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1. INTRODUCTION

This report describes the activity.of the Laser and Plasma

Technology Division during 1992. This division is engaged in the

research and development of high power beams namely laser, plasma

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. This is due to

the high power density, normally in excess of 1 KW/mm*. Laser and

Plasma Technology Division has strived to establish indigenous

capability to cater to the requirements of the Department of

Atomic Energy. The broad program objectives of the division are

1. Development and technology readiness studies of

laser, plasma and electron beam devices

2. Studies on related physical phenomena with a view to

gain better understanding of the devices

3. Improvements in technology and exploration of new

areas

1992 Highlights

An electron beam sustained C02 laser was developed and

operated during the year. This is the first laser of its kind

built in the country. The system, when operated as a laser

oscillator gives 'reproducible laser energy output of 20 Joules

with an elliptical burn pattern of 45 mm x 49 mm. Its output is

presently limited by the size of the available optics.

The Liquid Metal Magnetohydrodynamic ( LMMHD ) Generator has

possibilities of utilization of 'waste* heat and at the same time

offers challenging theoretical and experimental work. The 6.5 m

high LMMHD System after clearance from the Safety Committee for

Phase I operation was loaded with 1.5 tons of mercury and



aoromiaaionad during this y«ar. Initial •xparim»nt« war* p«rforat«d

with mercury as the electrodynamic fluid and nitrogen as the

gaadynamic fluid. With a magnetic induction of 0.45 Teala, a load

current of 200 A per electrode pair at 16 taV was obtained.

Electron Beam processing equipment are a frontline

technology developed by this Division. Keeping in view the future

demands for such machines a Memorandum of Understanding (MOU) for

the fabrication of electron beam equipment has been signed

between M/s. IBP Co. and BARC. An order for the fabrication of a

150 KV 6 KW EB welding equipment is being executed for the

Ministry of Defence.

Mechanical properties of Vanadium Nitride films produced by

reactive sputtering in an indigenously developed DC Magnetron

Sputtering equipment have been studied for the first time. Such

properties have not been reported in literature. These films have

been found to possess good hardness and abrasion resistance.

About This Report

This report will cover the activities of the division during

1992 to 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, we had deleted the details to

restrict the report to a reasonable size. If any clarifications

are required the divisional staff may be contacted.



2. LASER ACTIVITIES

Studies related to gas lasers, tunable dye lasers, solid

state lasers and laser applications were continued. An electron

beam sustained CO2 laser was developed and operated during the

year. This is the first laser of this kind build indigeneously.

The system, when operated as an oscillator gives reproducible

laser energy output of 20 Joules with an elliptical burn pattern

of 45 nun x 49 mm. The output energy is presently limited by the

size of the optics. The extractable laser energy under optimum

operating conditions is expected to be about 100 Joules. An

unstable resonator cavity, under .fabrication, will be utilized to

increase the laser output.

Optimization of the medium power RH-6Q dye laser was done

after a systematic study of beam divergence, beam profile and

efficiency of the amplifier as a function of dye concentration

had been carried out. At present, efficiencies upto 40% have been

obtained under certain conditions.

Antireflection(AR) coatings were designed and developed for

very large (79°) angles of incidence. The AR coating was a 3

layer, design using titanium dioxide and magnesium fluoride as

the high and low index materials. The coating reflectance was

less than 0.2% at the design wavelength and less than IX over a

wavelength range of 30 nm. With such an AR coated prism, the dye

laser oscillator efficiency and tuning range were 20% and 47 nm,

respectively for Rhodamin 6G.

A Michelson type of interferometer has been set up to

measure free surface velocities in specimen targets subjected to

dynamic pressures. Free surface velocities upto about 100

meters/sec were measured when one of the interferometer mirrors

was subjected to a shock produced by the exploding wire

technique.



A rate equation model has been formulated for a SF»

saturable absorber used for suppressing parasitic oscillations in

large CO2 laser chains. The model includes three transitions in

the ladder and one hot band transition along with the

intramolecular V-V relaxation to the bath states. The

transmission characteristics have been calculated for several

experimental conditions. Theoretical values were compared with

experimental data, and it was found that this model compared to

earlier models explains the absorption behaviour more closely.

A mode locked Nd:YAG (3 mm x 65 mm) laser oscillator has

been set up. Mode locking has been achieved by active/passiva

technique using a combination of accousto optic modulator and a

contacted flowing type of dye cell. The output modelocked pulse

train was 5 wiJ and about 300 ns (FWHM) with 30 pulses each less

than 1 ns. The pulse repeatability was good. Presently, a simple

pulse switch out system is being set up.

Microdrilling of stainless steel, copper, nickel and brass

of 2 mm thickness have been achieved using a Nd:glass laser

operated in a free runing mode. Micro holes of diameters, less

than 50 microns have been drilled with a uniformity of better

than 10%. Minimum laser energy required for drilling was about

1J. The existing cw-C02 laser was used for studying the laser

procesing of non metallic material like quartz, alumina, pyrmx

wood and plexiglass.

Development work initiated earlier was continued during the

year to increase the range of laser communication to over 2 kns.

The modified communicator optics using doublet of large diameter

(10 cm) was tested.

2.I DYE LASERS

High power tunable dye lasers are extensively used in many

research areas of spectroscopy, photochemistry and non-linear

optics. The Laser and Plasma Technology Division is actively

engaged in the design and development of high power, high



efficiency, narrowband, tunable dye laser oscillator - amplifier

systems.

2.1.1 Dye Laser Amplifier

Optimization of the high power dye laser amplifier developed

last year was continued. The amplifier efficiency is critically

dependent on optimum matching of the signal beam from a

narrowband GIG (grazing-incidence-grating) dye laser oscillator

to the amplifier gain, both spatially and temporally.

Optical System for Correcting the Asymmetry of the

Dye Laser Beam

The output beam from the dye laser oscillator is highly

asymmetric with different beam divergences in the horizontal and

vertical directions. The spatial matching of such a beam with the

dye laser amplifier gain region is poor. For good spatial

matching, an optical beam shaping system was developed to convert

the asymmetric signal beam emanating from the narrowband grazing-

incidence-grating (GIG) oscillator. The signal bean has

divergences of 10 mrad and 2 mrad in the horizontal and vertical

directions respectively. Hence the beam spot at a distance from

the laser is elliptical in shape with the major axis along the

horizontal dimension. The amplifier gain region, however is

symmetric.

The optical system that was developed, makes the oscillator

beam symmetric by reducing the horizontal divergence and

equalising it to the vertical divergence and at the sane time

minimising astigmatism. It makes use of cylindrical lenses with

their cylindrical axes in the vertical direction so that they

alter only the horizontal divergence of the beam, as shown in

Fig.2.1.1. The spherical lens LI brings the asymmetric dye

oscillator beam to a focus in the focal plane of the cylindrical

convex lens CL1, of focal length fl. The beam diverging from this

focal plane is collimated by CL1 in the horizontal plane. The

collimated beam on encountering the cylindrical concave lens CL2
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2.1.1 Schematic o-f the optical beam shaping system.



of focal length - f2 is made divergent again with a virtual focus

in the focal plane of CL2. The lena CL2 is arranged with its

focal plane coinciding with that of CL1 containing the input beam

focal spot. Hence the resultant beam from CL2 in the horizontal

dimension appears to diverge from the same initial focal spot.

The horizontal beam divergence however changes by the factor

fl/f2. By proper choice of the focal lengths fl and f2, the

horizontal divergence may be made equal to the vertical

divergence. The focal spot in the vertical dimension however

remains unchanged, so that the beam spots in the horizontal and

vertical dimensions coincide and the astigmatism is minimized. It

may be noted that a simple cylindrical telescope cannot be used

to symmetrize the beam since it introduces a large amount jf

astigmatism. In our set up, fl =• 10 cms and £2 - 42.5 cms, which

made the beam nearly symmetrical. A final spherical lens L2 with

a relatively long focal length, placed after the cylindrical lens

system with its focal plane coinciding with the common focal

plane, reduces the overall divergence of the beam. With a focal

length of 50 cms, for this lens, an overall beam divergence of

0.7 mrad was achieved.

Pulse Stretching and Shaping

For temporal matching of the oscillator beam to the

amplifier gain, the CVL pump pulse for the oscillator was

temporally stretched using the arrangement shown in Fig.2.1.2.

The Rhodamine 6G GIG oscillator is pumped by part of the green

beam of a CVL while the rest of the green beam is used to pump

the amplifier. Hence the pump pulse durations of the oscillator

and amplifier are the same. The narrow band radiation in the

oscillator however takes some nanoseconds to build up, so that

the oscillator pulse is always shorter than its pump pulse. Hence

the amplifier is pumped for a longer duration in comparison to

the signal (oscillator) pulse duration. This leads to build up of

ASE (Amplified Spontaneous Emission) in the amplifier, which

reduces the amplifier efficiency in narrowband operation and

introduces a broad spectral background to the amplifier beam. By

using beam splitter (B6) with different R/T ratios, the
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osoillator temporal pulse shape and duration could be suitably

changed for optimum matching to the amplifier gain shape and

duration.

Amplification of the yellow beam of the CVL in a Rh6Q dye

amplifier

In the design of a high power dye laser amplifier, it is

necessary to distribute the available pump power judiciously

between the oscillator and the amplifier stages, for optimus

overall efficiency. One of the factors to be considered is the

effect ot input signal power on the amplifier efficiency. To

study this, an experiment was conducted to amplify the yellow

beam ( X= 578.2 nra) of the CVL 40 in a Rh6G dye amplifier pumped

by the green beam (>•= 510.6 nm) of the same CVL. With this

arrangement upto 4 watts of the yellow beam (as signal) could be

obtained (as against 1 watt available at present from the Rh6G

GIQ dye oscillator).

Laser action of the yellow line is delayed with respect to

the green line by a few nsecs. The amplifier efficiency was

optimized by suitably varying the delay between the green and

yellow components of the CVL. It was also found that the

amplifier efficiency was higher when the CVL pulse was temporally

stretched (both g: <m and yellow components). This is attributed

to smoothening of the pulse shapes by the temporal stretching

process, leading to better temporal overlap. The amplifier

extraction efficiency as a function of the input power at 578.2

nm is shown in tfig.2.1.3. Efficiencies upto 40% were obtained.

There is an optimum value for the input power, which depends on

the pump power and the signal wavelength. The decrease in

amplifier efficiency at high input powers is attributed to ground

and exalted state absorption at the signal wavelength, as shown

theoretically by us earlier. [K. Dasgupta & L.G. Nair, IEE J.

Quant. Blectr. Z&, 189 (1991).]
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2.1.2. Narrowband Gracing Iooidanoa Grating (QIQ) Dye Owoill«-fcor

Single Pulse spectral measurements

The spectrum of individual pulses of the 6.6 Khz repetition

rate GIG oscillator was measured. The time averaged output

spectrum of this oscillator has an overall bandwidth of 0.05

cm"1 - 0.08 cm'1 (FWHM) and comprises of a number of sharp well

defined longitudinal modes. The difference between time averaged

spectrum and single pulse spectrum, for different values of the

resonator length was studied. It was found that all the

longitudinal modes do not lase simultaneously for most of the

pulses and that the mode intensities vary from pulse to pulse.

These effects are due to spatial hole burning and gain

competition effects. Fig.2.1.4 shows typical spectra of single

randomly selected dye laser pulses for a resonator length L =

51.8 cms. It was found that as L increases, spatial hole burning

and gain competition effects are still evident, but the number of

lasing modes per pulse also increases. Fig.2.1.5 shows the

experimentally measured average number of lasing modes per pulse

for different L. An important observation is that for longer

resonator length, these large number of lasing modes are not

bunched together but are spread over the time averaged spectrum.

Knowledge of the single pulse laser spectrum is essential

for the correct interpretation of an experiment such as resonant

multiphoton ionization, where the ion current per laser pulse

depends on the laser spectrum. When the spectrum changes from

pulse to pulse, non-reproducible excitation would take place

which would be different from that expected assuming that each

laser pulse has a spectral structure similar to that of the

averaged spectrum. Our experiments suggest that it would be

advantageous to use long resonator lengths. This would give rise

to a larger number of longitudinal modes in each pulse spanning

the time averaged profile, providing better overlap with the

broadened profile of an absorption line, from pulse to pulse.

11
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Optimisation of th« raaonator length

The time averaged laser line width was also measured as a

function of the resonator length L and is shown in Fig.2.1.6.

There is an optimum value of length which the linewidth is

Minimum. Also, shown in Fig.2.1.6 is the variation of output

power as a function of resonator with which shows a maximum.

These observations can be explained as follows. If the output

mirror is too close to the dye cell (as for small L), the beam

reflected from this mirror has a divergence larger than the

diffraction limit leading to larger laser linewidths. Aiso, a

large amount of ASE is reflected back into the gain region which

depletes the gain earlier than the narrowband radiation fed back

by the tuning mirror, thus leading to lower output powers. On the

other hand, if the output mirror is too far away (as for very

large L), the fed back beam is diffraction limited but is not fed

back quickly enough, again leading to loss of inversion by ASE

and hence lower output powers. In addition, for large L, the

reduced number of round trips gives rise to larger linewidths.

The following expression for the average bandwidth, derived by

us, explains the variation of bandwidth with L.

where a = diameter of the gain medium, LI = distance ot the

output mirror from the dye cell, Ld - length of the dispersive

arm of the resonator and Kl and K2 are constants of the

dispersive resonator. As seen in Fig.2.1.6 the agreement between

the theoretical curve for variation of bandwidth with L (solid

line) and experimental data is fairly good.

Efficient narrowband GIG dye laser using a four-prism beam

expander

The efficieny of the GIG laser was increased by improving

the feedback efficiency of the dispersive arm of the resonator by

replacing the two-prism beam expander by an uncoated four-prism

beam expander. The advantage of the uncoated 4 PBE beam expander

14
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over an AK coated 2-PBE (two-prism beam expander)ls that the same

4-PBE (four-prism beam expander) can be used for different dyes

covering the entire visible and near UV regions. An interesting

characteristic of PBEs (with a near normal incidence at the exit

face) is that for a given magnification, the transmission is more

for a prism made with a higher refractive index material,

provided that the angle of incidence is greater than Brewster'a

angle.

