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FOREWORD

This report summarises the activities of the three sections of

the erstwhile Plasma Physics Division, viz. Thermal Plasma Section, Electron

Beam Technology and Industrial Design Sections during the period July 1985

to March 1990. These sections have subsequently become a part of the Laser

& Plasma Technology Division. Persons desiring more detailed information

are welcome to contact us directly. We take this opportunity to thank various

divisions/sections and senior members of BARC for their cooperation and

sustained support. My special thanks are due to Dr.V.K.Rohatgi, Director,

E&l Group (retd.) under whose able guidance, these works have been carried

out.

(U K Chatterjee^
Head, Laser & Plasma Technology Division
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1. INTRODUCTION

The rapid technological progress achieved during recent

years has been made possible not only by increased use of energy

but also by using it more intensely. Today's advanced

technologies need a variety of specialised energy sources of high

power densities which can be employed with a great degree of

control and precision. The advent of plasmas, charged particle

beams and lasers and related studies being carried out in

specialised laboratories has made it possible to localize heat

transfer processes both spatially and temporally. The primary

attribute which distinguishes beams is the high power density of

several GW/m2 which is at least 10-100 times the power density of

conventional heat sources.

Continuous developments in this area of high energy density

sources have helped in building reliable machines and

establishing cost effective fe rication techniques. To support

such activities it is necessary to build up expertise in pure and

applied sciences, engineering design as well as materials

technology. Most of this has been generated in this division.

Studies have been carried out in fundamental problems,

engineering calculations, computer modeling and experimental

activities. Also, attempts have been made to translate this

experience into industrial applications for short and long term

interests. For instance, plasma jet technology has been extended

to develop special coating techniques for superconducting

materials. Equipment for welding complex systems as well as

evaporation units have been built based on the electron beam work

carried out in the division.



The facilities created under these proqrams and the

experience gained froiii execution of the task are unique in this

country and are of considerable interest to users within and

outside the Department of Atomic Energy. Consistent with the

above objectives, the industrial design group deals with specific

user oriented problems like the development of UHV system for

fifth force experiments and gravitation experiments at TIFR.

The report is organized as follows. Chapters 2, 3 and 4

deal with the activities of Thermal Plasma, Electron Beam and

Industrial Design Sections respectively. The programs of work

during the last five years have been reviewed in terms of

objectives, achievements and future goals. Appendix A oives the

list- of personnel currently working in the different sections.



2. THERMAL PLASMA ACTIVITIES

The thermal plasma section works in the field of generation,

characterisation and application of atmospheric pressure plasmas.

These are equilibrium plasmas characterised by temperatures in

the range of 2000 - 30,000 degrees Kelvin and cnarged particle

number densities in the range of 101" - \0z • r = ir in3 . The broad

programme objectives of the group are cp'Uered ar.und the

following guide lines:

i) Development, optimisation, scaling -JJ; and technology

readiness studies of various thermal pias'na devices.

ii) Study of fundamental plasma processes to contribute to

better understanding of tiiis medium,

iii) Studies related to the improvement of presently available

plasma process technologies, conventional process

substitution or exploration of new area*.

These programs primarily cater to the various needs of the

development programs of the Department of Atomic Energy. However

the multitude of spin-offs can also benefit many other

industrially relevant areas.

As is well known, thermal plasmas belong to the group of

front line technologies, where development n<»eds an extensive

knowledge of multidisciplinary areas like high temperature

materials, high voltage and high current engineering as well as

pure and applied sciences. As the basic understanding of such

systems is becoming better, they are finding increased industrial

acceptance in advanced countries. In the context of the



integrated development of nuclear industry, the major areas to

which thermal plasma technology significantly contributes are:

i) Development of techniques using dc and rf plasmas for the

metallurgy of special reactor materials especially for ore

beneficiation and extraction

ii) Development of new high temperature materials and processing

technique for the preparation of wear and corr-^ion

resistant coating using plasma spraying,

iii) Development of plasma diagnostic techniques and

magnetohydrodynamic flow devices which have relevance in

fusion research as well as breeder reactors,

iv) Studies and experience on the associated engineering systems

with materials and equipments subjected to extremely high

temperatures, heat fluxes, corrosive and erosive effects of

chemically active materials,

v) Development of unorthodox techniques of nuclear waste

management through plasma treatment of nuclear wastes by

incorporating them with glass matrix or by compacting them

in plasma furnaces.

