheme was used for the particle
decomposition. Table 2.4.1 shows the speed- up obtained by running the program of
different number of processors. Only relative times are presented.

Table

Number of Processors
1
2
3
4

2.4.1

Speed-up Factor
1.00
1.57
1.87
1.89

The PIC model was a parallelized on an eight node transputer based parallel
computer. Table 2 shows the speedup obtained by running the program on 4,6 and 8
nodes. The transputers were linked to form a torous which was mapped onto the
computational box.
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Table 2
Number of Processors Speed-up Factor

1 1.00
4 3.16
6 4.60
8 6.30

It is evident from Table 1 that the maximum speed up is gained in going from 1
to 2 processors, and the gain thereafter is marginal.The explanation lies in the large
number of interprocessor communication calls required for the transfer of the mesh
related data at the end of each time - step. Increasing the number of processors also
increases the number of communication calls for the particle data required for the X-
Window display.

h Nonlinear Dynamics Of Lasers
[Binoy Krishna Goswami]
The period doubling bifurcation from the harmonic solution of the periodically

forced, single mode, two level laser model was studied analytically. Based on these
studies, the following predictions have been made, close to the period two subharmonic
resonance point (the driving frequency w is equal to twice the relaxation oscillation
frequency j of the laser), the period doubling will be supercritical in the high frequency
side ( w > 2j ). For w < 2j, the period doubling will be subcritical, the resulting saddle
period 2 will subsequently turn (saddle node bifurcation) to give birth to a stable period
two. These predictions are found to be in good agreement with various experimental
and theoretical observations.

From the numerical studies of these laser rate equations. Observation of some
new phenomena involving period tripling and period doubling have been reported. The
period tripling bifurcation results in period tripled saddle node bifurcation in the
neighborhood of the original period which remains stable. The period tripling is found to
be as generic as period doubling. The bifurcation structure involving the period tripling
and the period doubling exhibits a new self similarity.

2.5 MISCELLANEOUS PROGRAMS

2.5.1 Four Level Controller to Motorized-Variac for HVPC Power Source
[M.S.Bhattia And A.S.Dongare]

An often used control operation is locking of a parameter between two limits.
These limits define the range between which the systems response is zero and that is
why this zone goes by the name of dead band. Above the upper limit (and
correspondingly below the lower one), the system responds by way of correction which
is an attempt to reach a point within the dead-band where the system attains
equilibrium. A persistent corrective action of this type or hunting is however undesirable
as the system output visits all points within the dead-band. A compromise is often made
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between dead-band and response -time to ensure minimal hunting. In a motorized -
variac fed high - voltage system, the dead-band needs to be minimized to ensure least
uncertainty in the high voltage.

A dead-band of 1 volt can for example, result in an ambiguity of 1X volts, where
X is the transformation ratio of the transformer. A two-level control with relay actuation
of motor in the forward/backward is obviously inadequate if precision is desired. A four-
level controller that has improved characteristics - smaller dead-band with minimal
hunting was devised and used. In contrast to one level for sense as well as control
action initiation in any direction in a two-level control, this controller uses two levels -
one for sensing and the other for control action. The sense precedes the control action
and this separation imparts immunity against hunting. Use of this controller with
motorized-variac fed high-voltage system has made it possible to achieve the
theoretical limit in voltage resolution with this system.

2.5.2 Control system for 1J. 100 psec Nd:Glass Laser.
[B.S.Narayan, K.S.Birdi, I.H.Jagesia]

A master control unit for charging of energy storage units and discharging them
into flash lamps has been built and installed. Three energy storage units for oscillator,
Amplifier-1 and Amplifier-2 along with their respective control modules have been built,
installed and tested.

In the oscillator unit, one 100 nf capacitor can be charged to a maximum of 2.5
kV and then discharged into one 3" flash lamp. In amplifier-1, four 100 \xF capacitors
are charged to a maximum of 2.5 kV and then discharged into four 3" flash lamps
connected in series. In amplifier-2, a 400 j.iF capacitor is charged to a maximum of 4.5
kV and discharged into 4 lamps (with 2 lamps being connected in series). Series
triggering is used in all the stages for triggering the flash lamps. The block diagram of
the system is shown in Fig. 2.5.1. When the charge switch is pressed, all the units
which are in "on" condition charge to the voltages as set on the respective control
modules. When the trigger switch is pressed after all the unit have got charged, trigger
pulses are given to all the trigger circuits in the energy storage units with suitable
delays as set from the control module. These trigger circuits generate the necessary
high voltage pulses to trigger the flash lamps and discharge the capacitors through
them. At the end of firing any left over energy in the capacitors is dumped into resistive
loads.

2.6 PUBLICATIONS & PRESENTATIONS

2.6.1 Publications
High power high repetition rate CVL pumped dye laser

S.Singh, K.Dasgupta, Sasikumar, K.G.Manohar, L.G.Nairand U.K.Chatterjee
Optical Engineering 33 1894 (1994).
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High power CVL pumped dye lasers
LG.Nair
Laser News 5 No. 3, 24 (1994).

Gain saturation in single pass and double pass opticaiiy pumped laser amplifiers
Sucharita Sinha
Infrared Phys. Technol., 35, 645-653, (1994).

Effect of longitudinal flow velocity on the emission spectrum of C02 lasers
D.J.Biswas, J.Padma Nilaya, S.K.Sehgal and U.K.Chatterjee
J. Appld. Physics 76, 1340 (1994).

High repetition rate operation of a rotating dielectric spark gap
J.Padma Nilaya, D.J.Biswas, B.S.Narayan and U.K.Chatterjee
Rev. Sci. Instrum. 65, 3590 (1994).

Analytical studies on the period doubling bifurcations from harmonic solutions of
parameter modulated single mode two level laser
B.K.Goswami
Phys. Lett. A 190 (1994) pp. 279-284.

TEA-CO2 laser driven synthesis of 13CF3X (X=Br or Cl)
A.Batra, S.KSarkar and V Parthasarathy
J. Photochem. Photobiol. A: Chem 83,193 (1994)

High resolution FTIR spectral studies of 13CF3Br: the degenerate C-F stretch
A.Batra, R.D'Cunha, M.N.Deo, V.Parthasarathy and S.K.Sarkar
Spectrochim. Acta 51 A, 71 (1995).

Infrared diode laser probing of methane in excimer laser photolysis of pyruvic acid
S.K.Sarkar, J.P.Mittal and G.W.FIynn
Proc. Ind. Acad. Sci. (Chem. SCI.) 106,1307 (1994).

Clusters: The fifth state of matter
P.K. Chakraborti,
ISRAPS bulletin, Vol 5 No. 142 June, 1994.

Laser driven shock wave studies - A review of work done at L & P T Division
N.Gopi, R.C.Bapna, B.S.Narayan, C.G.Murali, L.J.Dhareshwarand
U.K.Chatterjee
Proceedings of the National Conference on High Pressure Science &
Technology, (1994).

Comments on 'Ion-acoustic parametric decay instability in laser-produced plasma
with varying ionic charge [Phys. Fluids B3, 1983 (1991)]'.
G.P. Gupta and B.K. Sinha
Phys. Fluids B5, 654(1993).

Threshold and amplification of convective two-plasmon decay instability in a
collisional laser plasma.
B.K. Sinha and G.P. Gupta
Plasma Phys. Cont. Fusion 35, 291 (1993).

Thresholds of convective and absolute two-plasmon decay instabilities in
collisional laser produced plasmas.
B.K. Sinha and G.P. Gupta
Proc. Saha Centenary Symp. On Plasma Sc. and Technol., Allahabad (1993).
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Resonant Optical Phase conjugation in Laser-Plasmas
J.Lahiri and B.K.Sinha
Optics. Commu. 113, 407-412 (1995).

High repetition rate operation of a rotating dielectric spark gap
J.Padma Nilaya, D.J. Biswas, B.S.Narayan and UKChattorjee
Review of Sci. Instruments, 65, 3590-91 (1994).

Spectroscopic and lasing characteristics of 7-N, N-Dillylamino(-3-aryl)-coumarin and
2-pyrazolines -a new class of potential laser dyes.
G.L. Reddy, C. Santhamma, G.S.P.B. Lakshmi, N. Dhanajaya, Y.L.N. Murthy,
A.S.R Anjaneyulu, V.KMago, A.K.Ray and B.Lai
Spectrochimica Acta 50A, 2311-2326 (1994).

A wave meter for measuring changes in wavelength of pulsed dye lasers
S.S.Thattey, A.S.Dongre, K.Dasgupta, S.R.More and LG.Nair
Rev.Sci.lnst. 65, 2470-74,1994.

Novel in-situ method for locating virtual source in high rate electron beam evaporation
M.S. Bhatia
Appl. Phys. Letters 65(2), 251-253, (1994).

2.6.2 Invited Talks
High power CVL pumped dye lasers

LG.Nair
National Laser Symposium, CAT, Indore Jan-Feb 1994.

Discovery of new self similarity involving period tripling & period doubling
B.K. Goswami
National Workshop on "Advanced in Quantum Optics" CAT, Indore (March *94).

Laser Principles and Applications (in Hindi)
Shailesh Kumar
Symposium on 'Contributions of BARC to High Technology', Bombay (1994).

Chemical and Biochemical Applications of Lasers and Accelerators
S.K.Sarkar
SERC school at Poona University, Pune, January 1994.

Radiation and photochemistry
V.Parthasarathy
UGC Refresher Course at University of Rajasthan, Jaipur, Aug.22-Sept.9,1994.

Molecular beams: Generation characterization and applications
P.N. Bajaj
SERC School held at Poona University, Pune Jan. 94.

Studies on molecular beams
P.N. Bajaj
Meeting of Young participants of South east Asian countries organised by
Japan Society of Photophysics, BARC, Bombay, December 1 2,1994.