The net round trip losses of the dispersive arm of a GIG

laser with four PBES made of commercially available materials

were calculated. Consider a typical GIG resonator with a grating

of 2400 gr/mm used at an angle of 69.5, without pre-expantion

which has a passive bandwidth of "0.1 cm-1 . With a PBE of

magnification Mp, the same passive bandwidth can be obtained at

an angle of incidence 8 on the grating, given by Cos £L = Mp Cos

(69.So). 3 3

A 4-prism beam expander is shown in Fig.2.1.7. The

calculation includes prism material transmission reflection

losses for a p-polarised laser, and grating diffraction

efficiency at different angles of incidence which was measured

experimentally. The angle of incidence Or,, in all prisms are kept

equal, as this provides minimum net reflection loss for a given

total magnification. As is increased Mp increases and this

allows the grating to be used at a smaller angle ©„ , with higher

diffraction efficiency.

The results are shown in Fig.2.1.8 for fused silica, BK7 and

Schott glass LaSF9 (for an estimated 60 mm length travelled in a

roundtrip through the PBE material). The feedback efficiency ia

significantly larger for the LaSF9 glass inspite of a higher

internal absorption. Even for BK7, the feedback efficiency

at 9 p = 70° is larger by 10.7X.

Owing to the nonavailability of high refractive index(LaSF9)

prisms, four PBE of BR7 glass were used for experimental study.

The performance of the two dyes Rh6Q and Rhl01, with optimised

16
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concentrations, was studied. The green line of the CVL (510.6 nm)

was used for pumping Rh6G while the yellow line (578.2 nm) was

used for pumping Rhl01. The energy conversion efficiency and

tuning range for Rh6G were 19% and 53 nm respectively as compared

to 14% and 38 nm using an uncoated two ' PBE. With Rh 101

efficiencies upto 20% were obtained. The tuning range was 604.6

nm - 665.8 nm.

Development of low loss prism beam expander

PBE losses can also be reduced by applying AR coatings to

the prism entrance and exit faces. In a two PBE, the beam enters

at an angle of 78° and exits at normal incidence. An AR coating

at normal incidence, in its simplest form, consists of a ^/4

layer of a material of suitable refractive index. At oblique

angles of incidence the required effective refractive index

increases with angle of incidence for p-polarized radiation and

can be as high as 3.23 for an incidence angle of 79°. These

refractive indices cannot be obtained with a single coating

material. However, it is possible to simulate such unusual

refractive indices using two materials in a two or three layer

combination.

AR coatings for 79<> incidence were designed and developed.

The prisms were made of BK7 with an apex angle of 40.7°. The exit

face of the prism was coated with a broadband normal incidence AR

coating and the hypotenuse entrance face was coated with a 3

layer AR coating'designed to give zero reflectance at 580 nm for

an angle of incidence of 79°. The AR coating was based on a 3

layer, all quarterwave design high low high (HLH) where H

represents a >/4 thick layer of TiO2 and L of MgF2 [J.C. Monga,

J. M Opt. 3_g 381 (1989)]. These materials were evaporated

using an electron beam, on prisms heated to 290°C. TiOa was

reactively evaporated under oxygen atmosphere at a partial

pressure of 2 x 10-* mbar and at. the rate of 1.5 A°/Sec. MgF2 was

evaporated at the rate of 8.5 A"/Sec. The reflectance

characteristics of this coating were measured on a >-/15 Perkin

Elmer spectrophotometer. The reflectance is below 0.2% at the

19



design wavelength and remains below IX over a wavelength range of
30 nm.

With this AR coated 2 PBE (Two-prism beam expander), higher

efficiencies upto 20% were obtained with Rh6G. The tuning range

was also larger (47 nm) due to lower losses. To obtain higher

magnification, the prisms were also used at a higher angle of

incidence, the first prism at 81° and the second at 80». The

insertion loss of the prism pair is less than 4% at the peak and

remains less than 15% over a wavelength range of +50 nm on either

side of the peak.
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2.2 CO? LASERS

The COa laser groups are engaged in R&D activities related

to gaseous lasers pumped by electrical discharges. The basic

technology for making C02 lasers is already available in-house.

Efforts are now being devoted to making high power cw-C02 lasers

for special applications. One out of the four arms of a 2-kW fast

axial flow cw-C02 laser was assembled and commissioned. An

electron source has been assembled and tested to provide a broad

electron beam for facilitatingr electrical discharge pumping of an

atmospheric CO2 laser. Design studies on hybrid oscillator

amplifier systems were carried out.

2.2.1 High Power Fa3t Axial Flow CW-CO2 Laser

Considerable progress was made in procurement of the major

conpponents of the laser system including roots pump, h.-rd coated

ZnSe optics and high voltage power supply etc. Existing high

power fast axial flow cw-COz laser facility (shown in Figure

2.2.1) was used for studying the laser processing of non metallic

materials like quartz, alumina, pyrex wood and plexiglass. In

these experiments a short focal length diffraction limited ZnSe

lens was used to focus-the laser beam on a planar sample mounted

vertically on a linear translation stage. Laser power density at

the sample was changed by precisely moving the lens, so that the

sample gradually comes at the focal point of the lens (Figure

2.2.2). It was determined that the threshold power densities

required for melting or vaporization to begin with were 12.94,

6.07, 4.98 and 1.59 kw/sq-cm for quartz, plywood, pyrex and plexi

glass respectively. The set up was also used to study the change

in damage threshold of the optically polished KC1 windows, when
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uaad undar laboratory conditions. It wai obaarved that tha

unexposed flats could withstand up to 5.5kw/sq-cm of intensity

without getting affected, whereas this value drops by an order of

magnitude when the flats are exposed to the ambient. It was

concluded that it is not possible to use these windows in the

unstable configuration of high power cw-COa laser without either

providing a protective coating or continuous heating during the

exposure.

The laser system was dismantled in April 1992 ao as to

relocate it in another laboratory. In the process a complete

overhauling of the system was carried out. The copper cathode was

machined again to remove the non conducting oxide layer from its

surface. The gas flow duct between the blower and the laser head

had a thin layer of oil deposited on the wall due to leakage from

the oil seal. The layer was removed. The laser has been tested

for vacuum after the reassembly. Layout of the system has been

suitably modified according to the new laboratory.

2.2.2 Electron Beam Controlled C02 Laser System

The electron beam source was set up and commissioned in the

previous year. Details of the electron source along with

associated electronics were given in the preceding raport.

(BARC/1992/P/001). The laser was operated successfully during the

year. This is the first laser of its kind built indigenously.

During operation, the gun chamber housing the thermionic emitter

is evacuated to a pressure 10-7 -torr. The laser chamber is filled

with a gaseous mixture of He, Ms and C02 . The two chambers are

separated by an electron-permeable aluminium foil. The electrons

emitted from the filament are accelerated through a potential

difference of 150 kV so as to enable them to pass through the Al

foil into the plasma chamber. These high energy electrons

entering into the laser chamber produce electron-ion pairs on the

way to the anode. The enhanced population of electrons leads to

efficient excitation of gaseous molecules on application of a

voltage pulse of 120 kV to the anode. In the absence of enhanced

electron population, the discharge on application of the pulse
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degenerates into an arc or a spark. A technique for enhancing the

electron emission from Th-W filament cathode was developed. It

consists of treating the filament at elevated temperature with

methane gas.

The optical cavity consists of a gold coated concave mirror

and an output coupler of ZnSe having 80% reflectivity. The laser

output energy which is presently limited by the optics is

measured to be 20 joules with an elliptical burn pattern of 47 x

42 mm.

An unstable resonator cavity has been designed based on the

use of metallic mirrors. It is expected that the output energy

can be enhanced appreciably by the use of the unstable resonator.

2.2.3 U.V. Preloniaed TEA COa Laser Oscillator

A u.v. preionized TEA COs laser has. been designed and is

being fabricated. This will be utilized as an oscillator and will

provide the signal to be amplified to the electron beam

controlled C02 laser amplifier.

A 60-KV d.c. power supply and a two-stage Marx Bank

Generator were assembled. This produces a 120 KV, 1 us pulse. The

pulser will be used to operate the TEA COz laser oscillator. The

oscillator-amplifier combination will be ur.ed to generate tunable

COs laser beam having out energy of about 10 joules.

2.2.4 A Model for Short Pulse Absorption in a Real SFs

Sturable Absorber

The efficiency of energy extraction from a multi-stage TEA

COz laser amplifier chain is often limited by self-oscillation

and parasitic feedback. One way of overcoming this problem is to

use saturable absorbers between the amplifier stages. Sulphur

hexafloride or a mixture of gases based on SFs has been used to

supress self lasing in high power CO2 lasers. Several

mathematical models have been proposed to explain the absorptive
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behaviour of GFo, but none of them aan raproducm th« experimental

curves completely. A two level model can describe an ideal

absorber but not a real one. Therefore, excited state absorption

was considered and it was found that such transitions limited the

maximum transmission of a saturable absorber to a well defined

value less than unity. We have used a seven level model to

describe the saturation characteristics of SFs at 300°k for short

pulse duration varying from 1.1 ns to 3 ns FWHM. The model

includes three transitions in the Va ladder and one hot band

transition along with intramolecular V-V relaxation to the bath

states. The coupled differential equations were solved using the

Runge-kutta method. The transmission characteristics have been

calculated for several combination of pulse length, cell length

and SFs pressures. Theoretical values of transmission are

compared with the published experi iental data and it is found

that the model explains the absorption behaviour more closely.

2.2.5 Pulse Shaping Effect of Atmospheric Pressure COa Amplifier.

Short light pulses are widely used for purposes like signal

transmission, generation of hot plasmas, studies of dynamics of

relaxation process in molecular and investigations of chemical

reactions. In many case3 it becomes necessary to modify the pulse

profiles. For instance, one may need pulses with steeper rise' and

fall. This may be simply achieved by passing the pulse through an

amplifier. A theoretical study of pulse shaping effect of an

atmospheric CO2 amplifier on nanosecond pulses was undertaken.

The studies included the variation in pulse shape with amplifier

configuration, number of lines amplified and effect of pressure

on the pulse shape. Rate equation model was developed and the

equations were sold by Runga-Kutta method.

List of Publications

1. "Design Development and performance evaluation of a 500 watt

carbon dioxide laser with convective cooling".

S.K. Sehgal,

Ph.D. Thesis, 1992, University of Bombay .
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Infrared physics vol.33, (1992), 531-537.

2.3 ARGON ION LASER

A programme for development of Argon Ion lasers has been

undertaken. The broad objectives include development of Argon Ion

Lasers giving output power upto 10 Watt and building an

engineered model of a 3W laser. These units are expected to cater

to the needs of various divisions in BARC.

2.3.1 Development of Engineered Model of 3 Watt Argon Ion Laser

V-I characteristics of the laser plasma tube were studied as

a function of the argon gas pressure. Similar measurements were

carried out at different values of the axial magnetic fields.

Work on improving the stability and the reproducibility of the

discharge is under progress.

2.3.2 Development of a Ten-Watt Argon Ion Laser

During the first phase of the development programme R&D

activities are directed towards setting up of flowing gas type

Argon Ion Lasers. The design of a demountrable experimental laser

has been finalised. The procurement of various materials and

optical components was undertaken.
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An experimental discharge tube was designed, assembled and

operated with a view to gather design data regarding the

electrical characteristics of discharge in argon gas. The tube

was designed in such a way that any of its parts can be replaced

easily. In this design, a hollow cathode of Th-W is used to

provide sufficient discharge current. The plasma column is

confined with segmented-bore type electrodes of graphite. The

anode is water cooled. These parts are mounted inside an

evacuated quartz tube. The tube is conductively cooled with water

flowing through an outer jacket, and is sealed at both the ends

with rubber gaskets.

During operations, the tube is continuously evacuated by a

rotary pump and the pressure of Argon gas inside it is adjusted

by admitting the gas through a controlled leak valve. It was

found that at gas pressure -100 mtorr, it requires a D.C. voltage

> 4 KV to break down the gas. However self sustained discharge at

d.c. voltage of 1200V could be obtained if a tesla-coil is used

to initiate the discharge. With appropriate ballast resistance,

the initial discharge current can be limited between 0.5 A to 2.0

A. Since the current capacity of the 1200 V D.C. supply is

limited to about 3 Amperes, another low voltage high current

power supply is used when the discharge current exceeds 3A.

A maximum current of "»10A at 550 Volts has been obtained in

the tube so far. At this current, the life of the emitter is

limited to few tens of hours due to evaporation. In commercially

available tubes, cathodes are normally made of impregranted W-

matrices. These cathodes have low sputtering yield and the

electron emission density of the order of 10A/em2 at normal

operating temperature-. In contrast, the metallic cathodes

evaporates fast when the emission current density exceeds lA/cm2.

Procurement of impregranted cathodes is in progress

The amount of heat removed by the coolant water was found to

be almost equal to the electrical power fed into the tube. The V-

I characteristics of the discharge were observed to be adversely

affected by the presence of trace impurities like HsO, 0* in
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Arson gas. The graphite electrodes disintegrates under the action

of plasma. The debris sometimes blocks the central bore.

New plasma confining structure having tungsten segmented-

bore electrodes mounted on copper webs is being designed. The new

structure ia expected to withstand the plasma bombardment without

production of debris.

2.4 flIGH P0W3R Nd: GLASS. LASER. LASER PRODUCED PLASMAS AMD SHOCKS

Development of high peak power, pulsed Nd:glass laser with

focused intensities of 1013-10** W/cm* can produce pressures in

the range of a few Megabars on a target. This has made studies of

hydrodynamic phenomena possible in a range previously attainable

only by using nuclear explosives. The main area of interest with

high power Nd:glass lasers, would be experiments concerning

Laser driven shock waves in solids. These would include basic

studies on equation of state of materials. With this in view, two

high power Nd:glass lasers are being developed. The general

schematics of the 1 J/100 psec Nd:glass laser as well as the 100

J/5 ns Nd:glass laser have been discussed in detail in the

earlier Annual Report (BARC/1992/P/001, 1992). Development of two

schemes for a master oscillator for the 1J/100 psec high power

Nd:glass laser is discussed below. The first scheme was non-

conventional and it could generate subnanosecond laser pulses

from a periodically Q-switched laser oscillator. Presently the

conventional active-passive mode locked laser scheme is being

pursued. These schemes are discussed in detail below.