The specific plasma system that have been developed for the

stated objectives are:

(a) DC arc plasma jets and radio frequency discharges

(b) alkali seeded combustion plasma and MHD generators

(c) liquid metal two phase flow systems

These studies have yielded many significant and important

results which are summarized in the chapter.



Recent Achievements of Thermal Plasma Section

During the period 1985 to 1990, thermal plasma section has

made many notable contributions to the research and development

of various kinds of plasma torches, understanding of low

temperature plasma physics, development of plasna diagnostic

techniques, development of plasma reactors for processing of

materials and open cycle MHD power generation. The major

activities can be listed as follows:

i. The development of under water plasma cutting torches and

the demonstration of under water cutting of Uranium metal

ingots,

ii. The development of MHD generators and the commissioning of

the Indian MHD facility during 1985 and the subsequent

knowhow transfer to BHEL.

iii. Development of the complete range of plasma diagnostic

techniques for thermal plasmas,

iv. The development of plasma sprayed superconducting and other

ceramic coatings on various substrates with comparable

properties to sintered materials.

v. The development a liquid metal MHD flow loop and

experimentation carried out on this facility.

This chapter gives a detailed description of these

activities. Section 2.1 presents plasma jet technology, the

current programme and the future developments. Section 2.2 deals

with thermal plasma diagnostics and instrumentation developed for

specific end uses. The MHD programme which was sucessfully

carried out with the commissioning of the Indian MHD

experimental installation at Tiruchirapalli is detailed in

section 2.3 along with some recent developments. Section 2.4



deals with developmental efforts in the field of material

technology. The last section 2.5 summarises our future programme

during the coming years ie. 1991-1995.

2.1 PLASMA JET TECHNOLOGY

The basic in house technology for the development of high

power DC plasma jet devices (torches) working on stabilized and

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

already available. These plasma torches have tungsten cathodes

and copper nozzle anodes (Figure 2.1). Plasma gas is introduced

into the inter electrode space in a vortex flow mode and an arc

is struck. The gas gets ionized in to a plasma and is pushed out

in the form of a high temperature high velocity jet. Both the

electrodes are water cooled. The facilities available under this

categories are described below.

2.1.1 Plasma Cutting Torch [90/10]

Plasma cutting torches are transferred arc devices which

convert input electrical energy into thermal energy. The torch

produces a stable constricted jet of high temperature, high

velocity ionized gases. By virtue of the high energy densities it

can cut a variety of metals and alloys at high speeds and produce

a dross free cut surface. The currently operating system is of

lOOkW power rating and consists of the the following subsystems.

(Figure 2.2).

(i) Current regulated DC power supply (OCV-400 V. , Load

Voltage 250 V., Load Current 200-500 A.)

(ii) H.F unit

(iii) Plasma Torch



(iv) Cutting carriage

(v) Auxiliaries.

The torch has been used for cutting different materials like

stainless steel, mild steel, aluminium, uranium etc. in air (upto

100mm) and under water (upto 50mm). Selected experimental results

are shown in Table 2.1.

Since plasma arc cutting is always accompanied by various

hazards like intensive radiation (in the ultra violet, visible

and infra red regions), formation of ozone and high noise level,

underwater cutting is normally resorted to as an alternative.

TABLE-2.1 TYPICAL EXPERIMENTAL RESULTS ON

AIR/UNDERWATER CUTTING

Mat- Medium Thick Plasma

erial ness gas

mm

Cutting Kerf Input cutting

speed width power eff.

cm/min mm kW %

S.S.

s.s.

M.S.

S.S

Al

U

u

air

air

u. w.

u.w.

u. w.

u.w.

u.w.