Molecular clusters: generation, detection and photofragmentation
P.K. Chakraborti
Symposium on Spectra, Structure & Dynamics, IACS Calcutta, Nov. 28-30,1994.
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Computational techniques useful in solving partial differential equations
Kartik Patel
UGC Refresher course in physics, University of Jabalpur, Aug 16-Sept 4,1994

Advances in Photochemical Engineering
L.M. Gantayet
Symposium on 'Advances in Chemical Engineering in Nuclear and
Process Industries', Bombay, Jun 9-11,1994

2.6.3 Symposia Presentations
Optimization of the performance of a high power dye amplifier

S.Singh, K.Dasgupta, S.Kundu, Sasikumar, LG.Nairand U.K.Chatterjee
National Laser Symposium, CAT, Indore Jan-Feb 1994.

Effect of high input signal intensities on the amplifier efficiency
S.Singh, K.Dasgupta, S.Kundu, Sasikumar, LG.Nairand U.K.Chatterjee
National Laser Symposium, CAT, Indore Jan-Feb 1994.

Beam shaping for correcting the asymmetry of pulsed dye laser beams
J.C.Monga, S.Singh, Sasikumar and L.G.Nair
National Laser Symposium, CAT, Indore Jan-Feb 1994.

Spectral isolator for renewal of broadband ASE in pulsed dye laser beams
J.C.Monga, S.Singh, Sasikumar and L.G.Nair
National Laser Symposium, CAT, Indore Jan-Feb 1994.

A wavemeter for measuring changes in wavelengths of pulsed dye lasers
S.S.Thattey, A.S.Dongare, K.Dasgupta, S.R.Moreand LG.Nair
National Laser Symposium, CAT, Indore, Jan-Feb 1994.

Temporal compression of picosecond Nd:YLF laser pulses
S.Sinha and Prem Kumar
National Laser Symposium, CAT, Indore Jan-Feb 1994.

Effect of ESA in dye laser amplifiers: an useful approximation
K.Dasgupta, S.Kundu and L.G.Nair
National Laser Symposium, CAT, Indore Jan-Feb 1994.

A steady state model for a double sided transversely pumped dye laser amplifier
S.Kundu, K.Dasgupta and L.G Nair
National Laser Symposium, CAT, Indore Jan-Feb 1994.

Studies on the infrared and visible luminescence in the IRMPD of
2-bromo-2-chloro-1.1.1-trifluroethane(CF3CHBrCI)
KK.Pushpa, A.Kumar, R.K.Vatsa, KARao, V.Parthasarathy and S.K.Sarkar
Symposium on Radiation & photochemistry, Bombay, January 17-21, 1994.

Laser synthesis of 13CF3X (X=Br,CI)
A.Batra, S.K.Sarkar and V.Parthasarathy
National Laser Symposium, CAT, Indore, January 29-February 1,1994.

TEA-CO2 laser driven telomerization chemistry in conventional and
waveguide photo reactors
A.K.Nayak and S.K.Sarkar
XVth IUPAC symposium on photochemistry, Prague, July 17-22, 1994.
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Geared down stepper motor system for precision tuning control of
pulsed tunable dye laser
S.S. Thatey, B M. Suri, N. Vishnu Kumar and Vasdev
National Laser Symposium, CAT, Indore, Jan. 29-Feb.1,1994.

A CCD readout system for 'aser diagnostics
AS. Dongare, S.S. Yhatey and B.M. Suri
National Laser Symposium, CAT, Indore, Jan. 29-Feb.1,1994.

Effect of target non-uniformity on hydrodynamics of laser driven thin foil targets
L.J.Dhareshwar, N.Gopi
IAEA 15th International Conference on Plasma Physics and
Controlled Nuclear Fusion Research, Spain, Sep. 29-Oct. 1,1994.

Characteristics of rarefaction shocks in laser-produced high temperature fusion
plasmas and studies on hydrodynamics of laser-driven,
non-uniform thin foil targets
L.J.Dhareshwar, M.K.Srivastava, S.V.Lawande, G.P.Gupta,
N.Gopi and B.K.Sinha
IAEA 15th International Conference on Plasma Physics and
Controlled Nuclear Fusion Research, Spain, Sep. 29-Oct. 1,1994.

Two step photoioization of barium
VK Mago, A.K.Ray .P.T.Kathar and B.Lai
National laser Symposium, Indore, 1994

On obtaining the velocity spectrum of depositing species by
laser multiphoton ionization.
M.S.Bhatia, B.A.Dasannacharya and G.L.Sharma
National Laser Symposium Jan29-Feb, Indore, 1994.

Parallel particles-in-cell plasma simulation and visualization,
Kartik Patel
Seminar & workshop on Supercomputing for Scientific Purposes
Feb1994, BARC.

The Control Problem in the Laser Driven Photochemical Process
J. Mukherjee and L.M. Gantayet
Symposium on 'Advances in Control & Instrumentation1,
Bombay Mar. 18-20,199*.

High Fluence Laser Photochemical Reactor: Scale-up Considerations
L.M. Gantayet and S. Sethi
Symposium on 'Advances in Chemical Engineering in Nuclear and
Process Industries', Bombay, Jun 9-11,1994

2.6.4 Lectures
B.KGoswami delivered a series of lectures on 'Generalized Multistability1

at Dept. of Physics, Bharatidasan University Trichi in June 1994.
S.K.Sarkar, delivered 15 lectures on 'Chemical dynamics and rate processes' for

37 th Batch, Chemistry trainees, BARC Training School, 1994.
V.Parthasarathy, delivered 15 lectures on 'Chemical dynamics and rate processes'

for 37 th Batch, Chemistry trainees, BARC Training School, 1994.
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V.K.Mago delivered 15 lectures on 'Laser and its applications I1 to the Physics trainees,
BARC Training school, 1994

2.6.5 Professional Recognition
S.K.Sarkar
Secretary, Indian Society for Radiation and Photochemical Sciences (ISRAPS).
Convener, ISRAPS Scientific discussion, on Free radicals in medicine & Biology,
Radiation and Photochemistry in organized media, Ultrafast transient spectroscopy and
synchrotron Radiation & its Applications.
Convener for the course 'Chemical Dynamics and Rate Processes'

P.N. Bajaj
Member of the selection committee for the 38th batch (Chemistry discipline) of BARC
Training school.
Coordinator for the course "Chemical Instrumentation" for chemistry discipline.

G.K. Bhowmick
Member of the committee conducting written test for candidates of 38th batch
(chemistry discipline) of Training school. ,

L.M. Gantayet
Member, Expert Committee,. Government of Maharashtra to ascertain the cause of
industrial explosion in a starch factory on 24.3.94
Advisor, Second Environmental Safety Committee of Government of Maharashtra, in
assessing the safety of medium and large chemical plants in the state
Coconvener of the working group for drafting and modifying the syllabus of the Training
School Chemical Engineering Discipline
Chairman of a Selection Committee for the 38th batch of Chemical Engineering
trainees
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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 Kelvin and
charged particle number densities in the range of 1020 . IQ23 per m^. The broad
programme objectives of the section are centered around the following guide Iine9".

• 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

Thermal Plasma Section has built up in house technology for the development of
high power DC plasma jet devices (torches), working on stabilized and constricted arc
jets. This includes the development of high power plasma torches in transferred and
non transferred arc modes, plasma aerosol generator, arc spray systems and high
power plasma melters.

3.1.1. Plasma Melting Furnace
[P.S.S. Murthy, A.L.Bhide, M.M.V. Murthy, S.C. Gosavi, K.P. Kedare]

A plasma melting furnace for melting zircalloy scrap in argon atmosphere has
been designed, fabricated, installed and tested. The schematic diagram of the melting
furnace is shown in Fig. 3.1.1. i he melting furnace consists of a 400 mm dia and 1200
mm long stainless steel chamber with hinged doors on both ends and mounted
horizontally on supports. The plasma torch is mounted vertically at the middle of the
chamber. Two viewing ports inclined at 55° to the torch are provided for observation.
Inside the chamber a copper hearth of 1000 cc capacity is mounted on a carriage which
moves on rails. The speed of the carriage can be adjusted from 100 to 300 mm/min by
a motor. The chamber, plasma torch and the hearth are cooled with water. The torch
can be moved up and down pneumatically upto 100 mm for adjusting the desired flame
length. A magnet coil is provided to sweep the flame over the entire width of the hearth
from 0.5 to 2 cycles/min. The entire chamber can be evacuated 1 mbar or less with the
help of a 1500 LPM rotary vacuum pump.
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Fig. 3.1.1 Schematic diagram of plasma melting furnace
1. Melting chamber, 2. Plasma torch, 3. Crucible,
4. Driving mechanism



System Performance
The complete system is assembled and tested. An axial flow plasma torch of 50

kW capacity consisting of a water cooled copper nozzle and 2% thoriated tungsten
cathode is used. A transducer controlled DC power supply of 400 V. OCV and 400 A.
load current is connected between cathode and hearth. The pilot arc current is limited
to 50 A. with a series resistor. The movement of the torch and hearth, adjustment of
plasma gas and current are done from the control console. Initial trial runs were carried
out with mild steel scrap. Afterwards the chamber was thoroughly cleaned and zircalloy
scrap was loaded into the cold hearth. The chamber was evacuated upto 1 mbar and
purged with argon gas two to three times before energizing the plasma torch. An ingot
of 70x70x300 mm3 thick ingot was obtained after about 4-5 scrap loading and melting
operations. Complete melting of charge was achieved at the following parameters.
(Table 3.1.1)

Table 3.1.1: Plasma Melting Torch - Operating Parameters

Load Voltage
Load current
Plasma Gas
Arc Length
Hearth Movement
Plasma Sweep Rate
Chamber Pressure

100 V
300A
Argon
100 mm
100mm/min.
1 c/s
1 bar

3.1.2. Characterization of High Power Plasma Torches
[P.S.S. Murthy, A.K. Das, S.C. Gosavi, K.P. Kedare]

During last year, the high power torch and plasma characterization was carried
out upto 75 kW power level. The major objective during the current year was to scale
up the power level at which a single plasma torch is being operated to 150 kW.
Therefore the entire experimental set up was shifted to the 500 kW stand with SCR
regulated power supplies. Trial runs have been taken with power supply PS-2
connected to the system. The experimental runs indicated necessary modifications to
be carried out in the following areas which have since been completed.

• The vertical movement for the torch assembly using a pneumatic cylinder for
stand-off control was found inadequate and a motorized vertical lead screw
stand was installed which is capable of changing the torch axis and stand-off
upto 400 mm.

o Difficulties with the large radiation indicated that most of the operations have to
be remote and all controls had to be shifted to the control room.