2.4.1 (a) Periodically Q-switched Laser Oscillator

The basic principle of this oscillator has been discussed in

detail in the previous Annual Report. A quarter wave voltage is

initially applied across a pockel's cell so that the optical

transmission was sero. At the instant of maximum inversion in the

gain medium (Nd:YAG) the voltage was switched from V/4 to -V/4

repeatedly by shorting an electrically triggered spark gap. The

period of this voltage wave-form was adjusted to be exactly equal
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to twice the intracavity transit period. Thus, the Pockel's oell
was fully transmitting only when voltage is zero and the time

duration for which maximum transmission occurs depends upon the

speed of switching from -V/4 to-V/4. Therefore, the electrooptic

shutter is fully transmitting only when a certain selected

optical pulse arrives at the Pockel's cell. The output of this

oscillator thus consisted of a pulse train of about 100 ns (FWHM)

duration with individual pulses of 2ns duration. Our efforts in

this year have been to improve the reliability of operation of

the spark gap. The basic problem was the damping of the electric

pulses across the pockel's cell. It was observed, that the

Nitrogen gas pressure in the spark gap affected the reliability

of operation as well as the damping of electric pulses.

Reliability of spark gap greatly improved at a pressure of about

6 atmospheres of Nitrogen, also improving shot to shot

reliability of output laser pulses. Results of this oscillator

have been reported in detail elsewhere. [Ref.2.4.1]. The

individual laser pulse duration within the train of pulses

depends upon speed of switching of voltage from V/4 to -V/4

across the pockel's cell. It was observed that this speed vis

limited by tho spark gap design. It was also observed that

repetitively switching high voltage across the pockel's cell

subjected the KDP crystal to high strain. The best pulse

duration, that could be obtained was about 2 ns (FWHM). Since a

pulse duration of 100 psecs, is needed from the master

oscillator, it was decided to set up the active-passive mode

locked master oscillator for the Nd:glass laser.

2.4.1 (b) Active-Passive Mode Locked leaser

An active passive mode locking scheme was observed to

greatly improve shot to shot reproducibility as compared to the

repetitively Q-switched oscillator aa well as a passively mode

locked oscillator which were tried earlier. The schematic set up

of the active-passive mode locked Nd:YAG master oscillator is

shown in Fig.2.4.1. The oscillator consists of a 3 mm diameter,

75 mm long Nd:YAQ rod pumped by a single linear xenon flash lamp

in an elliptical reflector cavity. The 1.5 meter long optical
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resonator consisted of an output mirror of 50% reflectivity on

one side and a contacted dye cell with a 100% reflectivity mirror

of 5 m radius of curvature on the other side. The mode locking

dye path length was 0.9 mm. The Eastman Kodak 9740 mode locking

dye (relaxation time of 20 ps) was circulated through the

contacted dye cell using a peristaltic pump having an adjustable

flow rate of 10 cc/hour to 300 cc/hour.

The active modulator used was a NEOS model N12 - XXXETE

acousto optic modulator. The mode locker frequency was fixed at

50 MHz at an RF output of 2 W. The modulator consisted of a

LiNbOs transducer bonded onto a quartz block. The Bragg angle

adjustment of the modulator was carried out by measuring the

power in the first order diffracted He-Ne laser beam through the

modulator, using a silicon PIN photodiode. The amplitude

transmission function f(t) through the modulator is given by

f(t) = Cos ( m Sin 2 fmt)

where fm is the modulation frequency and m is the modulation

parameter describing the depth of modulation. While setting the

Bragg angle, a transmission loss of 50% at a wavelength 633 run

and 33% at 1060 nm was obtained at an RF power input of 0.9 W.

The oscillator was operated at the TEMoo mode by placing a 2 mm

diameter mode selecting aperture within the cavity. The accurate

matching of mode locker frequency and the cavity round trip

frequency was achieved by mounting the output mirror on a linear

translation stage of micron accuracy.

The mode locked laser output pulse train after optimization

of the various parameters is shown in Fig.2.4.2. The modelocked

pulse train was of about 200 ns duration consisting of about 20

pulses separated by 10 ns. Total energy of the pulse envelope

was about 5 mj. The individual pulses within the pulse train on

an expanded scale are shown in Fig.2.4.3. The pulse duration is

seen to be less than 1 ns which is the resolution limit of the

detection system which comprised of a biplanar photodiode (100 ps

rise time) and a 400 MHz Tektronix storage oscilloscope. Accurate
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pulse duration measurement would be done using a two photon

fluorescence (TPF) technique and also using a single pulse

autocorrelator. Presently, efforts are being directed towards

switching out a single subnanosecond pulse out of the train,

using a high speed electro optic shutter.

2.4.2 Development of Diagnostics for Shock Wave. Studies

A Michelson type of interforometer and a velocity

interferometer have been set up to measure free surface

velocities of targets subjected to dynamic pressures in the range

of 0.1-1 Megabar using a gas gun or a high power laser.

Michelson Interferometer

This type of an interferometer is called a displacement

interferometer and is shown schematically in Fig.2.4.4. A highly

reflecting mirror is bonded onto the rear surface of the shocked

target specimen and forms one of the two mirrors of a Michelson

interferometer. As the mirror moves under the influence of a

stress wave, the frequency of the reflected beam shifts slightly

due to the Doppler effect. When this doppler shifted beam is

overlapped with a reference beam at the photomultiplier tube, the

output signal is amplitude modulated at the doppler shifted

frequency.

The fringe frequency ~'f(t) recorded on an oscilloscope is

thus related to the target free surface velocity V(t) at an

instant t by the expression >£ = -t_v. .̂  where is the wavelength of

the probe laser beam used (in *" this case a 1 MW He-Ne laser

emitting a wavelength of 0.6326 urn was used), and C is the

velocity of light. The limitations imposed by the frequency

response of the photomultiplier and oscilloscope place a

practical upper limit of about 0.2 ram/usec on the measurable free

surface velocity using this displacement interferometer. In our

experiments, for testing purposes, target samples were subjected

to a shock by two techniques. Firstly, a 7 Kg weight suspended

from the ceiling was swung to hit a SS impactor which impacted on
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a 1.5 mm thick S3 target plate. In this case, the maximum

velocity of the free surface measured was about 0.003 nm/uaec.

The free surface velocity increased considerably when the stress

wave was generated by exploding a thin copper wire kept in

contact with the reflecting mirror. The copper wire was exploded

by discharging 400 J electrical energy from a capacitor bank

using a sparkgap switch. The aluminium coated glass mirror itself

was the target in which the stress wave was generated.

Velocity Interferometer

A difference path interferometer or a velocity

interferometer has been set up in our laboratory to measure free

surface velocities of about 0.2 mm/uaec and is shown in

Fig.2.4.5. In this interferometer, there is practically no limit

on maximum velocity that can be measured. The fringe pattern at

the detector is achieved by beating1 the signal beam reflected off

the target surface mirror with a reference beam which is also

reflected from the target surface but at a slightly earlier time

as shown in the schematic set up of Fig.2.4.5. The optical delay

( t ) introduced in the path of one of the beams is about 2ns and

decides the velocity per fringe constant (acceleration) given by

the expression v(t-t) = *3' J- where F(t) is the number of fringes

crossing the detector in time t and = 0.6328 um. The typical

fringe pattern recorded using a photomultiplier and oscilloscope

is shown in (Fig.2.4.6). The corresponding graph of free surface

velocity as a function of time in an aluminum coated glass target

of thickness 1.5 mm is shown in (Fig.2.4.7). Presently this

interferometric dignostics is being standardized for laser-driven

shock studies. Thin foil targets are subjected to a few hundred

kilobars pressure by focusing a 0.5 J/20 ns dye Q-switched laser

beam. Expected free surface velocities would be approximately in

the range of 0.5-0.6 mm/usec.

2.4.3 Laser Microdrilling

Work on laser drilling of micro holes on metal sheets and

tubes has been taken up. Using a pulsed Nd:glass laser operating
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in trmm running multi mod* configuration, i»iarohol«« war* drilled

both in metal sheets and tubes of Brass, Copper, Stainless Steel,

Nickel etc. of thickness varying from 5 mm to 3 mm. Laser pulse

energies were varied from 200 mJ to 4 Js and micro holes were

drilled either in a single shot or multiple shots depending on

the thickness of the target material. The focusing optics was

either a 50 mm or 30 mm focal length lens. The microhole sizes

obtained were varied from 50 ±10 to 300 ±50 microns. Using a Q-

switched Nd:YAG laser operating in TEMoo mode having pulse

duration of -10 ns and energies of the order of 200 mJ,

microholes upto 20 ±5 microns have also been obtained in 200

micron thick SS plate. On careful analysis of the results

obtained in the above work, the following facts were revealed and

conclusions were made:

That a good number of holes were asymmetric, tapered and

rough i.e. molten material not fully removed from inside. This

was due to the presence of multimodes, multi shot operation and

the short focal-length lens used.

The laser energy requirement for microdrilling thus falls in

the range of 200 mJ to 3 Js for a pulse duration of 400 to 500

micro seconds. Larger pulse durations are desirable for increased

Job thickness, whereas shorter laser pulses of a few nanosecond

duration and energy ot about 200 mJs are optimum for microhole

diameters less than 100 urn and target thickness of a few hundred

microns. Laser operating in lower order modes are preferable to

obtain cleaner, symmetrical and smaller holes. Table 2.4.1 gives

the input energy, material used and sizes of the micro holes in

plane and tubular targets. Fig.2.4.8 shows the enlarged

photograph of a laser drilled microhole in a 2 mm thick brass

plate.Based on the above preliminary work and studies made, a

suitable laser is being designed to perform similar work for

which there is considerable demand from the DAE Units and other

users.
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T«bla 2.4.1.

PLAME TARGETS

TARGET Thick- Aper- Fir- Out- No. Energy Focal Dia-
ness of ture ing put shots needed leng- meter
target size Vol- energy needed to th of of

nun tage per to drill lens hole
KV pulse drill hole used urn

hole of mm

Brass 1. 5mm 12mm 3.3KV 1.13J 1.13J 50mm •300

S.S. 2 mm 4mm 4.2KV .94J 6 5.64J F=30mm -100

Copper 2 mm 20mm 3.1KV 10J 10J F=50mm 53

TUBULAR TARGETS

Specimen

S.S.Tube

2C 12

S.S.Tube

2C 11

Nickel

Tube

Wall Thick-
ness of
Specimen

tube

2. 5 mm

2. 5 mm

2.1 mm

Diameter on
the outer
surface of
of tube

350 + 50 um

200 + 50 um

200 + 50 um

Diameter
in the
inner side
for a
whole

more than

300 um

100 + 50um

150 + 50um

Minimum
energy
needed

3.8 J

(multishots)

- 2J

(multishots)

1.26J

(Single shot)

2.4.4 Laser Plasma Interaction Studies

Observation of blue-shifted peaks in the

vro emissions in laser-plasma experiments.

Spectrum of 3/2

Using a 16J-5 nsec. Nd:glass laser the spectrum of 3/2

wo emissions from laser produced carbon plasma was analysed. It

Mas noted that even at an intensity of (5 ± 1.5) x 101« Vf/cn»3

peaks in the blue-shifted spectrum was observed. This observation
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£• •xplainad on th« basis of promanam of ion-fluatuation whiah

arise aa a result of secondary plasma decay near the point of

origion of TPD plasmons. The wave vector k of plasmons gets

altered due to their scattering from the ion fluctuations causing

plasma frequency modulations. A modulated spectrum results in the

case of scattering of plasmons from ion fluctuation which favours

the mechanism of scattering of blue plasmons causing the presenoe

ot blue-wing in the recorded spectra of (3/2) wo radiation.

Resonant Four-Wave Mixing and Optical Phase

Configuration in Laser Plasmas:

We have performed a theoretical study of optical phase

conjugation via resonant four-wave mixing in a Iser produced

carbon plasma. The laser plasma is stimulated by two counter

propagating electromagnetic "pump" waves. Another wave, the

"probe", on being incident upon the stimulated plasma, is

reflected with its wave vector reversed and its phase conjugate.

We have considered the situation where the laser-plasma is

formed by irradiating a carbon slab target with Nd:glass laser

operating at - 1.06M-. The linear dimension of the region in

which the plasma is formed is taken to be 100u. We assume that

the pump waves are oscillating at a frequency close to the

electron plasma frequency and the probe wave is Stokes upshifted

in frequency an amount 6 W.

Starting from Maxwell's equations and using the theory of

Parametric Decay Instability we have obtained expressions for the

reflectivity defined as the ratio of the power in the conjugate

beam to that in the probe, as a function of and the angle 6

between the pump and the probe. This result has been obtained

under slowly varying envelope approximation (SVEA), a method well

known in non-linear optics.

Although theoretical expressions for reflectivity have been

derived both for steady state and transient probe waves, so far

numerical results are obtained only for the steady state case. W»
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find that for 6 = 0 * and 90° the reflectivity shows resonance

peaks whenever W equals the ion-acoustic frequency. For other

angles, multiple peaks are observed. We have also obtained

angular distribution of maximum reflectivity. It is found that

maximum reflectivity occurs at 9 near 80°.

List of Publications

1. "Generation of subnanosecond laser pulses by periodic Q-

switching using a simple electrically triggered spark gap

R.C.Bapna, N.Gopi, S.K.H.Auluck, B.S.Narayan and

L.J.Dhareshwar

To appear in Measurement Science & Technology.

2. "Laser driven shock wave studies in gold coated Plexiglass

targets"

L.J.Dhareshwar, P.A.Naik, T.C.Kaushik. H.C.Pant.

High Pressure Research Vol.10, pp 695 - 706, 1992.

3. "Study of ablation profile smoothing and stability of Laser

driven high Z doped plastic toil targets"

L.J.Dhareshwar, H.C.Pant.

Presented at the Fourteenth International Conference

on Plasma Physic and Controlled Nuclear Fusion Research of

IAEA, at Wuraburg, Germany, October 1992.