50

125

50

20

19

21

50

N2

Nz+H2

Ar+Hz

Ar

N2

Ar

Ar

30

10

10

36

32

23

10

15

18

10

7

12

10

12

77

115

33

38

41

50

72

37

25

11

17

6

7

6

Also, pyrophoric materials like uranium can be safely cut under

water and the quality of cut shows a marked improvement. The



present torch can be operated upto 200 mm of water in this mode.

This torch also provides a high temperature high velocity plasma

jet and offers a unique opportunity to study the plasma

properties. With a view to understand basic processes, various

experiments and application software are being developed so that

improved design of such torches can be made. [90/16]

2.1.2 Plasma Spray Facility

The spray torch is a non transferred arc device where a high

current (200-600A) arc, is formed and stabilized in the plasma

torch, using a constant current power supply. The arc is used to

heat the plasma gas which flows through the torch. The resultant

plasma jets out of the nozzle at high velocity(600m/s). The

coating material, which is in the powder form, is carried from

the powder feeder by a carrier gas and is injected into the

plasma flame. In the flame the powder particles get molten and

accelerated towards the substrate. On impinging on the

substrate, they cool and anchor onto interconnected lamellar

layers. [90/13]

The speciality of the system lies in the fact that any

powder (metals, oxides, nitrides, carbides, composites, etc.)

which melts without sublimation can be coated without any

compositional changes during the coating process to yield strong

mechanically adherent coatings on any substrate irrespective of

its size and shape.[88/17]

Plasma sprayed protective coatings are obtained by melting

the powder to be coated in a plasma flame and sprayed onto the

surface which is to be protected. 100 to 500 micron thick

coatings with 80-95% density and mechanically adherent to the

base are obtained. A range of property variation of the coatings

can be obtained by controlling the spray process parameters.



There is no limitation on the size and shape of the job to be

coated and during the coating process the job temperature does

not rise above 100°C. Typical coatings prepared using this

technique include metals like copper, nickel, tungsten, alloys

like stainless steel, nichrome, tungsten carbide and ceramics

like alumina, zirconia etc.[90/13]

Plasma sprayed Thermal Barrier Coatings on IC engine

components can withstand severe operating environments and xead

to improved efficiency and longer life of the engine. An

increase in exhaust gas temperature by 200°C. and a 15-20*

reduction in heat input to cooling system can be obtained. Trial

coatings have been supplied to IIT Bombay, M/s Kirloskar and

VRDE, Ahmednagar.[89/14,90/12]

Plasma sprayed strong, adherent coatings of YiBa*Cu3(>T-x

have been obtained on many substrates including AISI 304

stainless steel [88/18]. Coatings show superconductivity at 90K

after oxygen annealing at 950°C for one hour (Figure 2.3!.

Coating thinner than 100 microns do not show zero resistivity

upto 77K due to weak links between granular superconductors. The

critical current density Je of the coatings is more than 50

A/cm2. The plasma spray method of producing high-Tc

superconducting material is much simpler, faster and economical

as compared with various other techniques currently in use,

Superconducting coatings can be obtained on any shape or size as

dictated by the application. All the coating and annealing

parameters are optimized to get the best coating.[89/01] Table

2.2 gives some of the optimised parameters.

A method of preparing 5-10mm thick coatings with pin

reinforcement has also been developed [85/03]. Alumina and

zirconia coatings over copper and stainless steel bases have been

prepared using copper, nichrome and stainless steel pins as

stress relieving agents. Various investigations carried out on



sprayed specimens, including steady state high temperature

performance test, thermal shock resistance by thermal cycling

shov that these specimens can withstand severe environmental

working conditions without adhesion failure.[89/17]

TABLE 2.2 OPTIMISED PLASMA SPRAY PARAMETERS FOR Y1Ba2Cu3OT-«

Parameter Study

range

6-15

10-25

4-20

4-20

5-40

5-40

5-25

5-150

I,E,NS

Optimized

value

9

20

6

-

20

-

16

100

I

Power (kW)

Plasma Gas (Ar-LPM)

Powder Gas 1 (O*-LPM)

2 (Ar-LPM)

Shield Gas 1 (02-LPM)

2 (Ar-LPM)

Powder feed rate (g/min.)