• A water cooled radiation shield was installed around the plasma column.
• At high powers the copper bars forming the job simulator failed due to erosion

and the high heat flux. This problem has been tackled through magnetic sweep
fields and a rotating magnetic field (3 coils kept 120° apart with a 3 phase
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supply). This produces a rotating bell shaped plasma column with about 75 mm
dia on the simulator.

• Problems of primary current imbalance in power supply PS-2 affected arc
stability at high currents and standoffs. A more balanced power supply PS-1 is
now connected to the system.

With these modifications we have been able to raise the power level upto 110
kW in argon-nitrogen mixture at a standoff of 210 mm. Recently several trial runs at
140-150 kW have been carried out.

3.1.3 Aerosol Generator
[P.V. Ananthapadmanabhan, K.P. Sreekumar]

A dc plasma torch based aerosol generating system has been built for
Environmental Assessment Division. A schematic of the system is given in Fig. 3.1.2.
The system consists of a dc plasma torch mounted on to a double walled water cooled
horizontal plenum chamber made of stainless steel. The plenum chamber has a 300
mm dia main segment into which the generated aerosols are pumped. An air injector
ring is fitted at the torch end of the chamber to dilute the aerosols with compressed air.
After the main segment, there are three passage segments, each of 130 mm dia and
300 mm long, for the onward transport of aerosols. The passage segments have seven
sampling ports equispaced at 150 mm interval. The first sampling port is located 500
mm away from the torch nozzle. Thermocouple ports are also provided adjacent to
these sampling ports to record temperature.

Aerosols of aluminium and iron have been generated by feeding the respective
metal powder, 20-40 micron in size, into the plasma jet by means of a volumetric
powder feeder using argon as carrier gas. The powder melts and evaporates and the
vaporized species are conveyed into the plenum chamber where they condense as
aerosois and are transported further. The aluminium aerosols have been characterized
for their size distribution by using an eight stage Anderson impactor. A typical particle
size distribution is shown in Fig. 3.1.3. The distribution shows a mode at the interval
0.4-0.7 micron. Its also seen th^t about 65% of the total concentration is due to
particles less than 1.1 micron, indicating significant evaporation of the metal powder in
the plasma. The system can be used to generate aerosols of a wide range of materials
like metals, alloys, ceramics and polymers.

3.1.4 Single wire arc-plasma spray system
[D.P. Chakravarthy, M.S. Madanmohan, T.N. Nathaniel,
D.N. Barve, D.P. Chopade]

The development and testing of the single wire arc-plasma spray system
described in 1993 Annual Report (BARC/1994/P/004) was continued along with
deposition of various metals like aluminium, copper, molybdenum, stainless steel AISI
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Fig.3.1.2 Schematic Diagram of Aerosol Generating Plasma Torch System
1. Power supply, 2. Control console, 3. Powder feeder, 4. Plasma torch, 5. Plenum chamber, 6. Sampling duct,
7 Sampling ports, 8. Water circulator, 9. Gas supply, 10. Supply lines, 11. Airflow meters, 12. Sampling instruments.
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FIG.3.1.3 SIZE DISTRIBUTION OF ALUMINIUM AEROSOLS
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31S, zircalloy and nickel on different substrates. The sprayed samples were tested for
adhesion as well as the micro-structure studied using SEM (For details, see Sec. 3.3).

The transductor controlled power supplies were replaced with two series
connected thyristor controlled DC power supplies (TH 401 .CC) having better regulation
with an open circuit voltage of 100 volts and smooth current control from 10 to 300
amps. The problem of back deposition on the anode wall during spraying operation has
been studied by varying the input power and flow rates of pilot and shield gases. The
transferred arc current density at the anode wire tip is about 10? amps/m^ (measured
burnout stand-off distance of the 1.6 mm dia. wire from the torch axis is 3 mm for 50
amps) which results in a strong anode jet dominated mode of operation and
consequently a back spray on the nozzle. It is found that with larger currents (50-100
amps) and high plasma gas flow rates (80-100 SLPM argon) the deposition can be
reduced drastically. The vortex flow and the axial flow methods for the plasma gas have
been used. The gas orifice dimensions, electrode gaps, wire surface, feed speed and
alignment are extremely critical for consistent torch performance. Generally nitrogen or
compressed air is used as the shield gas. Argon has been tried to get a better quality,
oxide-free coating especially with zircalloy. It is found that with argon as the shield gas
the arc is erratic tending to jump to the wire feed plate even without wire feed and
hence needs further optimization in operating parameters.

3.1.5 Controlled Environment Plasma Spray System
(A.V. Bapat, N. Venkatramani, DP. Chakravarthy, R.S. Haval, C.S. Tulapurkar,
P.V. Ananthapadmanabhan, K.P. Sreekumar)

Plasma spraying under controlled atmosphere has certain specific advantages
over the conventional atmospheric plasma spraying (APS). The quality of the coating in
the former case, with respect to purity, physical and mechanical properties is superior
to that produced by APS. In particular, vacuum plasma spraying (VPS) is ideally suited
for plasma spraying of metals, alloys and non-oxide ceramic materials. Under the 8th
plan a scheme was proposed to set up a 80 kW controlled environment plasma spray
system (CEPSS). A schematic of the CEPSS is shown in the Fig. 3.1.4. The facility
would be used to develop p! .sma sprayed coatings of refractory borides, nickel,
aluminium alloys and their derivatives and also composite coatings for various
applications. The system is expected to be commissioned in September 1995.

During 1994, the fabrication of the CEPSS system components was stage
inspected. The procedures followed were as per the ASME code. The vacuum system
was integrated and tested at the fabricator's works. After clearing the hydraulic test and
mass spectrometric leak detection check for vacuum, the system was subjected to
performance testing during the first week of January, 1995. Typical results of the
performance test are given in Table 3.1.2 and Table 3.1.3.
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Fig. 3.1.4. Schematic of CEPSS System.
1. Vacuum chamber, 2. Plasma torch, 3. Torch handling System, 4. Job handling system, 5. Heat exchanger,
6. Cyclone, 7. Filter assembly, 8. Roots blower, 9. Rotary vacuum pump, 10. Controls and connections for water
cooled power cable, plasma gas inlet, powder inlet, torch movement controls, thermocouples., 11. Powder feeder,
12. Controls and connections for job movement, job pre heat thermocouples, pressure sensors, 13. Powder feeder

controls, 14. Control console for the complete system, 15. Primary gas, 16. Secondary gas, 17. Powder carrier gas
18. Water tank, 19. Pump, 20. Power Supply, 21.Computer, 22. Controls and connections for Cyclone, Filter assembly,
Heat exchanger, Vacuum pump, Exhaust assembly.



Table 3.1.2: Pump-down Characteristics of the System
(System specifications: 10 mtorr within 15 min)

Time in min
Chamber pressure in mtorr

0
Atm

5
40

10
20

15
16

20
12

25
10

Table 3.1.3: Control of Chamber Pressure for Regulated Leak Rates
(System specification : +/- 5% of set pressure or +/- 2 Torr)

Set Vacuum
Torr
20

40

70

Min
Max
Min
Max
Min
Max

Leak Rate
30LPM

20
22
34
45
62
80

Leak Rate
57LPM

17
21
34
45
66
79

As can be seen from the tables, the results were not as per the design
specifications. The reasons for this deviations were discussed in detail and suitable
changes in the system have been incorporated. The system is expected to be cleared
in March 95 after satisfactory test results at the vendors shop. The site preparation
work at the PRIP shed is nearly ready. The cooling water piping for this system has
been taken up and expected to be ready by end of April 1995.

The plasma gas (Ar, N2, H2) and cooling water control flow loops for the 100 kW
CEPSS plasma torch are being fabricated. Various plasma torch process control
instrumentation such as mass flow controllers, rotameters, flow switches, solenoid
valves, pressure transmitters have been procured. A dedicated control console is being
developed for independent control of the plasma torch input parameters such as
electrical power, pressure, flow, temperatures, chamber vacuum pressure along with
interlocks. Also on line data acquisition and controls are being developed using IBM
PC 80486 and interface cards. A data acquisition and control software module is being
developed on the PC using Borland C++3.1 under MS windows 3.1.

3.1.6 Miscellaneous Works
[P.S.S. Murthy, A.L. Bhide, S.C. Gosavi, K.P. Kedare]

Some of the major maintenance and fabrication work orders which have been
completed / or in progress include the following:

• Existing cooling tower with wooden slats is replaced by a FRP cooling tower.
• VCB of 500 kW power supply -2 is replaced
• Plasma welding torch was designed and given for fabrication
• A lead-screw torch mount mechanism has been given for fabrication.

65



3.2 ANALYTICAL STUDIES

The design and development of plasma based devices need comprehensive
computer codes for determining and characterizing the basic plasma properties,
plasma flows, interaction of plasma with other systems etc. The significant work carried
out so far include theoretical calculation of various thermophysical properties of
complex, multicomponent/multiphase plasma systems upto 25,000 K, plasma flow and
heat transfer codes, energy balance analysis and correlations relating input conditions
for plasma torches, and studies on arc stability and characteristics.

3.2.1 Thermal Plasma Modeling and Computation
[A.K. Das, A. Paingankar]
Work has been initiated for solving the conservation equations for dc arc

columns and plasma jets. As a first step, the energy equation for a cylindrical
axisymmetric arc in a plasma torch has been taken up. When the radial convective
enthalpy flow to the walls are neglected, the energy equation gets decoupled from the
other conservation equations and is easily solvable. This Ellenbaas - Heller equation
for a fully developed flow is a nonlinear second order ordinary differential equation
which predicts the radial temperature profile as well as the V-l characteristic and the
wall heat fluxes. A finite difference code in "C" language has been written for the heat
conduction potential and is being run. The plasma material properties have been put
into the code in the form of cubic polynomials.