4. "Design, development and characterization studies of a large

aperture high power Nd:glass rod amplifier stage"

N.Gopi, R.C.Bapna, C.G. Murali, B.S.Narayan and

L.J.Dhareshwar.

BARC Report No.BARC/1992/ E/029, 1992.

5. "Comment on 'Parametric Instabilities neutral critical

density on steepened profiles'

B.K.Sinha and G.P.Gupta

Physics Fluids 2§>- 1888(1983). {Phys. Fluids (B) 2. 1510-

1512 (1992)

6. "Saturation of second harmonic emission in laser plasmas"

B.K.Sinha and G.P.Gupta

Plasma Physics and Controlled Fusion M> H71 (1992)



7. 'Corrigenda - "Effect of Collisional damping on the

threshold and growth rate of two plasmon decay instability

in laser-produced plasmas"

G.P.Gupta and B.K.Sinha

Plasma Physics Controlled Fusion 33, 231 (1991), Plasna

Physics Controlled Fusion 54. H71 (1992)

8. 'Comment on - "Ion Acoustic parametric decay instability in

laser produced plasmas with varying ionic charges

G.P.Gupta and B.K.Sinha

[Phys. Fluids B3, 1983 (1991)], Phys. Fusion - in print.

. 9. "Threshold and Amplification of Convective two-plasmon decay

instability in a collisional laser-plasma,"

B.K.Sinha and G.P.Gupta

Plasma Physics Controlled Fusion - in print.

10. "Threshold and Amplification of Convective tvo-plasmon decay

instability in a collisional laser-plasma,"

G.P.Gupta and B.K.Sinha

Proc. International Symposium on Laser-Plasma Interaction,

9-12 Nov. Shanghai, (China) 1992.

2.5 LASER APPLICATIONS

The laser applications group works in the field of opto-

electronic instrumentation. A laser data communication system was

developed & operated sucessfully. A number of these instruments

were supplied to various units of Department of Atomic Energy for

evaluation. Various other instruments under development include

Laser Dust Density Monitor, I.R. Universal Product Code Scanner,

Credential Card System and Reflactometer for measuring the

surface roughness.

2.5.1 Laser Data Communication

Development work initiated earlier continued during the

year to increase the range of communication to over 2 Ions. The

communicator-receiver optics using a doublet of large diameter

(10 cm) was tested by focussing expanded He- Ne laser Beam. It

was observed that the focussed spot was much smaller and be++er.
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This type of optics will ensure batter signal to noiao ratio.

The layout drawing for the chasis to accomodate the large optics,

telescope, PCB cards and transformer etc. has been prepared. The

chasis is being fabricated in the divisional workshop.

The X - Y alignment mounts for the communicator units were

fabricated in the divisional workshop and used with the

instrument. These mounts help to aase the alignment during

installation.

2.5.2 Laser Dust Density Monitor

Work on the development of 'Laser Dust Density Monitor'has

been initiated.These instruments are used to measure the emission

from dust generating industry, notably due to combustion. The

design problems have been indentified. The choice on the type of

laser, photodiode/photomultiplier tube and optics is being

decided; some of the indents have been placed.

The instrument will work on the principle of back scatter of

Laser rays. The design approach of laser transmitter has been

planned (visible/infra-red) alongwith suitable optics depending

upon the availability of Laser. In case the choice rests on He-Ne

laser, the transmitter will require the chopper motor and chopper

disc for modulating t'.ie laser beam. As the signal detection is

based on the backscatter instead of absorption of the signal it

will provide maximum sensitivity to dust and measurement will be

independent of flow-rate and particle temperature. Since the

size of dust particles is around 10 micron or more, the

difference in wavelength of the above mentioned lasers will have

negligible effect on sensitivity. The laser beam is aimed into

the dusty atmosphere which is scattered from particles in

suspension, transmitting a certain quantity of light back to the

instrument. It is this fraction of light which when measured

with the instrument receiver gives the data of dust emission

through the stack in the air. The receiver output will provide

signal for the digital display and chart recorder. Alarm will be
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triggered when the dust density exceeds a set level. During

operation a clean air blower will keep the pressure of air high

to prevent settling of dust particles on face of optical lenses.

The instrument's front end will be provided with mechanical

shutter to protect the inside of the instrument including

transmitter and receiver optics against dust entering during the

breakdown of pneumatic circuit.

A block diagram of the proposed instrument is given in Fig.

2.5.1. The system design will take care of the difficulties

encountered with other dust measuring instruments (such as

difficulty of alignment of optical path, dirt spoiling of optics

and maintenance etc.).

2.5.3 Infra Red Universal Product Code Scanner

Hand held scanner wand is being developed in order to

retrieve information from code labels on any product. This system

shown schematically in Fig.2.5.2 uses a photodiode to detect the

variations in the reflectivity as an infra red light source (LED)

is moved across the high and low (Black & White) reflective area

on the label. The detected signal is amplified and processed to

obtain pulse width modulated signal which correspond to the

printed code. The decoding of the pulse width modulated signal

is done by using a 8031 based micro-controller. The decoded

signal is sent to a display module. Maximum bits which can be

displayed is 64. This will include start, parity and stop bits

also. This can be further expanded with the change in software.

2.5.4 Credential Card System

Work for improving the credential card system was continued.

In order to reduce the complexity of the credential card, EPROM

based code generator was developed. EPROM programming Chart to

store the data at the desired location is also generated along

with appropriate start, spot and parity bit.
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Correspondingly • programme to display th« d«t«at«d ood* by

the receiver circuitry was developed. This required a change of

PC Clock Crystal, which was incorporated and gave 'dislay' of

received code without any error.

2.5.5 Study of Relationship Between Surface Roughness and

Specular Reflection

It is well known that the intensity of the specular

reflection increases with the smoothness of the target surface;

it was decided to establish the excact relationship between the

roughness of a finished surface of a particular material and

specular reflection.

To carry out the experiment, 8 stainless still samples of

(35 x 25 x 16 m ) were fabricated with different smoothness of

one of the faces of the samples. An experimental set up

(Fig.2.5.3) was made where the incident beam of a He-Ne laser

made and angle of 45° with the target surface. A photodiode with

an amplifier with a gain ot 5000 was put at 90° to the incident

beam to detect the specular reflection. The target sample was

kept on a rotating table which was rotated through ±5°in the

steps of 0.5o. The output of the amplifier was recorded with

each change in the target angle to the incident beam, and the

experiment was repeated with each target sample. The results

could not establish the exact relationship due to two possible

reasons - (i) The target surface had the pattern of the surface

shaping tool movement, in a line shape. To overcome this problem

we propose to polish the target surface; (ii) The amplifier had

50 Hs pick up with the result the out put was not stable.

Now it is proposed to make another set up (Fig.2.5.4) where

the photo detector will be moved in very small steps, keeping the

sample target fixed. To move the photo detector in small and

precise steps, it was decided to use uP controlled stepper motor.

Its driving card and 8031 baaed u-controller has been procured.

Mechanical assembly for coupling of stepper motor with the photo

detector assembly for mounting of detector has been designed and
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fabricated by the divisional workshop. A programme Is also

developed for clockwise & anti-clockwise movement of the stepper

motor. The motor is mechanically coupled with a detector

assembly to produce predetermined linear motion of the detector.
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3. THERMAL PLASMA ACTIVITIES

The 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 10*9 - 1021 per mi . During the

year 1992, Thermal Plasma Section has made contributions to the

research and development of various kinds of plasma torches,

development of plasma instrumentation techniques, development of

plasma reactors for processing of materials and Liquid Metal MHD

flows. The major achievements can be listed as follows:

A prototype 50 KW plasma melting torch has been developed.

This torch is based on axial flow stabilization and was chosen

after trials on both vortex stabilized and axial flow stabilized

torches. Extensive experiments have been carried out to

characterize the torch using separate pilot arc and main arc dc

power supplies. The specific parameters that are measured include

voltage, current, heat losses to electrodes, energy transferred

to work piece, arc striking distances and arc extinction

distances.

The two wire arc spray system, currently undergoing trials,

has been used for spraying of aluminum, copper, stainless steel

(AISI 308L) wires on various metal and ceramic substrates. The

wire feed rates have been kept at 4-6 m/min. The adhesion bond

strengths and the composition of the coatings by X-rays have been

determined.

Titanium Carbide Coatings have been prepared on alumina

substrates by reactive plaama spraying of titanium metal powder

with acetylene as the reactive gas and also with premixed powders

of titanium and graphite. Similarly nickel alumihide has bean

synthesized by feeding powders of nickel and aluminium. In the
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studies on pl^mmm sprayed •uparoonduating coatings, Yl B*aCu4O7-s

was used as the feed stock powder at a power level of 12 kW to

obtain YiBaiCu»07-i coatings. The coatings exhibited high Te and

Je values. Under a joint program several titanium plates have

been coated with the bioceramic hydroxylapatite. The coatings

show excellent characteristics and the spray parameters are being

optimised. As the final part of the collaborative program with

M/s. Steel Authority of India Limited (SAIL), field trials were

carried out using plasma spray coated slide gate plates in a

steel plant. The plasma coating increases the life of the plates

to 5-6 heats as compared to 2-3 heats for uncoated plates.

An isolated trigger circuit has been designed and developed

for cathodo-luminescence studies. The circuit at 20 KV isolation

from ground can trigger the grid of an electron beam system ON

for a controlled variable duration of the order of milliseconds.

The Liquid Metal Magnetohydrodynamic ( LMMHD ) Generator

offers immense scope for challenging theoretical and experimental

work. The 6.5 m high LMMHD System was cleared by the Safety

Committee for Phase I operation at ambient temperatures. After

loading the 'facility with 1.5 tons of mercury, the system was

commissioned during this year. The initial experiments were

performed with mercury as the electrodynamic fluid and nitrogen

as the gasdynamic fluid. With a magnetic induction of 0.45 Teala,

a load current of 200 A per electrode pair at 16 mV was obtained.

The void fraction measurements based on gamma ray attenuation

technique have also been carried out in the two phase flow region

near the mixer. A computer code has been developed to process the

transverse measurement data from gamma ray attenuation technique

to obtain void fraction- profiles in two phase flows.

The recirculating currents near the edges of the liquid

metal magnetohydrodynamic (LMMHD) generator, have been known to

modify the velocity profiles at high interaction parameters. In

order to verify this experimentally, the 2 m high air-mercury

LMMHD facility was reconstructed with a new epoxy channel and an

electromagnet to achieve interaction parameter values 0.06-5. The
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theoretioal calculations based on the modified veloolty profile
model conforms tc thm experimental results.

S.I. DEVELOPMENT OV PLABhA DEVICES

In-house technology for the development of high power DC

plasma jet devices (torches) working on stabilised and

constricted arc jets at temperatures around 25,000 K is already

available. These plasma torches have thoriated tungsten cathode

and copper noeele anodes. Plasma gas is introduced into the

interelectrode space and an arc is struck. The gas gets ionised

into a plasma and is pushed out in the form of a high temperature

high velocity Jet. Both the electrodes are water cooled. The

report of work under this category is described below.

3.^. 1 System Development

Arc Metal Spray System

A heavy duty electric arc metal spray system has been

designed) fabricated and tested. Arc metal spray can be used for

reclamation of worn out parts, anti-corrosive coatings, hard

surfacing, EMI metal coatings on plastic enclosures and in mold

making. The complete system consists of the high current power

supply, the specially designed arc spray gun and the control

system for the two-wire four-roller drive with various safety and

system interlocks. The details are given in 1991 report. During

1992, a remote control system for the operation of the arc metal

spray system was fabricated. The following operations can be made

from this unit: track sequencing, variation of wire speed, job

movement and variation of power supply voltage. Apart from this,

current and voltage indications are provided on this rack.

Different arc metal coatings on mild steel, stainless steel and

aluminium has been prepared using the above system for assessing

their adhesion strength. The results of these studies are

presented in Sec. 3.4.
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Development of a Wire-arc Plasma Spray System

A Wire-Arc-Plasma spray system has been developed based on

the plasma transferred arc process. A high velocity plasma Jet is

formed by means of a transferred-arc between a non-consumable

cathode within a plasma torch and the tip of the single

consumable wire being sprayed. The transferred-arc as well as the

hot, high velocity plasma Jet, melt the wire and atomize and

propel the fine molten droplets to the substrate to form a

coating which is dense and low in formed oxides. A block diagram

of the wire-arc-plasma spray system is shown in the Fig 3.1.

Apart from producing conventional coatings, the above process can

be adapted to produce metal-matrix composite deposits with

improved material properties. The main components of the above

process are the transferred-arc plasma torch, a motorised single

wire-feed system, a current regulated power supply with facility

for pilot-arc and transferred-arc operation, control system and

the gas feed stocks.

The plasma torch developed has been tested both for the

pilot and the transferred-arc. The power source used is the 6L-

400 and the. 6L-600 transductor controlled power supplies in

series combination . The characteristics along with the pilot arc

parameters are given in Fig 3.2. The plasma gas can be nitrogen

or a mixture of argon/35% hydrogen. The converging gas can be

air, nitrogen, carbon dioxide or any noninflammable gas.

The above process has higher material throughput at lower

energy levels compared to conventional plasma spraying. This

lower heat input results in lower thermal stresses being formed

within the coating, .thus allowing for thicker coatings to be

formed. The operating power level is expected to be about 5-10 kW

with high deposition efficiencies of about 80 - 90 %. The

transferred-arc plasma torch is being tested at different power

levels and gas inputs.
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Plasma Torch Based Aerosol Generator

Work is in progress to build a plasma torch based aerosol

generator in collaboration with Environmental Assessment

Division. Aerosol generators are used to study the behaviour and

transport of aerosol in the case of nuclear accidents. Plasma

torches offer themselves as a source of aerosol generator and can

be used for a variety of materials like metals, alloys, ceramics

and polymers. A laboratory scale aerosol generator with six

sample location ports is under fabrication.

Controlled Environment Plasma Spray System

The Controlled Environment Plasma Spray System (CEPSS) is

being set up for investigations and study of plasma sprayed

coatings and testing & evaluation of materials under controlled

environment. The properties of plasma sprayed coatings are

closely related to various working parameters of the plasma spray

process. The objective of the data acquisition system is to

collect the information regarding the various critical parameters

on-line, as well as to set, control and monitor them.