Torch to base distance (mm)

Powder injection

I : Internal E : External NS : Near Substrate

2.1.3 Argon Plasma Jet Facility ARK 100 [90/15]

This is a non transferred arc plasma jet system of 100 kW

power rating. It consists of a plasma torch with associated

controls and instrumentation. The torch is made of thoriated

tungsten cathode and a copper anode nozzle through which a high

temperature ( about 15,000 K ) plasma jet is produced. The

limiting operating voltage and current parameters of the torch

are 35 volts and 3000 amps. The power to the torch is supplied by

10



a bank of eight transductor controlled high current power

supplies. The system is completely remote controlled with

isolated interface and with interlocks for gas,water and vacuum.

Figure 2.4 shows a view of the facility.

The plasma jet facility ARK 100 is very versatile source for

studies of high temperature plasma effects. The system is used

for high current arc and plasma jet studies [89/08]. It can also

be easily used for spray coating of high temperature refractory

materials on various substrates to improve their abrasion

properties. The system has also been used to study the erosion

properties of carbon composites used as a liner in exhaust

chamber of rocket nozzles made at 1SRO, Trivandrum.

2.1.4 RF Plasma Torch [89/37]

Apart from dc plasma torches, thermal plasma section has

developed induction type plasma devices. The typical parameters

for the 40 kW rf plasma torch system is given in Table 2.3. The

torch is made up of quartz tube of 50mm(ID) and 55mm(OD),

cemented to a brass base, and having a tangential port for the

gas injection.

TABLE 2.3 TYPICAL PARAMETERS OF THE RF PLASMA TORCH

RF electrical source power : 40kW (nominal)

Operating frequency : 7MHz (fixed)

Coil diameter : 76mm(OD), 60mm (ID)

Number of turns : 4

Coil length : 60mm.

11



This torch has been operated with various pases like argon,

nitrogen, oxygen and air. Detailed efficiency measurements were

carried out on Argon for flow rates of 40 to 100 LPM and at power

4kW to lOkW. The results are shown in Figure 2.5.

2.1.5 1 kW Micro Plasma Torch

The development of micro plasma arc weldina otherwise known

as needle arc welding has provided a modern technique for welding

of thin sheet metals. The thickness range to which this process

can be applied runs from foils of only 0.01 mm thick to materials

about 1 to 1.2 mm thick depending upon the power of the

equipment. The system consists of (i) DC Current regulated power

supply (OCV 150-200 V. Load Voltage 100V. Load current 0.1-10

amps) (ii) Plasma Torch and (iii) auxiliaries. The torch is

currently under development, and is undergoing trials.

2.1.6 Plasma Modeling and Analysis

For the design and development of plasma jet devices, it is

necessary to study the basic process and develop modeling codes

to characterize the plasma system and the interaction of plasma

with other subsystems. In this connection, computer codes have

been developed for the evaluation of thermophysical properties of

thermal arc jet plasmas upto temperatures of 25.000K and

pressures of 10 ata [90/16]. Here the plasma forming gas system

can be argon, nitrogen, hydrogen or their mixtures in various

proportions. The mixture ratio specifies the fraction of various

plasma gases. The code calculates plasma composition,

thermodynamic properties and adiabatic temperature. Input

thermochemical database is tabulated at 100 K intervals. Some

sample calculation results are shown in Figures 2.6a and 2.6b.

12



Detailed heat transfer, plasma-workpiece interaction and flow

studies are the future activities in this area.

2.2 PLASMA DIAGNOSTICS AND INSTRUMENTATION

The development of reliable and accurate measurement

techniques in thermal plasmas is of vital importance for

improvement of existing devices and implementation of new

concepts. In this context, various new and nonstandard diagnostic

techniques have been sucessfully implemented [86/12]. Some of the

Important ones are: spectroscopic technique for species

temperature, electrical conductivity probes, dynamic

thermocouples, high speed photography etc. Currently, the laser

doppler velocimeter for velocity and FIR leser for electron

density measurements are in testing stages. A radio frequency

plasma is also being developed for extracting high current icn

beams.