3.2.2 Parallelisation of the Plasma Property Code
[A.K. Das]
The thermophysical property code developed earlier in FORTRAN predicts the

plasma properties as functions of system operating parameters. For a single working
medium spanning the entire spectrum of operating regime meant 4-5 hours at ND/DEC-
10 main frame systems. The development and availability of the BARC parallel
processing system ANUPAM, opened the scope of paralleling this code. The code was
in four fragments due to high run time problems. As an undergraduate project, the main
code was converted to "C" language for better memory management and streamlined
logic flow. The code operated in DOS and UNIX operating systems and then run on the
PSIM the parallel simulator developed by computer division BARC. The main code is
now ready to run on ANUPAM.

3.2.3 Miscellaneous Jobs
[A.K. Das, S. Naik, M.S. Vengurlekar]
The book collection at the divisional library has been put on DBASE format in a

PC. A menu oriented dbase program is being written for interfacing the library with the
users as well as book keeping.
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3.3 PLASMA DIAGNOSTICS & INSTRUMENTATION

Plasma diagnostic and instrumentation group has been responsible for the
development of a range of plasma diagnostic instruments and also control and
measuring instruments for the plasma associated hardware. The group has also been
catering to the specialized requirements of other sections.

3.3.1 Ion Beam Studies

The Ion beam generation from rf produced plasma is being investigated to
extract broad beams of Ar+ and H+ using multi-aperture extraction concept. Using the
three electrode configuration for extraction-acceleration, it is possible to transport 90%
extracted beam current beyond the acceleration electrode to the target. A voltage ratio
of 0.6 (extraction voltage/acceleration voltage) is used to transport the beam. With the
same set-up and with 35 numbers of 2 mm apertures in all the three electrodes, H+ ion
beam currents upto 1.2 mA and Ar+ upto 350 nA were extracted. Using the voltage
ratio (extraction_voltage/acceleration_votage) of 0.6 only 20% of the extracted beam is
able to transport to the collector. This decrease in transmission efficiency is mostly due
to the misalignment of the successive apertures on the three electrodes. This is an
alignment problem, as during earlier experiments, with smaller number (4) of apertures
on two electrodes, 90% extracted beam has been transported to collector. Fig. 3.3.1
gives the characteristics of the extracted beam current with respect to voltages to
respective electrodes.

The measurement of ion density nj and electron temperature Te was carried out
on the rf ion source plasma for varying rf powers to plasma and ion source gas
pressures. The rf source frequency remained constant at 7 MHz (nom.). Fig. 3.3.2
gives typical experimental results. The Ar+ and H+ ion beams from 5 mm aperture with
three electrode configuration is diagnosed for beam divergence using the novel idea of
using extra collectors of variable aperture at the transport section.

A subroutine is developed to find out the initial plasma emissive surface position
and particle divergence from the plasma ion sheath. This subroutine is incorporated in
to the computer programme developed earlier for finding out the trajectories of the
particles in the ion beam.

3.3.2 Plasma Diagnostics

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

Plasma temperature and electron density of plasma spray torch can be
determined using atomic Boltzmann plot method and measurement of stark broadening.
Block diagram of the experimental set up appears in Fig 3.3.3. The experimental runs
have been taken for recording Ar-I spectrum in the wavelength region 400 to 451 nm.
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Silt width 0.15x0.15mm

\ • '

Fig. 3.3.3. Experimental set up for measuring plasma temperature in a sparay torch
1. Plasma torch, 2. Flame, 3. Aperture, 4. Lens, 5. lm-Monochromator
6. Photomultiplier tube, 7. X-t Recorder, 8. Pico Ammeter, 9.ADC
and Data acquisition card, 10. PC/AT
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along central axis of plasma spray torch. Starting from the nozzle exit point, the spectra
at nine axial points were taken. A pair of lenses and a square slit of 0.150 mm x 0.150
mm size was used for collecting the light emission from a well defined zone in the flame
of the spray torch. The experimental data have been obtained by operating plasma
torch at 5 kW and 10 kW power levels. The flow rate of argon was kept at 25 LPM. A
small amount of hydrogen (1:50 cc/min.) was introduced along with argon to study the
stark broadening of Hp line. The Hp (486.1 nm) and Ar-I (430 nm) line broadening has
been recorded at slow speed of monochromator. Broadening of Hp line at different axial
point varies from 3.6 nm to 1.25 nm and that of Ar-I line (430 nm) varies from 0.26 nm
to 0.125 nm. Fig. 3.3.4 shows the stark broadened Hp and Ar-I 430 nm lines.

The modified software developed for computerized temperature measurement
system with the help of engineering trainees has been tested under actual experimental
conditions. The software has successfully recorded the spectrum, and calculation of
temperature using these recorded spectrum data has been done. An experimental run
for recording the spectrum simultaneously by chart recorder and the PC has also been
taken. A spectrum recorded by the PC is shown in Fig. 3.3.5.

Laser Doppler Anemometry

Few trial runs for making LDA measurements with new software and PC/AT were
taken. It was observed that the PC/AT generates a lot of EMI which makes data
collection impossible. To solve this problem, a transistor pre-amplifier was designed
and fabricated. This pre-amplifier is kept very near to the photomultiplier increasing
thereby the S/N. As a result, we can now collect a relatively noise-free signal. This
system is now shifted to make velocity measurements in the spray torch.

Probe Diagnostics
[N.K. Joshi]

The spectroscopic and Langmuir probe characteristics of DC/RF glow discharge
has been studied and etectron temperatures measured independently by both methods.
In the pressure range 0.2 - 0.002 mbar used in these experiments, Te increases with an
increase in DC current and RF power and also with reduction in pressure (Te « I/P).
The experimental work was conducted jointly at the Department of Physics, Bombay
University.

3.3.3 Particle Diagnostics
[D.N. Barve, N.K. Joshi, S.N. Sahasrabudhe]

A new method of simultaneous measurement of velocity and particle size of the
self illuminated particles coming out of spray torch is proposed. The method is based
on direct measurement of light emission from a hot particle and the analysis, in the time
domain, of the waveform of the light burst generated as u crosses an observation
window of known dimensions in the plasma (Ref.) Basic principle is shown in Fig.3.3.6.
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Fig. 3.3.4 Stark broadened spectral lines
(a) Hp line, (b) Ar-I line
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Fig. 3.3.5. Typical spectrum data acquired by PC\AT
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Slit width 0.15x0.15mm
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Fig 3.3.6 (a) Particle crossing window, (b) Ideal signal waveform
(c) Particle diagnostics set up

1. Plasma torch, 2. Bright zone of the hot flame, 3. Hot particle
4. Aperture, S. Lens, 6. lm-Monochromator, 7. Photomultiplier
tube, 8. Preamplifier, 9. Digital storage oscilloscope
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Fig.3.3.6.a shows a rectangular observation slit of height H and width W, through which
a particle traverses as shown. Corresponding light signal is shown in Fig. 3.3.6.b. The
signal is of trapezoidal shape. Velocity of the particle can be calculated by knowing the
passage time and its diameter can be calculated by knowing the rise time of the signal.

H
T

Vp = - Dp = Vp Tr

where, Vp is velocity of the particle, Dp is diameter of the particle and Tr is the rise time
of the signal.

Experimental arrangement is shown in Fig. 3.3.6.C Since the signal waveform
obtained from the particle has a rise time of the order of 1 microsecond and width
varying from 5 to 50 microseconds (depending on the velocity), the pre-amplifier should
be very fast (with a rise time < 100 ns). Signal current available from the photomultiplier
could be as low as 100 nA. It is difficult to meet both of these requirements i.e. large
band width and low signal current. Here, we have chosen AD 843 as a pre-amplifier in
a current to voltage converter mode with a current gain of 50,000. The second stage of
the amplifier is AD 845 OP-AMP with a voltage gain of 10. The pre-amplifier circuit
schematic is shown in Fig. 3.3.7. A NICOLET digital oscilloscope (max. sampling rate
10 MHz) is used for storing the waveforms on a floppy diskette.

This method is especially suitable for particles in the range 10-100 microns
diameter and having velocities up to few hundred meters/sec. Therefore, it can be a
very good alternative for velocity and size measurement of particles used for plasma
spray.

Preliminary experiments with this set up were conducted to identify, isolate and
record the correct signal. The results were encouraging. Signal from several hot
particles passing through the observation window is well recorded. One of signal
waveforms recorded, appears in Fig. 3.3.8. It was estimated that the velocity of the
particles was in the range 50 m/s to 250 m/s and size was in the range 40 to 100
micron (diameter). Copper panicles were used for the experiment. It is also observed
that power and correspondingly luminosity of the plasma jet fluctuates periodically (at
approximately 150 Hz) due to fluctuating electrical power input to the torch.
Correspondingly, the particles introduced into the jet also become less or more hot. Fig.
3.3.9 clearly shows that the signal from particles (seen as dots scattered in the lower
portion of the waveform) is received only when the luminosity of plasma is high
(indicated by the noisy region in the waveform) and there is no particle signal when
luminosity of plasma is low. This observation may be very significant for a dc plasma
spray torch. More experimentation is being done to study this aspect in detail.

The experimental set up is being improved. The optical arrangement is being
modified to define the observation window in a better manner. A laser beam will be

75



V
STAGE 1

CURRENT GAIN
•F

50,000

STAGE 2
VOLTAGE GAIN

OF
10

O/P

ANODE
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used to identify a particle entering the observation window and to trigger the digital
oscilloscope to record the signal coming from it.

3.3.4 R.F. Power Amplifier for Capacitivelv Coupled Discharges
[DP. Chakravarthy, M.S. Madanmohan, D.P. Chopde]

Modular, sealed-off, low power (less than 200 watts) CO2 lasers based on
capacitively coupled rf discharges (CCRF) are becoming increasingly popular for light
industrial processing tasks. The major advantages of RF over DC discharges are low
voltage of operation, pulsing facility, long gas life and instant start-up. The single most
complex item of the CCRF based laser system is the RF power supply. Work has been
done on improving the reliable functioning and remote operation of the solid state 50
watts RF modules, power combiner using broad band transformers and raising of the rf
power to 1 kW level using RS 1002A valve (BEL-400 equivalent)

The low power 50 watts solid state RF power amplifier modules have been
powered with compact remote controlled switching mode power supplies and tested
reliably after circuit modifications. A RF power combiner useful for solid state modules
and based on broad band RF transformers with coaxial cable for the transmission line
winding has been fabricated and successfully tested at 100 watts level. A 1 kW, 28
MHz RF power supply using Siemens RS1002A valve as shown in the Fig. 3.3.10 has
been designed, fabricated and assembled. The main components are the high voltage
power supplies, interfacing and tuning circuitry, interlocks, controls and display of
electrical parameters. The low power driver circuitry is described in the previous report
(BARC/1994/P/004). The 1 kW RF power amplifier is in testing stage with a 50 ohms
coaxial load. The above amplifier will also be used to drive larger power amplifiers
based on RF power triode (TBW7/8000, Philips) to give about 5 kW output for CCRF
discharges.