The various subsystems for data acquisition and control have

been identified as the vacuum chamber, plasma torch system, power

supply system, torch & Job manipulators and powder feeder system.

The hardware requirements for interfacing the IBM PC-AT have been

identified. They include the opto isolation circuits, digital to

analog converters, isolation conditioning and protection

circuits, analog to digital converters, digital input/output

channels, serial interface circuits, etc. Fig.3.3 shows the

hardware necessary for interfacing the PC to CEPSS. A list of

the number of analog, digital and serial communication channels

that would be essential la shown in Table 3.1. The various

hardware interfaces are being acquired.

Software is being developed for the power supply subsystem.

The Graphical User Interface (GUI) for power supply subsystem has

been developed, which simulates the control panel showing the
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power aupply atatua, power level to the torch and time of aprajr.

The input/output routines are being developed for controlling the

analog to digital, digital to analog and digital channels.

Table 3.1

DATA ACQUISITION AND CONTROL CHANNELS FOR PC INTERFACE

S.No.

1

2

3

4

5

6

7

8

3,1,2,

Name of the

System and

Parameter

Power Supplies

(V, I, ON/OFF)
Flow(water, gas)

ON/OFF(switches)

Pressure

(gas, vacuum)

Solenoid

valves

Powder Feeder

No. of

Analog

I/P

IB

6

7

-

1
(motor speed on/off)

Substrate Heater

controller

Manipulators

(torch and Job)

Controller for

Chamber Vacuum

TOTAL

Component Develoomei

1

-

-

48

nt

0/P

8

6

2

-

1

1

-

-

18

Channels

Digital

1/P 0/P

9

5

-

6

1

-

-

-

5 16

Serial

R8-232 C

—

—

—

—

—

—

2

1

3

Plaama Melting Torch

Plasma arc meltera have enormous potential in melting scrap

material, cladding materials in nuclear reactors and steel plant

waste. The meltera are to be operated with long area so that
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double arcing and excessive radiation from the melt to the

nozzle are minimised. A plasma melting torch of 50 kW capacity

has, been designed and fabricated. This torch operates in axial

flow, transferred arc mode with argon as plasma gas. Scrap

materials are melted in a water-cooled crucible and the torch is

working satisfactorily. . . .

Experiments have been performed on the characterization of a

plasma melting torch. The torch used was of the transferred arc

type with hot cathode (thoriated tungsten). Both vortex and axial

flow patterns have been tried. The specific parameters measured

were the arc voltage, current, heat losses to the electrodes and

a simulated crucible. The maximum standoff for striking the arc

and the maximum length to which the arc can be drawn were also

measured as functions of the operating variables namely, arc

currents, flow rate etc. The results indicate that increasing the

arc length increases the power input almost linearly; whereas the

fractional power delivered to the torch remains substantially

constant. Moreover, the maximum permissible arc lengths are found

to be critically dependent on the gas flow and current. Variation

of arc length and threshold strike distance with arc current are

given in Fig.3.4. The fraction of total power lost in different

modes is given in Fig.3.5.

Cascaded Anode Plasma Torch

A new cascaded anode plasma torch has been designed,

fabricated and is under testing. This torch can be fully

dismantled and reassembled. This helps for the easy replacement

of wornout components. Cathode and anode cooling water is

connected externally to ensure a free flow and easy measurement

of temperature for characterization studies. The cascaded anoda

part consists of copper anode rings which are individually water

cooled and insulated from the main anode nozzle. The plasma arc

can be struck from the cathode to all or any selected segment of

the cascaded anode part resulting in a longer flame which can be

used for various material processing and plasma diagnostics

studies. Fig.3.6. shows a cross sectional view of the torch.
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Mobile H«at Flux Measuring Unit

A heat flux measuring unit mounted on a trolley is being

fabricated with the view that it can be used at various locations

in the laboratory. The unit has provisions for 4 measurements and

is provided with water flowmeters, thermocouples, inlet/outlet

connections etc. The front panel has instruments mounted on it.

3.1.3. Analytical Studies

Arc Characteristics

The voltsgc, current and heat balance data on the gas

stabilized noti transferred arc plasma torch has been analyzed and

fitted to a Nottingham type equation relating arc currents and

voltages. It has been found thai in such a representation, the

combined electrode drops and the plasma drop of potential get

separated thereby giving a physical meaning to the Nottingham

coefficients. Moreover, the analysis shows that from the

electrical characteristics point of view, a plasma of 85% argon

and 15% of nitrogen behave predominantly like a nitrogen plasma

(Fig.3.7).

Parallelisation of therroophysical property code

The computation of thermophysical properties of thermal

plasmas under varying input conditions is a problem that has been

tackled before and computer codes have been developed for the

same. However the large number of species available in plasma

materials processing systems or combustion plasma systems involve

large computational times for these codes to run in sequential

computation mode. Due to the availability of the BARC parallel

processing system, parallelisation of these codes is being

attempted. Initially these codes which were made to execute

separately are being combined on the LM 860 system.
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3.2. PLASMA DIAGNOSTICS AMD INSTRUMENTATION

The development of reliable and accurate measurement

techniques in thermal plasma is of vital importance for the

improvement - of existing devices and implementation of new

concepts. In addition, it is also necessary to develop state of

art, control systems for the plasma equipment.

3.2.1 Plasma Diagnostics

Far Infrared Laser Diagnostics

In an optically pumped FIR laser, the grating tuned carbon

dioxide laser is used as the pump and FIR laser lines of

different wavelengths can be obtained by using different

materials in FIR cavity. Previously the maximum power output

obtained from carbon dioxide laser was only 14 W. By correcting

the proportions of different gases in the gas mixture used for

carbon dioxide laser, the laser output power was raised to 37.5

W,(CW) at P-20 line. The alignment of FIR waveguide cavity was

done using a helium neon laser. The carbon dioxide laser output

at the FIR waveguide end (by removing the output reflector and

quartz disc) was adjusted to get TEMoo mode. The FIR cavity is

to be evacuated up to 100 m Torr and them filled with methyl

alcohol up to 300 m Torr tc get FIR laser output. At present,

vacuum system connected to FIR cavity is under modification. The

FIR output will be measured using a pyroelectric detector. The

detector (Moletron, Model no. P-395.P-373) has been tested using

a helium neon laser at 10 Hz chopping frequency. The voltage

output of +10 Volts at 1 mW power has been obtained.

Laser Doppler Velocimetry

Laser Doppler Velocimetry (LDV) system is used to measure

velocity of small (micron size) particles flowing with a fluid

carrier medium. The LDV system consists of a 5 W argon ion

laser, LDV optics, a photomultiplier tube, counter, a data

buffer, a traversing mechanism and a PC/XT. A parallel interface
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card haa been used to access data from LDV buffer and to control

the traversing mechanism. Currently the hardware and software

required to interface the buffer to a PC/AT system is being

developed.

3.2.2 Broad B*9ffm Iftw Source pevelopment

Study of ion-beam extraction through a number of apertures

on the extractor is essential for the generation of multi-ampere

ion-beam. We have designed a Low-Energy-Beam-Transport,

(L.E.B.T.) assembly consisting of four electrodes with variable

number of apertures for ion extraction experiments to be carried

out shortly (Fig.3.8). The function of this electrode assembly

will be to extract the ions from the low pressure rf plasmas and

transport them so that emerging beam through the apertures will

have low beam divergence. The design of the electrical insulation

between the inter electrodes is such that the emerging beam

energy can go upto 10 KeV.

In the beam transport tube vacuum level of 10-5 to 10-• tort

is essential to withstand the inter electrode electrical break-

down. We have incorporated 2000 I/a (9inch) oil diffusion pump

backed by 450 1/min. rotary pump combination. A suitable liquid

nitrogen trap is also included for avoiding vapour

contaminations.

Numerical calculations of the trajectories of the beam

through the multi-apertures is under progress. The program uses

a Finite Difference Method for discretization of the geometry and

the equations are solved by Successive Over Relaxation method.

From the calculated potential, the electric field component for

the ray tracing can be derived by differentiation. Initial

boundary conditions of the emissive surface has been chosen to

suit our experimental configurations and conditions (divergent

angle of the emitting surface, emissive surface plasma current

density and the initial velocity of the emitting charged

particles, considered as singly charged ). Once the trajectories

have been calculated, a space charge map is created, which is
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determined by the charge density and the velocity of th«

particles. This space charge map is then used to recalculate the

Polsson equation. The procedure is repeated until the difference

between two iterations becomes sufficiently small. This

programme will subsequently be suitably modified to include the

particle trajectories from the the core of the discharge plasma

so that the self consistent sheath t*hickness will be

automatically accommodated.

3.2.3 Special Instrumentation

Radio frequency Power Supply for High Power CO2 Laser

A 27 MHz, 5kW radio frequency power supply is being

developed. The basic schematic is shown in Fig 3.9. The first

stage consists of a harmonic oscillator ( valve 6CL6 ) driven by

a 6.7-8 MHz crystal, feeding a buffer amplifier ( valve 6146 ).

The 20 W rf output will drive the BEL 400 tetrode amplifier which

in turn will drive the final stage class C amplifier (triode BEL

3000) to give upto 5 kW rf power. Various components of the above

system are being procured and the harmonic oscillator is being

tested

Surge Probe for Impulse Generator

A surge probe with good noise immunity, low input impedance

and fast response requiring no frequency compensation has been

developed for measurement of surge voltages upto 7 kV. High

voltage transient waveforms measured using conventional high

voltage probes across low impedances circuits (surge generators,

metal oxide varistors and in power lines) are found to be in

error because of the stray powerline pickup due to the high input

impedance of the probe.

A compact (25mm dia x 20cm) low impedance surge probe

(attenuation 660) has been made as shown in Fig. 3.10. It

consists of a resistive voltage divider with an input impedance

of 33 k ohms and an output impedance of 50 ohms mounted and fixed
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in*id* a grounded aoppmr »h«ath to pr«v«nt •tray pickup tram

external fields. The aurge probe response measured using a high

speed mercury contact switch circuit is also shown in the Fig.

3.10.b. The waveform recorded on Tek 7A26 amplifier shown in the

Fig.3.10.c gives the rise time of the surge probe as 60 ns. This

rise time can be further improved by minimizing the distributed

stray ground capacitances and also using non-inductive resistors

in place of the standard metal film resistors (Philips SFR 25H).

Also the surge probe can be made into a differential form to

avoid ground loop errors under large surge currents of kA range.

The rise time of the metal oxide varistors (MOV) has been

assessed using the abov esurge probe. Fig 3.10.d shows the rise

time recorded across a commercially available MOV (GE V250LA40A)

and one developed in the division. It is found that the maximum

rise time of MOV is less than 40 nanoseconds, taking into account

the response time of the surge probe.

Liquid Metal MHD Controls

Transmitting, scaling and display circuits required for the

RTD's and pressure transmitters were developed, assembled and

connected for the LMMHO control system to monitor the

temperatures and pressures. A +15V, 500 mA D.C. power supply

required for the LMMHD system has been made and put into use.

Isolated Trigger Circuit for Electron Beam System

An isolated trigger circuit has been designed and developed

for use in cathodoluminescence studies. This circuit provides an

isolated continuous ON/OFF triggering of the grid in the electron

beam system. The grid is triggered ON for a controlled variable

duration, of the order of microseconds and then turned OFF for a

fixed period of few milliseconds. The voltage required to put off

the electron beam can also be set from the panel. The decay

response characteristics of the phosphor can be studied during

the OFF period.
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The output of the variac is given to the input ol a 20kV

isolated step down transformer £ 230V : 100V (500mA) ]. The

output is rectified and filtered to power the switching

transistor (2N3439) and the IC 555 astable multivibrator. The

output Vout of the transistor to be connected to the control grid

of the electron beam system is shown in detail in the Fig.3.11.

The floating ground point of the triggering circuit is connected

to the cathode of the EB system. The ON duration Tp of the

recurrent pulse train can be continuously varied from 10us to

100U3 via the front panel control, 'VARY Tp' which is the 2k

potentiometer. The OFF duration is fixed at about 5ms, to record

the decay time constant of the phosphor luminescence on the

storage oscilloscope. The grid OFF voltage, Vi of the output Vout

can be set between -50V to -100V via the variac, external to the

unit. This complete grid triggering circuit can be floated upto

20 kV

The above described Isolated trigger circuit has been given

to Uranium & Rare Earths Extraction Division for use in an

electron beam apparatus'used for studying the cathodoluminesence

properties of rare earth materials.

PC Based Control for Plasma Torch

After successfully testing the P.C. based control of the

D.C. Power supplies for a Plasma Torch, work is undertaken for PC

based control of the gas flow rate to the plasma torch. The

necessary hardware such as the interface between the gas flow

rotameter transmitter and the Data acquisition ADC card for

signal conditioning and calibration is tested and ready. The

software for signal acquisition and control in Turbo C is under

development and the control loop will be tested soon. The

hardware for data acquisition of cooling water flow rate of the

torch as well as rise in its temperature is developed and tested.

The necessary software is under development.
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Void Fraction Measurements

For the microprocessor based void fraction measurement

system additional software is developed to incorporate the

correction in the value of the average void fraction due to the

dynamic fluctuations in the two phase flow. This additional

software will print the corrected values of the average void

fraction for three types of fluctuations namely small, medium and

large.

Miscellaneous

A gas flow measuring circuit was developed for the 1MW

plasma torch. Pressure and gas flow signals, which are in the

range of 4 to 20 mA were sensed by respective transducers. These

signals are processed by AD532 IC (square rooter and multiplier).

Ultimately gas flow is displayed by a 0 to 10 volts D.C.

voltmeter. The meter has been calibrated such that one volt

corresponds to 100 LPM.

A nano ampere measuring circuit was built for conductivity

measurements to be used for ceramic samples at low temperatures.

The circuit is built using operational amplifier (ICH8500) in the

current to voltage converter mode. Voltage is measured at the

output of the op. amp. with a digital panel meter. Sensitivity of

10 mV / nA was obtained with zirconium dioxide.