The plasma instrumentation group has been involved in the

development of these hardware. The group has also been catering

to the specialised requirements of relativistic electron beam and

electron beam section in activities like: (i) the development of

synchronising circuits,(90/14] (ii) isolated high voltage

measurements, (iii) microprocessor based instrumentation and (ivf

Computer controlled system for electron beam welding machine.

2.2.1 Spectroscopic Measurements in Plasmas

The measurement of plasma temperature by spectroscopic line

reversal technique is usually used for low temperature plasmas.

An automatic generalized line reversal method has been developed

to measure plasma temperature f85/01]. The method involves the

measurement of electrical signals proportional to standard lamp

13



Intensity, plasma ini »nsity, and the intensity of lamp seen

through the plasma. The measured sianals are manipulated by a

microprocessor to calculate the plasma temperature. The knowhow

for the technique and associated instrumentation has been

transferred to the MHD project, BHEL, Tiruchirapal1i. A schematic

of the continuous plasma temperature measurement apparatus is

shown in Figure 2.7.

In channel flows, as the plasma temperature.- in the core is

higher than that at the walls of the channel, the radiation from

core is absorbed by surrounding cold boundary layers and the

spectral line becomes self absorbed. As a result . the main flow

temperature measured by line reversal technique is seen to be

lower than the actual temperature. A computer code has been

developed to solve the radiitive transfer equation numerically

and to estimate the reversal temperature measurement error in the

presence of temperature inhomogenity [89/27] . This error strongly
-v

depends upon absorption coefficient and its proper evaluation.

The Voigt profile integration in absorption coefficient

expression has been solved both by error function method and 16

poinr Gauss quadrature scheme. For the range of parameters

applicable to combustion plasmas, both methods l«ad to almost

same numerical values. For nonuniform plasmas. the temperature

reversal condition is wavelength dependent and is met at a

particular wavelength. It has been found that maximum emitted

plasma intensity peak shifts away from the lint; center due to

self absorption as seed concentration is increased. It has been

seen that in combustion plasmas, either a region of small optical

d"pt.h ( 0.1) should be used so that a constant term can be added

to get the true temperature value or it should be measured in the

optical depth range of 4.0 to 6.0 so that the measurement error

is minimum.[89/27] The effect of selection of optical depth on

accuracy is shown in Figure 2.8.

14



The measurement of potassium seed concentration in MHD

plasmas is essential for assessing the performance of seed

dispersal system and also its knowledge helps in cross checking

the values of measured and calculated electron concentration and

conductivity. The technique for measuring potassium

concentration is based on measuring the shape of resonance line

emission from the potassium atoms. Since the temperature of

walls of the channel through the which plasma flows is below that

of the core, the radiation from core is absorbed and resonance

lines become self reversed i.e. they have a central minimum due

to self absorption in the cooler boundary layer, flanked by

maxima displaced < A.A) from the line center. The displacement

of the maxima from line center depend?: upon the absorption

coefficient in the wings, boundary layer profile of temperature

and potassium concentration. The transmitted radiation from

plasma focused on the entrance slit of tnonochromator. A

photomultiplier tube having good sensitivity in red region has

been used. The slow spectral scan of potassium doublet over the

wavelength region 7550 A* to 7850 A* had been traced by X-V

recorder. In a typical run in XR2 combustion facility, the value

of ^/\.was 11.6 A, corresponding to a ~eed atom concentration

of 6.6x 10l 9 /cm3 . The uncertainty in the measurement may be

around 25%.

An atmospheric pressure argon plasma has been generated by a

6kW, 10.3 MHz radio frequency oscillator. The plasma was

confined in a quartz tube with an inner dia>ne-.er of 55 mm. A

monochromator ( Rank & Hilger, Monospek 1000 ) along with an EMI

9658B photomultiplier tube was used for recording ths intensity.