3.3.5 Instrumentation

High Temperature Isostatic Press Controls
[D.N. Barve, M.M.V. Muithy]

The high temperature isostatic press is used for sintering samples at a very high
applied pressure. The HIP 2000 press can apply pressure upto 2000 bars at a
maximum temperature of 2000° C in an inert atmosphere. The control system of the
HIP is shown schematically in Fig. 3.3.11.

From the front panel reset type switches , all main components of the HIP such
as the high pressure compressor, furnace heater, vacuum pump, inert gas solenoid
valve and other valves etc. are actuated through the programmed relay controller in the
HIP control system along with necessary interlocks for safety. This controller was found
to be faulty disabling the operation of the press. To make the HIP operational, a new
relay controller has been developed . The basic toggling action is achieved using TTL
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logic circuits. Optocouplers are used for low level/high level signal isolation and for
noise immunity. Since heavy duty motors are used for compressors and pumps in the
system, electromagnetic interference was observed on the mains supply lines during
switching. These disturbances were found to affect the TTL logic power supply (5 V
d.c.) resulting in the malfunctioning of the logic circuit. To overcome this problem metal
oxide varistors were used across the coils and switch contacts in the system to
suppress EMI generation during switching, line filter and isolation transformer were
used for logic circuit power supply resulting in trouble free operation. Individual sub
systems of the HIP have been tested and now work is in progress to test the overall
integrated system of the HIP with the new logic control circuit.

PC Interface to Laser Doppler Anemometry System
[R.S. Haval, S.N. Sahasrabudhe]

An IBM compatible Personal Computer (80486 DX2 - 66 MHz) is interfaced to
Laser Doppler Anemometry (LDA) system, replacing the now obsolete PDP-11/03
minicomputer. LDA system utilizes the laser Doppler shift principle for computing the
fluid velocity and velocity profiles in the study and analysis of fluid flow conditions. The
principal objective here was to replace the 8 bit PDP-11/03 machine which featured just
54 kB system memory, without hard disk and graphics facilities, by a much faster 80486
based IBM PC (16 MB system memory, 540 MB hard disk) providing full featured
graphics interface for compatibility with MS Windows 3.1 environment. Fig. 3.3.12
shows the block diagram of the LDA system interface.

The host IBM PC interfaces with the LDA system over the parallel ports (8255
based Programmable Peripheral Interface, PCL 225 card from DMS) to control the LDA
system. The PC also controls the Traversing Mechanism (TM) of the LDA system
through the parallel ports. The TM is used to move the measuring point to different
locations and hence compute the velocity profile. Software is developed in Borland C++
ver 3.1 to control, acquire and process the data and runs on IBM compatible PC's
under MS Windows 3.1 environment. This Windows based Graphical User Interface
(GUI) provides a complete solution for the control of the entire LDA system including
the TM. The features of this GUi include configuration of system parameters using
dialog boxes, acquisition of data in profile and non-profile modes, automatic (i.e.,
transparent to the user) stepping of the TM in a single dimension & subsequent
acquisition of data at those locations, display of velocity and histogram of the data in
different windows for simultaneous viewing and comparison, permanent storage of data
onto the disks (hard disk or floppy disks). Work is underway to develop software to
display the velocity profiles and on-line status of the TM and data acquisition in
graphics.

3.4 PLASMA PROCESSING OF MATERIALS

Plasma processing activity of the Thermal Plasma section has a major thrust in
the development and processing of new materials by plasma techniques. The current
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activities include reactive spraying, low pressure spraying, special coatings for various
groups of DAE and plasma processing of materials. Recently, work has been initiated
in the areas of microwave processing of materials. A system is being set up for low
pressure microwave plasma generation.

3.4.1 Plasma Synthesis anci Reactive Spraying

Nickel Aluminide
[P.V. Ananthapadmanabhan, K.P. Sreekumar, R. Sethuraman]

Nickel Aluminium alloys find extensive use in high temperature structural and
aerospace applications. Nickel aluminide and its derivative alloys are used in thermal
spray applications, where they are used as bond coat in duplex and multilayer coating
systems. The formation of the intermetallic compound leads to metallurgical bonding
due to the high exothermicity of the formation reaction. The 40 kW atmospheric plasma
spray torch facility has been used to spray synthesize and spherodize nickel aluminide.

The synthesized powder as well as the spray formed coatings have been
characterized by x-ray diffraction, scanning electron microscopy and differential thermal
analysis. Results of differential thermal analysis(DTA) of the processed powder show
that the flight distance strongly affects the phase composition of the powder. DTA of
powder air-quenched through a distance of 650 mm did not show the characteristic
exothermic peak, indicating completion of alloy formation. This was confirmed by x-ray
diffraction, which showed a single homogeneous phase corresponding to N13AI.
However, DTA of powder air-quenched through a distance of 170 mm showed a distinct
exothermic reaction around 550° C, as evident from Fig. 3.4.1 indicating that the
residence time was not adequate to complete the formation reaction. The morphology
of the powder is shown in Fig. 3.4.2.a and 3.4.2.b, which are the SEM images of nickel
aluminide collected in air and water respectively. Powder quenched in water, however,
had appreciable amount of oxide phases. The excellent flow characteristics and high
tap density of the powder make it ideal for plasma spray applications.

Plasma Sprayed Bioceramic Coatings
[D.S. Patil, K.P. Sreekumar]

Surgical implants to repair or augment parts of the skeleton (bone, teeth, joints)
can be produced from a number of materials. Osseous tissues contain both calcium
phosphate ceramics (hydroxy apatite) and a protein called collagen. Hydroxyl apatite
(HA) found in osseous tissue has its structure modified by monovalent and divalent
ions such as Na+, K+, Mg++, CO3", and other ions. The obvious choice for repairing
or replacing the supporting structure of the body will be a calcium phosphate ceramic.
We have earlier optimized the parameters of the process for plasma spraying of HA on
titanium metal substrate in the form of coating. The quality of the coatings in terms of
retention of HA in the coatings after plasma spray operation is extremely good. This is
shown in Fig. 3.4.3. The goal was to be able to reproducibly apply bioactive HA coating
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Fig 3.4.2a Particle morphology of plasma processed Ni-AI powder.X 200

Fig 3.4.2b Particle morphology of plasma processed
Ni-AI powder collected in water X 200.

86



c
0>

Powder HA5

Coated specimen

Fig. 3.4.3: X-ray diffraction pattern of powder HA5 and coated
specimen.

87



on metallic substrate for applications such as tooth replacement and joint replacement
(hip, finger, knee) which are subjected to heavy load. Several actual implants made of
titanium with the hydroxy apatite powder. These implants will be send for animal
studies.

Chemical Vapour Deposition of Diamonds by LPPS
[D.S. Patil, K. Ramachandran, A.L Bhide]

Low pressure plasma spray process looks promising for producing diamond
coatings. In using 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 almost all hydrogen
molecules dissociates to provide atomic hydrogen which is required for the efficient
elimination of graphite codeposition and also sufficient supply of active carbon species
necessary for diamond formation is created. High growth rates have been reported
earlier by conceptually similar processes. 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 are maintained at around 900-950 C. The deposited films are
characterized by Scanning Electron Microscope (SEM). The SEM picture of the
deposited film on silicon is shown in Fig. 3.4.4. Nearly continuous film deposition is
obtained on the area of around 8-10 mm diameter. The x-ray diffraction pattern of the
film is shown in Fig. 3.4.5. and indicates graphite free diamond deposition on the
substrate, which is further confirmed by Raman spectroscopy. Further efforts will be
concentrated in improving torch design, and in getting deposition on larger area and at
a higher growth rate.

Diamond-like-carbon Coatings by Arc-ion Plating Process
[D. S. Patil and K. Ramachandran]

The facility for deposition of diamond like carbon (DLC) films by Arc Ion Plating
process is set up in our laboratory. Using this facility we have deposited DLC films on
glass, quartz, Copper and stainless steel substrates. The films are analyzed by Fourier
Transform Infra-Red (FTIR) spectroscopy and Raman spectroscopy, which confirm the
deposition of DLC on the substrates. Efforts will be concentrated in getting the
uniformity of deposition and higher growth rate.

3.4.2 Plasma and Arc Spray Deposition

Adhesion Strength of Plasma Sprayed Coatings
[P.V.. Ananthapadmanabhan, K.P. Sreekumar, R. Sethuraman]

Adhesion strength of plasma sprayed alumina coatings on stainless steel
substrates have been measured by tensile adhesion test according to ASTM C-633. A
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fractional factorial test scheme involving the major process variables such as input
power, gas flow rate, powder feed rate, surface roughness, etc. has been used to study
the effect of coating adhesion on process variables. Coating adhesion strength varied
from 77 kg/cm2 to 242 kg/cm^ Details of the test results are given in Table 3.4.1.
Based on the analysis of te^t results, optimized spray conditions for plasma spraying of
alumina have been determined.

Table 3.4.1
Fractional Factorial Test Results for Adhesion Strength

Sample
No

1
2
3
4

5
6
7
8

Input
po\scv
(kW)
16 20
0)20
0> 20
0)20
0)20
<-) 16
(-) 16
(-) 16
(-) 16

Plasma
gas

(LPM)
22 32
(fp2
(+)32
(-)22
(-)22
(+) 32
(+) 32
(-)22
(-)22

T.n D.