3.3. LIQUID METAL MAQNKTOHYDRODYMAMICS

When a conducting fluid moves in a magnetic field, electric

fields are induced in the fluid, which in turn results in the

flow of electric currents. The study of this interaction is the

science of magnetohydrodynamica. Thermal plasma section has taken

up liquid metal magnetohydrodynamic ( LMHHD ) programme as a part

of advanced MHD cycle development studies due to its significance

in fission breeder reactors and fusion reactors.
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3.3.1. LMMHD Generator Btudiww

In continuation of the study of recirculating currents near

the edges of Liquid Metal Magnetohydrodynamics(LMMHD) generator,

it has been found that there is a small but systematic deviation

between the theoretical prediction based on the standard uniform

velocity model and experimental data. This could be attributed to

the interaction parameter N (= aB>h/pu, where a is the electrical

conductivity, B the magnetic induction, h the characteristic

distance, p the density and u th« velocity ) which modifies the

flow and boundary layers. It is wt»ll known that at higher N,

axial velocity profile is modified into 'M ' shape. This arises

due to the presence of axial current density(J*) and the axial

gradient of asimuthal magnetic field intensity. These create

vorticities which modify the shape to 'M ' profile.

In order to verify this observation, the Air-Mercury

facility has been modified to get higher N values. A new epoxy

channel with copper electrodes has been fabricated and the

permanent magnet has been replaced by the electromagnet to study

at higher interaction parameter( N ~5). Experiments were

performed for three different magnetic field intensities(0.15 -

0.7T), different velocities(0.8 - 1.9 m/s), different load

resistances(264, 728 u and open circuit) and different vane

locations. The interaction parameter could be varied from 0.05 to

5. The maximum current density was 5 x 105 A/N> and the maximum

open circuit voltnge was -42 mV. Typical experimental data is

plotted in Fig.3.12 along with constant velocity model

prediction(continuous line). Comparison of theoretical and

experimental data shows that there is a systematic

deviation^ screase) with the increase of interaction parameter.

The deviation is observed for all load factors and vane

locations. For N = 4.8 the deviation was maximum. The standard

constant velocity model is modified to include boundary layer and

'M' profile effect. The modified model Accounts for the observed

effects.

80



r
•5

o
ui

S
f

* •

OB

t r
1

-10 -6 -2 0 2 6 10
Position of the vane edge ( en >

,-HMTK

ON • « •
ON • 0JJ5
AN - O03
• N • W
I N -05B
AN • 031
XN • 4.7*
t N -L44

N -0J5

e
I

-W -4 -£0 2 • 10
Position of the van* edge < en >

PIG 3.12 Non-dlmenslonalised Voltages and Currents of the
LMMHD Generator for Various Vane Locations



3.3.2. Liquid Metal flow Diagnostics

In order to measure the void fraction profile in the upcomer

of LMH'HD system a simulation facility was fabricated. The range

of void fraction simulated was from 0 to 0.45. From the lateral

measurements taken the radial profile was obtained by Abel

inversion. A computer code has been developed to process the

lateral measurements data. The agreement between the simulated

and the measured void fractions was reasonable (within 16%). The

same measurements were done in the upcomer also. The results are

shown in Fig.3.13.

3.3.3. Liquid Metal MHD Steam-Mercury System

The prototype LMMHD system was commissioned and phase I

operations were started at ambient temperature with nitrogen as

gas-phase fluid and mercury as liquid-phase fluid. Some

preliminary experiments were performed for different gas flow

rates. The maximum open circuit voltage measured was 65 mV at the

magnetic flux density 0.45 T. Void fraction measurements were

also conducted near the mixer exit for various gas flow rates

using gamma-ray from 75 mCi Co60. The void fraction data with

load resistance and open circuit condition for various flow rates

matches well with the theoretically predictad values (Table 3.2).

In this table, for different mass flow rates, the measured void

fraction are tabulated. Since the flow fluctuations during the

measurement time give somo error in the measurement, fluctuation

correction is done and the corrected data is also tabulated. The

predicted void fraction for the given mass flow rates of gas and

liquid for the upward two-phase flow are also tabulated for

comparison.

A flow meter is being fabricated. It consists of a stainless

steel column, having flanges on the both ends, two copper

electrodes, and a permanent magnet. A remote .nechanical handling

system for the opening of mercury dump valve in the Liquid Metal

MHD System, from safety requirements is under fabrication.
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Table 3.2

COMPARISON BETWEEN MEASURED AND PREDICTED

VOID FRACTION

Load = open circuit. Load = 110 microohms

Mass flow Mass flow Void fraction Mass flow Void fraction

rate of rate of measured corrected" predicted** rate of measured corrected predicted

air mercury mercury

(gm/s) (Kg/s) (Kg/s)

2.03

2.7

5.26

7 . 5

8 . 6

9.68

10.89

89.5

96.0

111.0

118.5

121.5

123.5

125.5

0.168

0.181

0.263

0.319

0.342

0.368

—

0.151

0.162

0.227

0.269

0.286

0.305

- -

0.130

0.154

0.228

0.279

0.301

0.321

0.343

66.0

73.0

89.0

97.0

100.0

103.0

105.0

0.171

0.231

0.306

0.357

0.398

0.154

0.203

0.259

0.297

0.324

0.142

0.167

0.244

0.298

0.321

0.342

0.365

a) Corrected assuming maximum fluctuation

b) Based on empirical relationship



.2L.4_ MATERIALS TECHNOLOGY

In the plasma technology activities the materials program

has two major thrusts. The fabrication and utilization of special

high temperature materials in plasma devices is an important area

of investigations. The second aspect deals with the development

and processing of new materials by plasma techniques.

3.4.1. Properties Of Coatings

Arc Sprayed Metal Coatings

The arc spray system developed and described in the 1991

report has been successfully used for spraying of aluminium,

copper and SS 308L on various types of metal and ceramic

substrates. The individual wire feed rates have been kept within

4 to 6 m/min, arc voltage at 30 volts, inlet nozzle pressure

about 6 kg/cm2 and the spraying distance about 10 cm, which gives

stable arcing and a uniform particle size in the resultant

coatings. The substrate is mounted on a traversing table actuated

by a DC motor which is remote controlled. The motorised movement

of the substrate can be varied from 0 to 8mm/sec.

The main properties tested for the arc sprayed coatings were

the adhesive bond strength (using ASTM C 633-79) and the

composition of the coatings by X-ray diffraction analysis. The

adhesion test results are given in Table 3.3. The sprayed coating

thickness profile for a single traverse of the substrate plate is

shown in the Fig 3.14. In a single pass of the substrate it is

seen that the width of coating is 5cm at a spraying distance of

10cm from the arc gun. This gives a sprayed angle of 28° at the

gun. The deposition efficiency for aluminium spraying is found to

be 60%. Photographs taken with a short exposure time of 1/2000 s

gives particle speeds of 60 m/s.

Aluminium has been sprayed on sandblasted alumina and

various metals such as aluminium, mild steel,stainless steel,

copper, brass, inconel and nickel. The adherence of aluminium
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coating ia found to be excellent and about 100ka/cm2 on both

ceramic as well as all the above metals. The adhesive strength is

also found to be good independent of the coating thickness.

Coatings of aluminum arc sprayed on mild steel and stainless

steel, with air, nitrogen and argon as the working media have

also been characterized by x-ray diffraction technique for phase

composition. Even with air as the carrier gas, oxidation of the

aluminum during spraying is not found to be significant, as AI2O3

phase is not found in the coating. Similarly aluminum coating

sprayed with nitrogen as the carrier gas has not shown any

nitride phase. The thickness of the coatings, determined by

weight difference and micrometer measurements is about 0.2 to 0.3

mm for one pass of the substrate plate. These coatings provide

resistance to oxidation and corrosion to base metals like mild

steel. These coatings, also show good bonding characteristics on

sheets of aluminium, mild steel, stainless steel, asbestos and

sintered alumina ceramic plates.

Copper wires were arc sprayed on copper and SS substrates.

Thin layers of about 100 to 200 micron size copper coatings has

been found to have good adherence. Both air and nitrogen sprayed

copper of greater than 300 microns thickness have a tendency to

peel off from the substrate. Copper sprayed on prior aluminium

sprayed coatings have shown to have good adherence. This

multilayer coating can be used to make solderable end connections

on ceramic or metal.

SS 308 wire hare been sprayed on both SS and MS substrates.

Thicker coatings above 300 microns have a tendency to peel off

from the substrate. Arc sprayed coating of SS 306L, coated on MS

substrate using air as working medium, has been characterized by

X-ray diffraction technique. The predominant austenite phase of

the starting material is retained as the major phase in the

coating of this duplex steel, the other phase being ferritic.

Though air is used as the working medium, oxide phases are not

noticed by x-ray diffraction technique.
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I The size of the arc depends on the type of gas and the arc

voJbage. With arson gas the sis« of the arc is seen to enlarge

and deposits of the sprayed material are found on the nozzle

aperture. Hence it is necessary to reduce the arc voltage when

used with argon gas.

Table 3.3

COATING ADHESION TEST RESULTS

[As per ASTM Standard C 633-79]

Voltage

Inlet gas

Distance

30 volts.

Compressed Air.

10 cm,

Wire feed rate

Pressure

4 m/min.

6 kg/ci>2.

Sample No Material

Substrate Coating

Coating Thickness

Approx. (microns)

Bond Str.

(kg/cm*)

1
2

3

4

5

6

7

8

SS
Cu

Cu

MS

MS

MS

MS
MS

Al
Al

Epoxy

Al

Al

SS 308L

SS 308L

SS 308L

300
300

200

400

500

620

400

lmm

60

55

140

126

106

75

183

99

Brass Epoxy 200 193

Epoxy used is commercial Araldite

Properties of Plasma Sprayed Ceramic Coatings:

Plasma sprayed thermal barrier coatings (TBC) are widely

used in many high technological applications. The single

important factor which influences the performance of the TBC is

the stress induced coating failure in service, particularly
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(luring thermal cycling. The stress - failure mechanisms In the

coatings have not been clearly understood. It is believed that

the thermal cycling introduces stresses, which concentrate at and

near the two interfaces, viz., substrate - bond coat interface

and bond coat - ceramic coating interface.. These stresses lead to

progressive reduction of the strength of the coating and result

in catastrophic failure after a certain number of thermal cycles.

We have plasma spray prepared TBC test specimens (0.13 mm

Ni-Al bond coat/0.38 mm YaO> stabilized ZrO2 overlay) and

subjected them to 0,1,2,4,8,16 and 32 thermal cycles consisting

of heating to 1273 K - hold for 30 minutes - air quench to room

temperature. Microhardness of the as-sprayed and a typical

thermal-cycled specimens were measured at various locations

across the coating. A set of 40 readings were taken for each

measurement and the data statistically analyzed. As can be seen

in Fig. 3.15, thermal cycling strongly affects the microhardness

value and its distribution. We plan to continue systematic

investigation of other specimens to find out the exact dependence

of microhardness and its distribution on thermal cycling. This

knowledge will be used to to evolve a model on the basis of

which, coating damage can be quantified and life time of the

coating can be predicted.

3.4.2 Coating Applications

Corrosion Resistant Coatings on Slide Gate Plates.

As part of the collaborative project with Steel Authority of

India Limited (SAIL), to produce corrosion resistant coatings on

slide gate plates, extensive experiments have been carried out.

To improve the life of the slide gate plates, many ceramic

coatings were coated on various substrates and were evaluated for

their resistance to high temperature erosion with molten steel.

It is observed that alumina coatings of about 500 microns

thickness gives the best result. Hence alumina was coated on 12

numbers of 1-QC plates and after proper polishing and grinding it

was put into actual performance tests. These tests were carried
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out at Kanoria Steel Plant by teeming molten steel at the rate of

17 tons per heat. It is found that the plasma coated plates

showed an improved performance of 5 to 6 heats when compared to 2

to 3 heats for the normal plates. The project completion report

is being prepared by SAIL.

Titanium Carbide Coatings by Reactive Plasma Spraying

Titanium carbide coatings have been prepared on alumina

substrates by reactive plasma spray forming. The experimental

method consists in plasma spraying titanium metal powder using

reactive precursor gas like acetylene, which is introduced in the

nozzle exit of the spray torch. Coatings have also been prepared

by plasma spraying premixed powder of titanium and graphite.

Qualitative and quantitative estimates of the phase composition

of the coatings have been carried out. The effect of pressure and

flow rate of the reactive gas and other spray parameters on the

coating composition and properties are being studied

Superconducting Coatings and Magnetic Shields

Magnetically shielded enclosures can become economically

very attractive, if high To superconductor(HTSC) materials can be

used for their construction. Since plasma spray process is

ideally suited for the preparations of large area, complex shaped

surfaces required for shielding applications, this could well be

the first commercial application of sprayed HTSC coatings. The

shielding effectiveness of HTSC coatings vary with various

coating and incident field parameters and hence a systematic

study to establish the exact dependences should be carried out.

Moreover, the basic phenomenon of magnetic shielding in sprayed

coatings should also be understood clearly. A study of the

effect of spray parameters on the composition of feed stock

powder has been carried out. This study has shown that

YiBa2Cu4O7-K powder, sprayed with 12 KW power, gives YiBa2Cu3O7-«

coatings with high Tc and Jc valves. We have earlier carried out

shielding of perpendicular magnetic field. At present we have

designed and built an set-up for studying the shielding behaviour
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(SB) of specimens in parallel magnetic field at room temperature

and at 77K. After characterizing the set-up with normal materials

like SS, copper, we have recently studied the SB of sintered HTSC

tubes.

Bioceramic Coatings

Surgical implants to repair or augment parts of the skeleton

(bone, teeth, joints) can be produced from a number of materials

among which ceramics play an important role. Materials used for

orthopaedic applications include polymers, ceramics, metals and

composites. Hydroxyapatite (HA) found in osseous tissue has its

structure modified by monovalent and divalent ions such as Na*,

K+, Mg++, COa--, and other ions. The obvious choice for repairing

or replacing the supporting structure of the body will be a

calcium phosphate ceramic. The excellent bio compatibility of

many ceramics has provided a strong incentive to promote

investigations for alternative manufacturing process such as

ceramic coating technology.