A tangent screw arrangement was employed to rotate: ^ four mirror

system for lateral scanning. The intensiti«s of argon atomic

lines in the region 4OOOA0-4500A" with nocessary spatial

resolution were obtained by lateral scans corresponding to 20

15



positions across the discharge diameter. A schematic diagram of

the experimental set-up for argon line intensity measurement is

shown in Figure 2.9. The radial profile of intensities was

obtained from lateral intensities by method of Abel inversion.

The excitation temperature was obtained by method from the slope

of Boltzmann plot. The electron concentration profile was

measured using the absolute intensity of total continuum

radiation at 4000 A. The effect of observation point on the

spatial distribution of temperature and electron density has been

studied [88/08]. The off axis temperature peak obtained in ICP

has been attributed to skin depth and a quantitative analysis has

been made. The mixed gas (Ar+Nz) plasma was generated using the

same experimental setup. The flame gets extinguished if the

amount of nitrogen exceeded more than 20% of Ar. The excitation

temperature was measured using Boltzmann plot method and it has

been shown that excitation equlibrium between two species exist

since the temperatures are found to be nearly same for both

species [89/06].

2.2.2 Probe Measurements in Plasma

The electrodeless radio frequency eddy current probe

technique for measuring plasma electrical conductivity has been

developed and extensively used in MHD generator plasmas [86/15].

The system consists of a special non magnetic double ended

pneumatic drive with the radio frequency probe fixed at one end

inside the hollow shaft. The probe is made to traverse the hot

flame of the MHD generator for a short duration (about 0.2sec.).

The change in the quality factor ('Q') of the coil is recorded on

a transient digitizer. The probe can be used for flame

temperatures upto 3000 K and conductivities in the range 1 - 100

mhos/m. The drive is completely remote controlled. Figure 2.10

16



shows the plasma conductivity measurement apparatus. The above

system has been used in the 5 MM MHD experimental facility and

the complete knowhow has been transferred to MHD project, BHEL

Tiruchirapalli in 1985.

Conventional methods of measuring temperature by

thermocouple is not suitable if the temperature of flowing

gas/plasma are large(i.e. larger than the operating range of

thermocouple or when radiation and conduction losses are not

negligible). Under these conditions the concept of dynamic

thermocouple technique can be used. Here, complete dynamic

response of a thermocouple has been solved involving convective,

conductive and radiative source terms. The quasi linear parabolic

equation is non-dimensionalised and solved numerically by finite,

explicit marching technique for different modified Fourier

number. This solution is compared with measured approximate

plasma temperature(where it is assumed only convective term is

present) and correction is obtained and is stored in a

microprocessor. The exact temperature is obtained with the

measured temperature after applying the correction. The system

consists of thermocouple with butt welded junction, pneumatic

drive system, microprocessor with conversion table and other

preset timer values and display system [85/02] . The whole system

has been tested and used to measure plasma/gas temperature in MHD

channel at Tiruchirapalli and in open flames upto 3000K.

To measure the heat flux in high temperature channel flows,

a blunt faced water-cooled calorimeter has been developed. The

calorimeter is made of copper having provision for measuring

inlet and outlet temperature and water flow rate through it. The

calorimeter is provided with a water-cooled ring around the probe

so that heating is confined to the calorimeter face. A gap

between the ring and calorimeter and a ceramic coating on the

calorimeter prevents heat transfer between the two components.The
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test facility includes a sliding bar for movement of the

calorimeter in a perpendicular direction to plasma source. For

axisymmetric source the calorimeter can give radial heat flux

distribution. This calorimeter can be used to ^sure the heat

flux distribution of plasma sources.

2.2.3 Laser Diagnostics for Plasmas

In the appropriate range of laser frequency and plasma

density, laser light is one of the most potent diagnostic tools

due to its coherence, monochromatic nature and minimal beam

divergence giving rise to small interaction volumes. Two types of

laser diagnostics have been developed namely Laser Doppler

Anemometry (LDA) and the Far Infrared Laser Interferometer (FIR).