(nun)
75 150

' (+) 150
(-)75

(+) 150
(-) 75

(+) 150
<->75

(+) 150
(-) 75

Substrate: Stainless steel
Gas. Ar
Powder

+ N2

: AI2O3

Spray
angle

45" 90°
(+) 90"
(•»•) 90°
(-)45°
<-)45°
(-)45°
(-)45°
(+) 90°
(+) 90"

Carrricr
gas

(LPM)
12 20
( 1 ) 2 0

(-)12
O)20
(-)12
(-)12
(+) 20
<-)12
0 ) 20

Feed rate

(g/min)
15 40

(+) 40
(-) 15
(-)15
(+.) 40
<+') 40
(-)15
(-)15
(f) 40

Surface

3.8 5.8
O) 5.8
(-) 3.8
(-) 3.8
(+) 5.8
(-) 3.8
(+) 5.8
(+) 5.8
(-) 3.8

Adhesion

kg/cm

77.30
122.75
241.90
98.70
106.60
120.10
109.60
98.70

Rating

3.2
5.1
10.0
4.1
4.4
5.0
4.5
4.1

Plasma Spraying of Miscellaneous Jobs
[K.P. Sreekumar, P.V. Ananthapadmanabhan]

The 40 kW plasma spray facility is being extensively used to provide corrosion
resistant, thermal barrier and special purpose coatings for a variety of applications.
Among the major service coatings developed are listed below:

• Plasma sprayed alumirj coatings on MS split molds and SS mandrels for
nuclear applications.

• Chromium-nickel-aluminium coatings to provide oxidation resistance on MS
substrates were developed for NT Bombay. Results of investigations at IIT
Bombay shows that there is substantial improvement in oxidation resistance.

o High Voltage electrical insulation coatings on different sizes of SEPTUM coils
used in ultra high vacuum environment of Synchrotron Radiation Source.

• Special purpose molybdenum coatings on copper for use in high vacuum X-ray
devices were provided for CAT Indore.

o Test facility and consultancy is being offered to companies in the- corporate
sector to process spray quality ceramic powders. This involves evaluation of the
powders by experimental spray runs and offering suggestions to modify the
powder by suitable conditioning.

91



Arc-sprayed Coatings of Stainless Steel using Molybdenum as bond coat.
[T.N. Nathaniel, D.P. Chakravarthy]

Arc-sprayed coatings of molybdenum and SS 308L on SS substrate sprayed
using transferred arc wire spraying facility, are characterized for microstructure and
interaction at the two interfaces using scanning electron microscope with energy
dispersive x-ray analysis. Molybdenum is found to be an excellent bond coat on SS and
MS substrates for reclamation of worn out parts. SS 308L coatings are found to be
unaffected in phase composition by this process. Cut sections of the specimen with Mo
coating sandwiched between SS base and SS coating were polished and examined.
(Fig. 3.4.6.a and 3.4.6.b). These sections showed good continuity of the materiel with
out any gaps at the interfaces. These sections are subsequently etched electrolytically
in 10 % oxalic acid and examined in optical and scanning electron microscopes.
Observation of the etched samples revealed laminations in certain regions in Mo and
more in SS coating. Typical dendrite grain structure is noticed in the SS coating due to
quenching of the material. Molybdenum grains are elongated at the peripheral zones of
the coating, where the cooling is sudden. Examination of the SSDase-Mocoat intetface
showed interdiffusion of Mo and the constituent elements of SS. The thickness of the
reaction zone at the interface is found to be 5 - 25 microns. On the other hand the
thickness of the reaction zone at the Mocoat-SScoat interface is found to be as low as
0.5 microns.). Since the molten molybdenum (m.p. 2610 °C) imparts high enthalpy,
melting of SS and consequent interdiffusion of Mo and the constituent elements in SS
is extensive. Elemental composition is determined at several points across the reaction
zone ( -5 microns) by EDX and a gradual increase in Mo content and fall in that of Fe,
Cr, Ni, has been observed from SSD a s e to Mocoat. Careful observation at Mocoat -
SScoat interface revealed no significant alloying as expected, since the enthalpy in
molten SS (m.p. ~1500°C) is not sufficient to melt Mo.

Spreading of the molten SS on the rough surface of Mo coating results good
interlocking, which is expected to provide very good adhesion and thus interfacial Mo
coating proves to be a good bond coat for the deposition of SS coatings on SS and MS
substrates. Thick coating of SS can be easily deposited on the worn out regions of fast
wearing parts using Mo bond coat, and the outer surfaces can be machined to the
required dimensions, while reclaiming the worn out parts.

Arc Sprayed Coatings of Nickel and Zircalloy-2
[T.N. Nathaniel, D.P. Chakravarthy]

Arc sprayed coatings of nickel on nickel rods are found to be useful as high
surface area electrodes. Also thick coating of nickel (about 2 mm) has been deposited
on the threaded portion of a MS bolt and machined to a cylindrical rod. Cut section has
been examined and the continuity of the material is found to be .-;. ̂ d demonstrating
itsusefulness for reclamation applications.
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Fig. 3.4.6 (a) Scanning Electron Micrograph of Arc-Sprayed Coating of Stainless
Steel with Interfaclal Bond Coating of Molybdenum on Stainless Steel

Reaction Zone

Mo Coating

Fig. 3.4.6 (b) Scanning Electron Micrograph of the Interface of
S.S Base-Mo Coating Showing Reaction Zone
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Feasibility of depositing Zircalloy-2 studs on Zircalloy-2 substrates by Single
Wire DC Transferred Arc Spray Facility was studied. Experiments done using nitrogen
medium by selective masking are successful. However examination of polished
transverse sections of these coatings suggests need for improvement. In view of the
pyrophoric nature of Zircalloy-2, coatings for actual use are to be done using pure Ar
gas. These coatings can find application as spacers ion zircalloy clad tubes.

3.4.3 Development of Ceramic Materials for Various Applications

Ceramic Magnetic Core Materials
[T.N. Nathaniel, DP. Chakravarthy]

Indigenous development of these special oxide ceramic materials has been
taken up for SMPS and wide band RF transmission line transformer applications.
Yttrium Iron Garnet (Y3Fe5O<i2. YIG), a ferri-magnetic ceramic material with a Curie
point of 560 K, has been chosen for experiments. Sintered pellets and blocks of
this material are prepared by reaction sintering of cold pressed compacts of a
stoichiometric mixture of Y2O3 and Fe2O3 at 1450° C in air and characterized for
phase composition and magnetization behaviour. Toroidal and twin bore cores of this
material are fabricated from these polycrystalline blocks using diamond tools for
assessing the induction properties of coils with these cores. Inductance of the coils with
YIG has been measured as a function of frequency (1 kHz to 150 kHz) Fig. 3.4.7.
These values are found to be two orders higher than those for the coils of identical
geometry with teflon cores.

Wide Band RF Transformers
[T.N. Nathaniel, D.P. Chakravarthy]

Transmission line transformers, with bifiliar winding on the toroidal cores of YIG
of 10 mm to 16 mm OD, have been made and their functioning has been tested for wide
band RF application, in power splitting, amplification and combining circuits in an RF
power supply (30 MHz, upto 100 Watts) being developed in our division. The twisted
bifiliar winding, with a centre tap, of the enameled copper wires forms a transmission
line for RF. High resistance of this material, yttrium iron garnet, enables these devices
to function with negligible eddy current losses, which is more significant at higher
power levels.

Studies on the Synthesis of Barium Cerate
[B.K. 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. The thermogravimetry and differential thermal analysis results on the
starting materials mixture for the compositions BaCeC-3, BaCeo.9Yo.1O2.95, and
Ba(OAc)2 show that Ba(OAc)2 first decomposes to BaCO3 and acetone at 400°C and
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the in situ generated BaC03 decomposes to BaO at 1000°C which is 150°C more than
the decomposition temperature of BaCO3. Also the BaCeO3 composition gains weight
at higher temperature as evident from the TG/DTA data shown in Fig.3.4.8.a and b.

An interesting observation during the studies on the synthesis of these cerates is
that the starting materials mixture when heated at 1028°C and above for two hours
completely decomposes and the weight of the product obtained correspond to the
theoretically expected weight of the intended composition. The x-ray diffraction (XRD)
patterns of the products synthesized at and above 1028°C matches with the XRD
patterns of barium cerate and the various yttria substituted compositions. However
when the products synthesized at various temperatures are exposed to wet CO2
atmosphere, they gain weight and the XRD patterns change and the patterns of BaCC>3
and CeC>2 are seen along with that of barium cerate. The XRD patterns of the CO2
exposed products showed that the products are stable only when the starting materials
mixture is heated above 1300°C for BaCeO3 and 140CTC for BaCeo.9Yrj.1O2.95
compositions even though the XRD patterns of the products synthesized above 1028°C
show the same XRD patterns as that of BaCeO3- The XRD patterns of the synthesized
products both before and after exposure to wet CO2 for the composition
BaCerj 9Y0.1O2.95 have been given in Fig. 3.4.9.

Anomalous DC Voltages in Doped Alumina
[B.K Karan]

AI1.99M0.01O3J-5 compositions were synthesized at 1000°C with M = Mg, Ti,
Mn, Co, Fe, Ni, and Cu. and the pressed pellets were sintered at 1380°C for two hours
in air on alumina plates as sample container. After sintering, it was observed that the
sample container was contaminated with the substituents from the sintered pellets and
the two surfaces of the pellets were nonhomogenous with respect to the substituents.
These pellets were metallized with platinum and were heated for one hour at 1000°C in
for the removal of the organic binder and adhesion of the metal powder on the ceramic
surface. These pellets were heated to 1000°C in dry oxygen and dry argon atmosphere
and the dc voltage was measured between the two metallized surfaces of the pellet in
the cooling cycle upto 400°C. The dc nature of the voltage was confirmed by changing
the polarity with the help of a high resistance commutator. No dc voltage was observed
in pure as well as Mg substituted alumina pellets where as Ti, Mn, Co, Fe and Ni
substituted pellets showed dc voltage varying from a few mV to as high as 140 mV. The
temperature dependence of the observed dc voltage along with experimental
parameters for lypical compositions are shown in Fig. 3.4.10.

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
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metre-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
measurements to two phaso liquid metal flows.