An important reason for applying a coating or modifying the

surface is for implant fixation to the tissue. The tissue could

be bone, a part of an organ, skin or flesh. We have optimized the

parameters of the process for plasma spraying of HA on Titanium

metal substrate in the form of coating. The trial runs have

indicated over 90% HA content in the coating. The present goal is

to be able to reproducibly apply bioactive HA coating on metallic

substrate for applications such as tooth replacement, Joint

replacement etc.

Preparation of a Report on Consolidated Coating Requirement

It is estimated that the global thermal spray market will

grow to around 2 Billion Dollars by the year 2000. In India, the

thermal spray industry is growing with a very high growth rate.

Many new user industries are adopting to sprayed coatings for

protection of system components and/or for enhancing the

performances of the industrial processes. Some R&D organizations
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are involved in research activities on different aspects of

thermal spray science and technology. However, a consolidated

report on the present and future coating requirement in ths

country is not available. Since such a report is the

prerequisites for deciding the 'Thrust Areas in Thermal Spray

R&D', we have taken up this work. We are in the process of

preparing the report covering (a) present status of coating

requirements in India, (b) B&D efforts being pursued in the

thermal spray field in India (c) projected industry-wise coating

requirement in five yesr period (d) bottle necks in the spread of

the technology, (e) analysis of the consolidated data, and (f)

recommendations on the 'R&D Thrust Areas in the Thermal Spray

Field'.

3.4.3 New Materials

Electrode Materials Based on Terbia Stabilized Zirconia

High temperature electrical conductivity of two new

electrode materials Zr». 9Tbe. 05Tbc. 05O1. 875 and

Zro. eTbo. C33Tbo. »33Ta0. a33 has been evaluated upto 1300°C in air,

using dc linear four probe technique. The electrical conductivity

of these materials is not significant below 600 °C and is in the

range from 10-« to 10-* ohm-iom-i. From 600 °C onwards the

conductivity increases as expected and reaches to 10-2 ohm"1cm"1

at 750° C and to 0.25 ohnricnri at 1300 °C for Zr0. sTbo. » Oi. 87 5 .

The conductivity of Zro. aTba. O67Ta0. 83302 is 10-3 ohm-'cm-i at

750°C and 0.05 ohm-ionr* at 1300°C. The conductivity continues to

increase with further increase of temperature. The conductivity

of these materials as a function of 1/T is shown in Fig.3.16. The

activation energies determined using Arrehenious equation, o = o

exp(- E/kT), arts 0.37 to 0.27 eV and 0.45 to 0.35 eV for

Zro. 9Tb». xOi. 975 and Zro. aTba. 06 7Taa. 03a02 respectively, in the

temperature range from 700 to 1300 °C, indicating electronic mode

of conduction, which is essential for this application. The

conductivity of Zre. sTb«. 1O1. 97s is significantly high on the low

temperature side also ( 6.76 x 10-2ohm-1 cm-1 at 1000 <>C and 1 x

10-2 ohm-icm-i at 750°C ). These figures are much better than
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those for any of the hot or superhot electrode materials known.

This helps to bring down Joule's heating on the cooler side of

the ceramic electrode blocks, which also minimizes the problems

in the current lead-out attachment.

Magnetic Core Materials for HF Applications

Indigenous development of these special oxide ceramic

materials has been taken up for Switching Mode Power Supply

application. Yttrium iron garnet (YsFe5Ol2, YIG), a ferri-

magnetic ceramic material with a Curie point of 560 K, has been

chosen for initial experiments. Sintered pellets ( 10 to 20 mm

dia x 1 - 3 mm ) and blocks ( 25 x 20 x 4 mm ) of this material

are prepared from an Intimate mixture of the fine powders of Y2Oa

and Fe2O3 by reaction sintering at 1450 »C in air, directly in

single stage. Formation of single phase has been ascertained by

characterization of the material using X-ray diffraction

technique. Fig. 3.17. Lattice parameter and the theoretical

density of this cubic garnet phase are determined to be 12.3604

Aand 5.1914 g/cc, respectively, from the X-ray diffraction data.

Variation of the magnetic moment of a sintered piece of this

material has1 been assessed at ambient temperature as a function

of the externally applied magnetic field using a SQUID apparatus

Fig. 3.18. The material does not show any hysteresis loss and the

ambient resistivity of the material is in the mega ohm range. The

very high resistivity and zero hysteresis loss enable the

application of this material for SMPS. The value of saturation

magnetisation for the sample ( density : 84 % ) is 1500 Qauss.

Assessment of the electromagnetic properties, and fabrication of

larger blocks of.this material are being taken up.

Varistors Based on ZnO Ceramics

Varistor devices based on doped ZnO, are developed for

application in high voltage range (1 to 5 kV). This involved

preparation of defect-free sintered blocks (upto 25 x 20 x 4 - 10

mm) by optimized process (precalcination at 400 »C, cold

compaction at 1000 to 1200 kg/cm* and sintering at 1000 to 10S0
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«C) and electroding a pair of parallel surfaces by silver paste
curing (600°C) and soldering the leads.

The performance of these indegenously fabricated devices for

suppressing high voltage surges has been found to be excellent.

The surge absorption behaviour and the response time are

successfully evaluated using impulse currents from thyratron

triggerred circuits. Charging voltages of the order of 5 kV are

used to generate the input surges, which are promptly clamped at

3 kV in less than 40 nanosec. The clamping speed of these devices

Is assessed using a special, low impedence and good noise-

immunity surge probe, and found to be lower than the limits of

the circuit elements. The technology developed for fabrication of

these devices is available for transfer.

Electrical Behaviour of Barium Cerate

Last year an anomalous electrical property was observed in

BaCeOs. The sintered thin pellets when metallised with platinum

paint and cured at high temperature, showed dc voltage and

current across the two metallised faces. Also the temperature

dependence of the dc voltage showed a peak around 160°C in air.

In order to understand the mechanism of this observation, dense

sintered pellets of barium cerate having been synthesized with

partial replacement of Ba by Ca and Ce by Y. It has been observed

that moisture and carbon dioxide are necessary in the environment

for the dc voltage and current to be seen. A reversal of polarity

has also been observed at high temperature in these pellets. The

exact mechanism behind these observations is not very clear so

far.

3.4.4 Hew Prpcesses

Synthesis of Nickel Aluminide

Nickel aluminide (NiaAl) and its derivatives have excellent

mechanical properties, very good resistance to corrosion and

oxidation at high temperatures. These alloys are extensively used
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in structural application and as a bond coat in tharmal spray

applications. Ni3Al has been synthesized in the plasma chemical

reactor by feeding pre mixed powder into the plasma stream

through the anode orifice and collected in an alumina crucible.

X-ray diffraction pattern of the synthesised material indicates

that it consists of a single homogeneous phase- Ni3Al Effect of

process parameters are being studied.

Plasma Dissociation of Zircon

Effect of process parameters on the thermal dissociation of

zircon has been studied in detail. It has been found that the

reaction is strongly influenced by the input power to the plasma

torch, nature of plasma gas, plasma gas flow rate, location of

powder feed port etc.

Plasma Machining

Machinability of difficult to cut materials has been a great

concern to the manufacturing engineers since demand for these

exotic materials in aerospace and nuclear industries are

increasing day by day. Machining is possible as along as tool

materials are harder than work materials. From this relative

hardness point of view, it is effective to introduce additional

proceedures, which soften the work materials instead of

strengthening tool materials. In the plasma machining, work

piece surface is heated with a plasma arc and immediately removed

by a single point tool in a lathe. A lathe machine and a micro

plasma torch have been installed and some trials have been taken

recently.

Diamond Deposition by Low Pressure Plasma Spray Process

Diamond is a material with unique combination of properties.

The objective of this work is to deposit diamonds with high

growth rate by low pressure plasma spray process. In using a

plasma spray process there axe several advantages such as high

temperature of the plasma where ions, electrons and radicals are
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heated to high temperature (few thousands of degrees). In this

type of conditions almost all hydrogen molecules dissociate 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.

A facility for doing the deposition of diamond coatings by

low pressure plasma spray process was set up and several trials

were done. The plasma flame consists of methane. hydrogen and

argon gases. The plasma flame is sprayed onto a titanium/silicon

substrate which is maintained at suitable temperature. The

various parameters like substrate temperature, gas flow rates and

substrate preparation need to be optimized for getting good

quality films. This work is in progress.

Preparation of Spray Powders

Feed stock powders for thermal spray operation are required

to have many special characteristics such as uniform particle

size, spherical shape, good rheological properties, etc. General

purpose powders are further processed to obtain spray quality

powders, and hence spray powders are very expensive. All these

powders are at present imported and difficulties in importing

them has made availability of spray powder as one of the most

important bottle necks in th© spread of thermal spray technology

in India. Alumina is one of the most widely used material for

many of the protective coating applications. Hence, we have taken

up this work as the first step in indigenisation of spray-

powders .

Commercially available fused and crushed(FC) alumina powder

has been sieved to obtain 40-70 urn size range powder. This pcwdar

was spherodised by spraying into water in order to obtain the

plasma spray (PS) quality powders. FC and PS powders, along with

equivalent imported powder are being characterized by particle

size distribution (PSD), morphology and composition.
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4. ELECTRON BEAM ACTIVITIES

The major highlights of the activities of the Electron bean

Technology Section during the period of this report, has been in

the following areas:

An 80 KW Electron Beam Melting Furnace is being developed

indigenously for the first time in India. Such a furnace is

capable of melting 50 mm dia x 600 mm long ingots of refractory

and reactive materials like niobium, zirconium, tantalum etc.

Various subsystems of this furnace have been commissioned. The

unit has been operated upto 10 KW for button melting of ' niobium

charge. Further work is in progress for increasing the power

level and installing the feeding and retraction assemblies. One

20 KW Electron Beam evaporation equipment has been fabricated.

Trials for long continuous runs have been carried out. Apart from

obtaining uninterrupted performance, th<? aim was to

simultaneously achieve long cathode life. A life of 60 hours for

filament life has so far been obtained. Keeping in view the

future demands for Electron Beam Welding equipment, a Memorandum

of Understanding (MOU) for the fabrication of such equipment has

been signed between M/s. IBP Co. and BARC. An order for the

fabrication of a 150 KV 6 KW EB welding equipment is being

executed for an outside agency.

During the year several EB welding jobs were carried out on

coronets, rotating anodes of x-ray machines, zircalloy boxes for

reactors etc.

Thin film coating of refractory metal carbide and nitrides

find wide industrial applications. Reactive DC magnetron

sputtering is extensively used for production of such coatings.

One such sputtering unit has been fabricated in our laboratory to

investigate the microhardneca, abrasion resistance, X-ray

Diffraction pattern and resistivity of VN films. These properties
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have been correlated with process parameters. The mechanical

properties of vanadium nitride coatings have not been studied

earlier. In our present study VN has been found to possess good

microhardneas and abrasion resistance. The details of the various

activities are given in the following sections.

4.1 DEVELOPMENT OF 20 KW ELECTRON BEAM EVAPORATION QUH

To meat the needs of high evaporation rates and continuous

operation for durations of 10 hours or more a new Electron gun

was designed and fabricated. This new electron gun (Fig 4.01),

has a cylindrical geometry with a designed power rating of 20 KW

and operates from a 30 KV DC power source. This gun geometry was

initially tested with a 10 KW DC power source that was used .for

testing the 10 KW guns developed and used earlier. Continuous

operation for more than 12 hours at 9 KW power level was possible

with this configuration. Simultaneously, a new 30.KV, 1 Ampere DC

power source (Fig 4.02), was designed and fabricated through a

private vendor. This unit is epergised by thyristorised

electronic controllers both for the filament heating, as well as

for the accelerating voltage and provides a regulation within ±

IX in the EHT voltage, with a voltage drift within ± IX for any

short term or long term change in input or output parameters. The

ripple in the high voltage is around IX rms. Being the first unit

of its kind to be tried out for energising an electron gun for

evaporation, there were initial problems of control circuit with

every discharge taking place in the electron gun. Some rectifiers

in the filament circuit inside the high voltage tank also failed

during these discharges. Suitable modifications in the power and

control circuits were made for isolation and shielding of control

circuits and avoid ground loops. During subsequent beam trials

these problems were eliminated.

Long term evaporation trials were carried out using a water

cooled copper crucible (Fig 4.03), tp melt copper. A oontinous

operation of 4 hours was done at 15 fCW (30 KV, 500 mA). As the

present cooling system was inadequate, 20 KW power level could be

achieved only for a short duration (IB minutes).
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Evaporation trials on copper using a graphite crucible, WKH

done to assess the long term performance of the electron gun and

filament life. Continuous operation of 4 hours at a stretch for a

number of times, at a power level of 12 KW has been achieved.

Evaporation rates of 100 grams of copper per hour have been

achieved at a power level of 12 KW, (30 KV, 400 mA). The first

spiral filament has lasted for over 60 hours during these trials,

that were carried out around 12 to 15 KW. The unit has since been

shifted to the work site and the power source recommissioned for

evaporation trials.

4.2 DEVELOPMENT OF 100 KW ELECTRON BEAM MELTING FURNACE

This unit is being developed for use in Metallurgy Division

for melting and casting of ingots of refractory metals and their

alloys. The 30 KV, 80 KW electron gun (Fig 4.04), for this system

has been procured from Manfred von Ardenne Institut, Dresden

through M/s LEW, GDR. Commissioning of this unit has been taken

up during the period of this report.

The complete vacuum system (Fig 4.05), consisting of the gun

chamber, the intermediate chamber and the work chamber (Fig 4.06)

was put into operation. The 600 mm X 600 mm X 600 mm work chamber

is evacuated by a 500 mm diffusion pump having a pumping speed of

12000 litres per second to take care of the large gas load that

is expected from the melting charge. Both the pumping systems

meant for pumping the work chamber and the gun column (consisting

of the gun chamber and the intermediate chamber) are capable of

giving a vacuum better than 1 x 10-5 torr. However, a bleeding

valve is used to regulate the pressure in the intermediate

chamber so that the work chamber is isolated from the gun

chamber. Complete testing of this system has been carried out.

The 30 KV, 100 KW DC power source for this unit (Fig 4.07),

specially developed by a private vendor has been initially tested

ising a water load to simulate the electron gun. The protection

circuits were checked for satisfactory operation.

110



adjusting gto*>
milt mulator

6e/?e/ul Parameters
beam pouer
accelerating vottage
beam current

0...30k'/'>
0... Z.7A "

min. spot diameter at 80 hi* end zi
distance between deflect; en srsrsr?
and warhpiece -1m = :o -~
life time of We cathode * 'CCh
highest pressure in the
processing chamber - 5 Fa
magnetic lenses 2

magnetic deflection with both
direct and alternating cunrntin x-y-dirTdian
highest angle a f team deflection -30"
limiting frequency (far) 530 Hz

height
mass

1000mm
200kg

*)t10DIFlCATiatfof£fi80l30 is EH 80130 with
cathode plug 6ai20fbr60AWatiOkV

fio* r

defiedsan
System

schematic design

Fi« 4.04 SCHEMATIC DIAGRAM OF 30 KV. 80 KW EB MELTING GO»



JL2
DO.

I! II

GUN

1 fi

CHAMBER

9'9y^3
o

-a

O O

0IONI5ATION GAUGE @ THERMOCOUPLE GAUGE ( | ) VALVES

(^DIFFUSION PUMP (§) ROOJS .PUMP (§) ROTARY PUMP

FIG. 405 VACUUM SYSTEM SCHEMATIC FOR 80K-W-

E.B. MELTtNG GUN

112



ELECTRON GUN
1120

in

St
n

FEEDING
MECHANI

—JJI-

VACUUM

sTr1

1
CHAMBER1

\

CRUCIBLE

GATE VALVE-

RETRACTING
MECHANISM'

1
650

in

07

FIG.406 WORK CHAMBER FOR BOK.W. E.B. MELTING GUN

o
in

LO

113



SIT
V

S.

S R

VOLTAIC FEIMACr

T FEIOIaCI

415 »41TS j ' L

NITCHINt

IUHT !

O
IMfttT
«IS UOtTS

sumr

r SHITCHIIH
Ctwwtt

-(CUIMNT

SHttCH
inn

I
' I X FOR HIRE
J CflTHOBE SUFPLV

I TV FDR SOLID
j c&rHo»E SWP

DM

fin..
F i e 4 . 0 7 SCBEMATIC DIAGRAM OF 3 0 KV, 8 0 KW EB MELTING GUN



Tha alactron gun was subsequently energised by the power

source and the feedback control loops checked. Transient

protective devices have been included to save the thyristors and

other control circuit components from damage during overvoltage

and overcurrent surges.

Simultaneously, the operation of a similar electron gun

working at the Special Materials Plant at MFC, Hyderabad was

studied. This exercise has helped in making proper adjustments of

the filament-cathode-anode distances and checking the axial

alignment of the whole gun assembly. A small graphite ring (Fig

4.08) with an inner diameter of 25 mm is positioned axially in

the gun column, just above the first focus lens. This ring, when

intercepted by the beam, becomes red hot and starts glowing

indicating that the gun is not axially aligned. Precision

alignment can be done by the adjusting screws mounted on the

cathode flange.

A button melting crucible (Fig 4.09), was used initially for

the beam trials. Button melting of once melted charge of niobium

at 14 KV, 650 mA has been done. Assembly of the feeding and

retraction units is presently in progress.

4.3 DEVELOPMENT OF 30 KV. 3 KW SMALL CHAMBER EB WELDING MACHINE

A small X-Y table has been procured and assembled in the

vacuum chamber for clamping the job under the beam. The drive

motors for this table has been procured and their assembly is in

progress. An. optical viewing system has been designed and

fabricated for visually aligning the beam on the joint. Beam

trials on coronets were done.

4.4 DEVELOPMENT OF 150 KV. 6 KW EB WELDING MACHINE FOR MTPF

An order for the fabrication of a 150 KV, 6 KW EB Welding

machine has been received from another Government Agency. The

cost of the equipment is Rupees One crore forty lakhs. M/s Indo-

Burma Petroleum Co.(IBP), has been entrusted with the fabrication
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and assembly of the 1.5 M x 1.6 M x 2.0 M work chamber,

numerically controlled X - Y table and pumping system for the

electron gun. BARC shall supply the Electron Gun and the Power

source with its controls. The integration will be carried out by

the IBP engineers under the supervision of their BARC

counterparts.

4.5 SIGNING OF MEMORANDUM OF UNDERSTANDING WITH M/S IBP CO. LTD.

A Memorandum of Understanding, (MOU) for the fabrication of

EB equipment has been signed between M/s IBP Co. and BARC. Under

this MOU the agreement reached is that, for each order received

for any EB equipment, IBP shall fabricate the work chamber, the

work handling systems, the vacuum systems and instrumentation.

BARC shall supply the Electron Gun and its High voltage power

source alongwith its controls. The total system will subsequently

be integrated by IBP, under the guidance of BARC engineers.

4.6 DEVELOPMENT OF A SPECIAL. HIGH POWER, EB EVAPORATION SYSTEM

A cylindrical vacuum chamber for the proposed high power

electron beam evaporation system has been evolved and the design

is finalised. The fabrication drawings have been made. Enquiries

inviting quotations have been floated. The schematic diagram of

the work chamber is shown in fig 4.10. The beam trajectory of the

electron beam gun as simulated by a computer is shown in

fig.4.11.

Specifications for the 80 KV, 200 KW DC power source have

been drawn up and tender enquiries have been raised. Future power

and water supply requirements are being drawn up to cater to the

above system.

4.7 DEPOSITION OF THIN FILMS BY PC PLANAR MAGNETRON SPUTTERING

Work on the process parameter property correlation of

vanadium nitride films (about 2 micro metre thick) was continued.

Titanium Vanadium Nitride films of similar thickness were also
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deposited and characterised by XRD and their microhardnaa*

measured by Jonsaon Hogmark model.

Experimental

Films were deposited on AISI 304 Stainless Steel, Silicon

(111), quartz and KC1 substrates. Steel substrates were

metallographically polished. All the substrates were

ultrasonically cleaned in trichloroethylene and acetone and

vapour decreased in isopropyle alchohol. The substrates were

heated to 350°C for one hour at 10-5 mbar to remove any adsorbed

gases from the surface. They were further cleaned by ion

bombardment at a pressure of 6 X 10-9 mbar in high purity argon

atmosphere (maximum impurity 32 ppm). A negative bias was applied

to the substrate to enhance the cleaning. Substrate cleaning was

carried out for 10 minutes and care was taken to see that the

target was masked from the sputtered particles. The target was

also cleaned by a magnetron discharge of low power. Reactive

sputtering in argon nitrogen atmosphere was then carried out at a

power of 325 watts. Total pressure in the chamber was maintained

at 5 X 10-3 mbar. Deposition rate at this power was 1.33

micrometre per hour at a target-to-substrate distance of 90 mm.

Structural properties

The results of the XRD analysis of the reactively sputtered

Vanadium Nitride films deposited on quartz are given in Table

4.1. Typical XRD spectra of the film sputtered at nitrogen

partial pressures of 9% and 46% are shown in figures 4.12 and

4.13. Table 4.2 shows the lattice parameter of delta VN film

calculated from the XRD data of the films grown at partial

pressure of nitrogen in sputtering gas mixture, VN (111)/VN(200)

intensity ratio and the N/V ratio derived from the published data

of Keida [N. Keida, K.Uematsu, N. Mizutani and M. Kato; J. Less

Common Metals, Vol 99, p 131 (1984)].

From the above results it was found that all the films were

single phase (cubic) delta VN. The lattice parameter of the delta
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SI

1

2

3

4

5

6

7

0

TABLE 4.1
XRD anaiysir, of Vanadium tJitride

No. X N

5

Y

9

13

23

20

40

b?.

T

330

300

350

430

350

375

32b

400

(111)
2.3896

[66%]

2.347
[45%]

•?.. 3R6
[43%]

[37% |

iiSSi)
2.384
I 100%)

1100%]

2. 3H1
(.100%]

(200) (220)
2.0698 1.463d
[100%] [40%]

2.05
[100%]

L100%|

2.04.S

14H% |

?.. 0(iH

2.073

2.073

113%!

1.440
[28%.

1.444

1.444
[15%]

1.497

1.461
[75% |

filas

(311)
1.248

' [17X]

1.228
1 [14X]

1.235

1.231

1.242
[40%]

1.245
[12X]

1.248
[35X]

1.254
[37X]

1.246/1.243
[27XJ [24%]

(222)*a
1.1949*b
[HX]*c

1.233
[10X]

1.191
[7X]

1.191
[7X]

1.191
tGX]

T - Substrate Temperature in deflroe (Centigrade
*a - XHD peaks, *b d values, *o Itelativo intensity as per the
Joint Commission on Powder Diffraction Standards data.

122



in
c
o

w

2 e
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Fig 4.13 XRD SPECTRA OF VM COATINGS AT Nz PARTIAL PRESSURE OF 46X



Tablo 4.2

CALCULATED LATTICE PARAMETER ()!• 6 VN AND DERIVED N/V RATIO

Nitrogen
poroont
in sputter
gas

b

7

9

13

23

28

4«

52

I

Lattice
parametor

calculated
from XRD

4.073

4.0»&

4.101

4.121

4.126

4.132

4.133

4.139

VN poak
intonsity
ratio
(111/200)

0.45

0.42

0.29

2.0

20.0

5.0

2!>.0

8.0

V/N ratio
from ref
[83]

0.74

0.82

0.85

0.94

0.96

0.97

0.98

0.99
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VN varied from 4.073 nm to 4.138 nm •• th« nitrogan partial

pressure in the reactive gas mixture was varied from 5% to 52%.

The lattice parameter of the stoichiometric delta VN is 4.140 [L.

E. Toth, Transition metal carbides and nitrides, Academic Press,

New York (1971)]. This variation is attributed to the variation

in the nitrogen content of delta VN. The uncertainty in the N/V

ratio or the non stoichiometry could be large as our data

consisted of fewer lines compared to the perfectly randomly

oriented crystallites, along with the uncertainty in the

published data. However the trend is taken without reservations.

It is seen that there is a preferential orientation in

either (111) or (200) direction, for the films compared to the

randomly oriented ones (JCPDS). At low nitrogen partial pressures

the preference is towards (100) whereas at higher nitrogen

partial pressures the preference is more towards (111)

orientation. It appears that the substrate temperature in the

range 300 to 430°C does not affect either the phase that is

formed or the orientational preference.

Scanning Electron Micrograph of the film (Fig 4.14) shows

fine grain mosaic like structure with a grain size of 200 nm and

above. Fracture cross section of the film deposited on Silicon

wafer is shown in Fig 4.15. The cross sectional microstructure

indicates a dense columnar growth of the film. The thickness of

the film measured from this cross section was 1.9 micro metres.

Density of the film was calculated from this thickness.

Silicon wafer and SS304 coupon of known area were deposited

at the same tine and mass of the film was found out by weighing

the SS304 coupon of known area before and after deposition. The

density of the film so calculated was 6.30 ± 0.63 gm/cc, whereas

the bulk density of VN is 6.13 gm/cc. Thus the density of the

film grown by reactive sputtering compares well with the bulk

density within the experimental limits.
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Fig 4.14 SCANNING ELECTRON MICROGRAPH OF VN COATING
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Fig 4.15 FRACTURE CROSS-SECTION OF VN COATING
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4.8 DEVELOPMENT OF HIGH VOLTAGE DC SMPS POWER SOURqE

High frequency inverter-based DC power sources for the

electron gun provides a faster response of the system to the

mains input changes. Moreover, low stored energy in the output

filter capacitors provide minimum instabilities and output

voltage fluctuations, in the event of a short circuit or

flashover condition.

The development of such an inverter-based high voltage DC

power source (Fig 4.16) has been taken up which will meet the

following specifications:

Output voltage : Adjustable from 20 to 30 KV DC maximum.

Output current : Adjustable from 0 to 100 tnA maximum.

Full load power : 3 KW (30 KV, 100 mA).

Line regulation : The change in the output voltage will be

restricted to + 0.1%, for + 10* change in

the mains input, for 3 KW input power.

Load regulation : The change in the output voltage will be

restricted ~o 0.1*, for a change in output

current from 10* to 100%.

EHT ripple : For frequencies less than 1000 Hz, at 30

KV, 100 mA will be < 0.1% peak-to-peak.

The system will consist of the following parts:

a) A full wave bridge power inverter, with a frequency around 25

Hz, and a power output of 5 KW.

b) A ferrite core step-up transformer to step-up square wave of

400 volts approximately to 4 KV.

c) A Cockroft-Walton voltage multiplier with 9 to 10 stages to

provide about 35 KV at no load.

The voltage multiplier circuit has been designed and high

voltage fast recovery rectifiers have been procured. HV capacitor

samples are undergoing testa. A small 2 KV DC experimental unit

is under test.
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4.9 JOBBING WORK ON THE 150 KV. 6 KW EB WELDING MACHINE

Several welding iohs were executed during the /ear and the

important ones are listed below:

i) Coronettes for a Government Agency - 3000 nos have been

welded during the last two years,

ii) Rotating anodes for CAT, Indore - 5 nos.

iii) Zircaloy reflector boxes, berryllium oxide filled-26 boxes,

iv) Zircaloy reflector boxes, graphite filled - 2 boxes.

The number of welds in the items (iii) and (iv) above varied

from 24 to 108 per box.

4.10 LIST OF PUBLICATIONS DURING 1992:

1. A. K. Ray, C. N. Rao, A. N. Chandorkar and R. S. Srinivasan;

Process parameter - structure relationships in the

-Vanadium Nitride coatings produced by DC magnetron

sputtering; presented at the 56th Annual meet of the Indian

Ceramic Society, held during Dec. 3 - 5 , 1992, at Bangalore.

2. J. V. Ramana, V. S. Kaju, A. K. Ray and R. S. Srinivasan;

Paper presented at the DAE Symposium on Nuclear Physics,

held during Dec. 21 - 24, 1992, at BARC, Bombay.

3. A.K. Ray; Latest Development in Surface Enhancement,

Seminar on Vacuum Metallurgy (VACMET-92), Bombay, Jan. 1992.

4. A.K.Ray; Electron & Laser Beam Processing of Materials,

Seminar oa Processing of Materials by Radiation, Bombay,

Dec. 1992.
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