3.5.1. Experiments in LMIVIHD facility
[P. Satyamurthy, N.S. Dixit, T.K. Thiyagarajan)

During 1994, 15 experimental runs were carried out in the LMMHD facility at
ambient temperature. The results of the experimental work can be broadly summarized
as follows

MHD Generator studies
Experiments have been conducted to study MHD generator under various

external load resistances (open circuit, 110(.ifl, 335j.ifii), liquid metal flow rates(0-55
kg/s), nitrogen flow rates(0-11g/s) and magnetic fields(0.24T, 0.41T, and 0.60T).
Presently analysis of the data is being carried out. Figure 3.5.1 gives MHD power
obtained under various nitrogen flow rates for different magnetic flux densities for an
external load of

Two-phase flow studies in the riser pipe.
The design of optimum LMMHD energy conversion systems and their scaling up

requires accurate modeling of two-phase flows. Experiments have been conducted to
determine void fraction and pressure distribution in the riser pipe for various mercury
and nitrogen flow rates. Gamma ray attenuation method using 60Co of 75 mCi
radioactive source has been used for measuring time averaged void fraction for various
flow rates. Void fractions was measured at two locations (1.1m and 2.8m from mixer
exit) and pressure was measured at four locations (0.6m, 1.9m, 2.7m, 3.5m). Measured
void fractions are presently being compared with various empirical models i.e. (1)
homogeneous (2) El-boher, (3) Griffith, (4) Drift-flux, (5) Jia Dounan and (6) Bubble-
Churn turbulent model. Fig. 3.5.2 compares measured void fraction with various models
at a distance 1.1m from the mi <er exit. The measured pressure profiles are also being
compared with predicted data in Fig. 3.5.3. Preliminary analysis indicates that at high
mass flow rates, none of the models accurately predicts both pressure profiles and void
fractions at all the locations. However El-boher, bubble flow model, Griffith models are
predicting void fraction fairly accurately with in certain flow ranges. Detailed analysis
are in progress.

3.5.2 Void Fraction Measurement in Large Size Liquid Metal MHD Generators

Two-phase flows consisting of high density liquid metals like lead or lead alloys
are proposed to be used in Liquid Metal Magnetohydrodynamic Power Generators of
gravity type. Non-intrusive measurement of void fraction constitutes an important part of
monitoring the industrial power unit. Gamma ray attenuation method of void faction
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measurement is most suitable for this purpose. However, due to very large path lengths
of two-phase region(0.2-0.25m), even with 60Co gamma ray beam of 1.33 MeV energy,
very large source strength of the order of hundred curie is required. This makes the
diagnostics system very bulky and also gives rise to radiation handling problems. A
modified equation for void friction is developed where the counts corresponding to the
liquid metal alone which decides the overall strength, is replaced by the counts
corresponding to some reference void fraction

1
In

a =
in

L ' P .

where l a , l v are the attenuated intensities of gamma-ray counts. Ip corresponds
to counts corresponding to some reference void fraction p. Using this equation
depending upon the void fraction value, the source strength can be reduced to as low
as a fraction of a curie (Table 3.5.1). In order to verify the validity of the above method
for determination of the void fraction, experiments have been conducted in a mercury-
nitrogen LMMHD experimental facility. Two radioactive sources of 75 mCi
(corresponding to High Radioactive Source-HRS) and 20 mCi ( corresponding to Low
Radioactive Source-LRS) of 60Co have been used for this purpose. Based on the
experiments conducted earlier, it was found that 75 mCi source of 60Q O was adequate
to measure the void fraction using normal equation in a 80 mm diameter pipe. The idea
is to use 20 mCi source and reduce the count time and simulate the role of LRS and
see how well the void fraction can be determined using the above eqn. (Table 3.5.2).
This is equivalent to a value of LRS 25 times iess than that of HRS for a commercial
power system. Measurements of void fraction were carried out in the riser at a distance
of 2.8 m above the mixer.

Table 3.5.1: Source Strength Requirements (Cobalt-60)
(For a 250 mm diameter pipe wiih leadMead alloy and steam)

a(P -a)

0.0
0.2
0.3
0.5
0.6
0.7

Source
Strength

60Co (mCi)
67500
5400
1500
123
35
10
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Table 3.5.2: Comparison of Parameters corresponding to
Experimental System and Power Plant

1
2
3

4

5
6

7

8

Liquid Metal
Thermodynamic fluid
Distance from the
Source to the detector(m)
Diameter of the Gamma
ray beam(mm)
Count time(s)
Attenuation coefficient
ofthepipe(SS)(crrr1)
Attenuation coefficient
of the Liquid Metal(crrr1)
Path length in the pipe
thickness(mm)

Experimental
Facility
Mercury
Nitrogen

0.30

5.0

20
0.43

0.64

11

Power plant

Lead\Lead Alloy
Steam
0.60

10.0

60
0.43

0.50

18

The void fraction along the center line was obtained using HRS source using
normal equation for various flow conditions. Using the LRS source, the attenuated
intensity with the nitrogen only and with the two phase flow were obtained for the same
flow conditions(but with reduced count time) corresponding to the HRS case. Using the
void fraction data obtained by the HRS as the reference value, the void fraction was
obtained based on the LRS data and using modified equation. In Table 3.5.3 the void
fraction obtained by both HRS and LRS for various flow rates have been summarized.
Each void fraction obtained by the HRS was taken as the reference value to determine
the void fraction using the LRS. We see that the over all matching was quite
satisfactory with a maximum deviation of 18 %. But at higher void fractions, the
matching was extremely good (within 4 %).

Table 3.5.3: Comparison of Void Fraction Values Measured by HRS and LRS
[or different flow rates and reference void fraction, p]

Reference void fraction (P)
Nitrogen
flow rate

(g/s)
2.5
4.7
7.0
9.0
11.0

Mercury
flow rate

(kg/s)
39
42
44
50
54

Counts I
(5 sec.)

135
310
487
660
810

Measured
with HRS

0.18
0.32
0.39
0.45
0.50

(0.18)

0.34
0.42
0.48
0.52

(0.32)

0.16

0.41
0.47
0.51

(0.39)

0.14
0.30

0.45
0.49

(0.45)

0.13
0.30
0.39

0.49

(0.50)

0.15
0.31
0.40
0.46

..

Max.
Error
(%)
18
6
8
4
4
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3.5.3 Development of model for two-phase liquid metal flow
[P. Satyamurthy, A. Mushtaq (A.M.U.)]

One dimensional steady state two-phase flow analysis taking into consideration,
explicitly the equations of conservation of mass of each fluid, conservation of
momentum of the two fluids, electrodynamic equations and other auxiliary relations for
drag force, virtual mass force, equation of state etc. has been formulated. The above
non-linear equations were transferred to suitable form by algebraic methods and were
solved numerically using 4th order Runga-Kutta method. The program was written in
FORTRAN and the various values calculated for non-MHD conditions were compared
with measured data of the flow in the riser pipe of the LMMHD facility and found to be
matching fairly well.

3.6 PUBLICATIONS & PRESENTATIONS

3.6.1 Publications

Influence of some Process Variables on Plasma Dissociation of Zircon.
P.V. Ananthapadmanabhan, K.P. Sreekumar, K. Veeramani Iyer and
N. Venkatramani,
Materials Chemistry and Physics, 38, p15-20 (1994)

Processing and Properties of Zirconia Toughened Alumina Ceramics
D. S. Patil and B. C. Muisuddy
Bull. Mat. Sci., vol. 17, No: 7, 1435-1439 (1994).

Microwave Sintering of Yttria Containing-Tetragonal Zirconia Polycrystal Ceramics
D. S. Patil and B. C. Mutsuddy
Bull. Mat. Sci., vol. 17, No: 7, 1441-1446 (1994).

Temperature measurements in UHV systems by spectroscopic and
Langmuir probe techniques,
T.N. Desai, S.V. Gogawale, A.B. Shukla, N.K. Joshi, U.S. Salgaonkar
and GAL. Bhale,
Vacuum 46(3), p.223-226, 1995.

3.6.2 Invited Talks
Thermal Plasma Applications in Materials processing

D. S. Patil
9 th National Symposium on Plasma Science and Technology (Plasma-94),
Inst. of Advanced Study in Sci. andTechnol., Guwahati, (Nov. 14-17, 1994).

Technology of Thermal Plasmas
N. Venkatramani
9 th National Symposium on Plasma Science and Technology (Plasma-94),
Inst. of Advanced Study in Sci. andTechnol., Guwahati, (Nov. 14-17,1994).

Characterization of Ceramics for Certain Electronic and Electrical Applications
T.N. Nahaniel
31 s t Annual Convention of Chemists, B.H.U, Varanasi (Dec. 1994)
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3.6.3 Symposia Presentations
On Possible Electrical Power Generation From Nuclear Waste Heat Using Liquid Metal

Magnetohydrodynamic Energy Converter
P. Satyamurthy, T.K. Thiyagarajan and N. Venkatramani,
2 n d Int. Conf. on Energ'' Transfer in Magnetohydrodynamic flows,
Sep. 26-30, 1994, France.

Void fraction Profile Measurements in two-phase liquid metal flows: correction for finite
beam size of the gamma rays
P. Satyamurthy, T.K. Thiyagarajan and N. Venkatramani
2 n d Int. Conf. on Energy Transfer in Magnetohydrodynamic flows,
Sep. 26-30, 1994, France.

Characterization of Plasma Spheroidised Nickel-Aluminium Powders.
P.V. Ananthapadmanabhan, K.P. Sreekumarand N. Venkatramani.,
14th Int. Thermal Spray Conf. ITSC-95, Kobe, Japan, May 1995.

Experimental Investigation of Heat Transfer in a Transferred Arc Axial Flow
Stabilized Plasma Jet Device
Das A. K.t Murthy, P. S. S
Plasma-94, 38, Guwahati (1994)

Plasma Melting Furnace
P.S.S. Murthy, N. Venkataramani
Plasma -94, Guwahati (1994).

A Multipurpose Low Pressure D. C. Plasma Jet Facility
K. Ramachandran and D. S. Patil
Plasma -94, Guwahati (1994).

RF produced plasma diagnostics and the positive ion-beam extraction
J.R. Pai and V.K. Rohatgi,
Plasma -94, Guwahati (1994).

Temperature measurement on thermal plasma jet,
N.K. Joshi, S.N. Sahasrabudhe & K.P. Sreekumar.
Plasma -94, Guwahati (1994).

Plasma Spray Processing of Nickel-Aluminium Alloy
P.V. Ananthapadmanabhan and K.P. Sreekumar
Plasma -94, Guwahati (1994).

Generation of High Concentration Metal Aerosols by Plasma Torch
K.P. Sreekumar, P.V. Ananthapadmanabhan, N. Venkatramani, B.K. Sapara,
P.V. Joshi, P.V.N. Nairand K.S.V. Nambi
Plasma -94, Guwahati (1994).

Spheroidisation of llmenite Ore Concentrate in a Plasma Torch
S.C. Mishra, P.V. Ananthapadmanabhan, K.P. Sreekumar
Plasma -94, Guwahati (1994).

Perfrmance of a transferred arc plasma torch for metal spraying
D.P.Chakravarthy, M.S. Madanmohan, D.N. Barve
Plasma -94, Guwahati (1994).
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Diamond Deposition by Vacuum Plasma Jet
K. Ramachandran, D. S. Patil, N. Venkatramani, A. R. Biswas,
S. Venkateswaran and R. D'cunha
International Conference on Vacuum Science and Technology,
Centre of Advance Technology, Indore, January 1995.

Particle Morphology and Siz^ Distribution of Plasma Processed Aluminium Powder
P.V. Ananthapadmanabhan, K.P. Sreekumar, N. Venkatramani,
R. Kameswaran, C.C. Dias and S.C. Mishra
6 t h Annual General Meeting, Mat. Res. Soc. of India,
IIT Kharagpur, Feb. 8-10,1995

Plasma Sprayed Hydroxy Apatite Coatings
D.S. Patil, K.P. Sreekumar, N. Venkatramani, R.K. Iyer,
R.S. Koppikar and K.R. Munim
6 t n Annual General Meeting, Mat. Res. Soc. of India,
IIT Kharagpur, Feb. 8-10,1995

Plasma Sprayed Hydroxy Apatite Coatings
D. S. Patil, K. P. Sreekumar, N. Venkatramani, R. K. Iyer,
Ram Prasad, R. S. Koppikar and K. R. Munim.
6 t n Annual General Meeting, Mat. Res. Soc. of India,
IIT Kharagpur, Feb. 8-10,1995

3.6.4 Lectures
Dr. P. Satyamurthy

15 lectures on the "Physics of Plasmas and Fusion" course for
37th batch Physics trainees of B.A.R.C. Training School.

Dr. N.K. Joshi
15 lectures on the "Physics of Plasmas and Fusion" course for
37th batch of Physics trainees of B.A.R.C. Training School.

3.6.5 Training Programmes
Two students of Metallurgical Engg. Dept, REC Rourkela, were associated

with coating adhesion studies and prepared a report entitled
"Fractional Factorial Testi; .g".

Three students of the Mahatma Gandhi Mission's College of Engineering
and Technology were associated with Plasma Diagnostics.

3.6.6 Professional Recognition
N. Venkatramani Member, Scientific Organizing Committee, of the

National Symposium on Science and Technology of plasmas (Plasma-94)
Convener, Scientific organizing Committee of the
International Conference in Vacuum Science and Technology (INCOVAST-95)

3.6.7 Visits
Dr. A. Mushtaq, Department of Physics, Aligarh Muslim University to carry out

collaborative research work in Liquid Metal MHD

109



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 md subsystems, their performance evaluation and
process studies. The E3 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. Apart from the activities mentioned above, this
section has developed DC magnetron sputtering equipment and used it to produce thin
Nitride films for hard coatings. Some development work in image processing
techniques have also been carried out.

During the year 1994 this section has been engaged in the development of
electron beam welding, melting equipment and reactive sputtering processes by DC
magnetron. Image processing technique to identify faults in Printed Circuit Boards has
been developed. Investigation on various aspects of development of high voltage
power supplies and its protection has been carried out. Various control aspects for high
power EB systems and EB processes have been worked out. The major achievements
can be listed as follows:

1. A 150 kV 6 ^W welding equipment has been installed at Machine Tool Prototype
Factory, Ambemath. It is in the final stages of commissioning.

2. EB welding work carried out for other organizations.
3. Development of. nitride films by reactive sputtering in a DC Magnetron equipment.
4. Study of PCB by Image processing technique.

4.1 EB WELDING MACHINE FOR MTPF, AMBERNATH
[T.K. Sana, M. Mascarenhas, N. Maity, P.M. Verghese, A.V.Bapat,
AK. Sinha, A.K. Ray]

During the year, the electron gun and HVDC power source developed for MTPF,
Ambemath was shifted to the factory site for commissioning. Prior to this the unit was
exhaustively tested at BARC and successful weld trials were carried out and qualified.
During transportation of the HVDC power source the entire oil was drained out, and
later on poured back and filtered to achieve the required breakdown value. The
integration of the total system was completed and commissioning trials were initiated
subsequently. Trials were taken on manual mode with low power beam initially and
bead-on- plate tests were carried out on SS304 and 0.8 mm maraging steel strips.
During these trials full penetration and good underbead was observed. However,
during the trials following malfunction was observed and corrective actions taken.

1) It was noticed during the qualification of the X-Y coordinate table that the inner
linear scales malfunctioned under vacuum. After various trials and discussions with
the suppliers of the linear scale i.e M/s Mitutoyo it was concluded that as no
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convective cooling was available in the vacuum environment, the rise in
temperature of the electronic components beyond their normal operating
temperature (40° C) was the cause of the malfunction. A rotary encoder that can
operate at 70° C has been procured and is now being installed. It is expected to
give desired performance.

2) During high power beam trials the power source behaved abnormally drawing
unbalanced currents from the three phase mains. Malfunctioning of the rectifier
transformer was suspected and the transformer was detanked. On close
examination it was noticed that a number of transformer coils (pancakes) were
partially overheated and found to be leaky. The transformer was overhauled and
rewound by the manufacturer and the system put back into operation. Detailed
analysis this failure was attributed to the vibrations in the transformer windings
during transportation, that led to snapping of the transformer terminals from the
rectifier stacks.

Presently, welding trials on maraging steel coronets have been taken up.

4.2 EB WELDING WORK CARRIED OUT FOR OTHER ORGANIZATIONS
[T.K.Saha, A.K. Ray]

The indigenously developed 150 kV, 6 kW electron beam welding equipment
was in regular use. some of the important welding carried out during this period are as
follows:

• 700 numbers of coronets made of maraging steel were welded for Ministry of
Defence.

• 30 numbers of RA modules for the Desalination Plant of Heavy Water Division has
been carried out.

4.3 DEVELOPMENT OF NITRIDE FILMS BY REACTIVE SPUTTERING

During the previous year nitride films of titanium-vanadium were deposited on
SS 304 and quarts substrates and their physical properties studied. During our
investigation it was found that films deposited at 15% nitrogen and 350° C substrate
temperature showed independent phases of TiN and VN and not a uniform mixture of
TiVN as reported in literature. This work was further continued and films of TiN - VN
were deposited at 50% nitrogen with substrate temperature at 350° C. It was observed
that the TiN and VN phases did not form a uniform mixture as shown by the (411) XRD
peaks. Further investigation on this aspect is being carried out.

4.4 STUDY OF PCB BY IMAGE PROCESSING TECHNIQUE

Image processing technique has been developed for fault analysis in production
of Printed Circuit Board Layout. The work was carried out at SPANN lab of IIT,
Bombay. A translation and rotation invariant approach of fault detection has been

ill



selected. To analyze the defects of a particular image using visual inspection, the
interpretation of the screen plays an important role. It consists of mainly two phases,
namely, feature extraction and matching between model and test PCB. In order to
achieve this, first the group level image was converted to binary image using adaptive
thresholding. The interpretaticn is reformed on the piimal sketch (thinned version ) of
the original image. In the coaise level, the defects of a PCB such as shorts and opens
are found by counting the number of connected thinned segments. To avoid the
ambiguity when the number of shorts and opens are equal, we subsegment the
connected the segments. We have used the combination of Hough Transform based
and corner detection based method of subsegmentation to extract unary and binary
features of each primitive(subsegment) An ARS (attributed relational structure) is
constructed using these features. The goodness of match between model ARS and test
ARS is performed found by computing the similarity score between them. To soit out
the conflict of a good segment that remained unmatched, the ternary relation is used.
The faults such as shorts and opens are found by analyzing the matching result.
Minimum thickness and minimum spacing between two adjacent segments are verified
by eroding and dilating the image by specified pixel layers.

4.5 LIST OF PUBLICATIONS

Physical Vapour Deposition (PVD) process (EB Evaporation and Sputtering)
A.K.Ray
Trans, of the Metal Finishers Association of India; vol.4, no.1, p49-55 (1995).

XRD Studies of Ti-V-N films grown by DC Magnetron reactive Sputtering
A.K.Ray and R.S.Srinivasa
Presented at the International Conference on Vacuum Science and Technology
and SRS Vacuum system; held at CAT.Indore, Jan.30-Feb.2 1995.

Development of a high Power Electron Beam Gun For Evaporation
S.Acharya and A.K.Ray
Presented at the International Conference on Vacuum Science and Technology
and SRS Vacuum system; held at CAT.Indore, Jan.30-Feb.2 1995.

Effect of Backing Plate Material on 304 Stainless Steel Electron Beam Welded Parts
T.K.Saha, A.R.Biswas, A.V.Bapat and A.K.Ray
Presented at the International Conference on Vacuum Science and Technology
and SRS Vacuum system; held at CAT.Indore, Jan.30-Feb.2 1995.

Design of 100 kW EB Evaporation System
L.Potdar, A. V Bapat, A.K.Ray and P.M.Varghese
Presented at the International Conference on Vacuum Science and Technology
and SRS Vacuum system; held .at CAT.Indore, Jan.30-Feb.2 1995.

20 kW EB Evaporation Equipment
M.Mascarenhas, P.M.Varghese, A.K.Sinha and A.K.Ray
Presented at the International Conference on Vacuum Science and Technology
and SRS Vacuum system; held at CAT.Indore, Jan.30-Feb.2 1995.
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