The L.DA system is used to find the flow field of the plasma

devices like MHD channels, DC plasma jets etc. The LDA system

hown in Figure 2.11, consists of an Argon Laser, (5W CW power).

Optics, LDA counter, a Particle Generator, and a PDP 11/03

computer to analyse the data. With the present computer code, we

can get average velocity at a point in the plasma, turbulence

intensity and other statistical parameters like higher moments of

the distribution. The range of velocity that can be measured with

2.5 percent instrument accuracy is about 4 cm/sec to 1000 m/sec,

The LDA system is supplied by M/s. DISA ELECTRONIK , Denmark and

auxiliaries like powder feeder have been developed. The LDA

system was used to find flow fields in the 500 kW MHD test

channel (86/10). Several sets of useful data are available.

Also, for the ARK 100 plasma jet, this system has been

successfully used to acquire a few sets of data for flow field at

various power levels and gas flow rates. Results obtained from

velocity measurements with the LDA system are presented in Figure

2.12.
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Plasma density measurements in the range of 10'»-1021/ma

are of great interest because that range is typical of

combustion plasma and fusion plasma in Tokamak devices. The

propagation of far infrared (or sub millimeter) waves through

such plasmas offer an accurate and non intrusive technique for

diagnostics. Far infrared interferometer and Faraday rotation

techniques can be used for determining the electron density,

collision frequency, plasma conductivity and applied magnetic

field [86/11].

A far infrared laser system (Apollo model 122) comprises of

a grating, tunable CO2 pump laser and a 1.5 meter submillimeter

waveguide resonator [87/06}. A polar molecular gas is passed

through the waveguide at low pressure ( typically 30-300

jnillitorr ) and is excited by radiation from the CO2 pump

laser. The wavelength in \ region from 40 urn to 1.22 mm can be

obtained using different gases. The CO2 laser delivers output

power of 40 watts and the strongest line in FIR region (118 urn)

has output of 100 mw. A low pressure arc discharge with

thermionic cathode is being setup to have plasma density in the

range of 1019 to 1021/m3 for laboratory scale experiments. Figure

2.13 shows the FIR interferometer, some of tho components are

being procured and the plasma source is under fabrication.

2.2.4 Isolation Technique in Plasma Instrumentation.

-Isolated arc fluctuation indicator [89/07?

The voltage of an electric arc is directly proportional to

its length for high current arcs ( 10 to 3000 amps ) as used in

plasma torches and in welding. The isolated arc fluctuation

indicator is used to directly indicate the RMS values of the arc

voltage, current and also the arc voltage fluctuations (generally

found in the range of 1 kHZ to 15 kHZ ) both in amplitude and
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frequency. The system whose block diagram is shown in Figure

2.14, consists of high frequency cutoff filters, linear isolation

amplifiers,high pass active filters and RMS to DC converters. The

circuit provides reliable isolated interfacing between high power

arcs and data logging personal computers.The fluctuation

amplitude gives a direct indication of the stability of the arc

and hence the arc power which reflects on the final product. A

prototype of the above system has been constructed and reliably

tested with a 100 kW plasma torch f maximum arc parameter:; are

30 volts and 3000 amps ) [90/05].

-Isolated DC to DC Converter [90/06]

Low power DC to DC converters with 5 to 15 volts input and

bipolar 1$ volts, 100 milliamps output have been designed and

constructed to deliver isolated power in critical applications.

The circuit diagram shown in Figure 2.15, is based on a high

frequency 100 kHZ pulse width modulator,switching

circuits,ferrite core isolating transformer and filter. The input

to output isolation is tested up to 3 kV DC isolation with leakage

current less than a microampere. The power handling capacity is

about 2 Watts which is suffic.\t?nt for powering interfacing

circuits in instrumentation. The efficiency of the converters are

found to be about 60 to 70%. Prototypes of the DC to DC

converters have been constructed and tested. Final compact

version is under fabrication.

- Isolated High Voltage Indicator

The isolated high voltage indicator works on the principle

of voltage to frequency conversion and optical coupling. The

floating input stage consists of a stable high voltage divider,

clamping and filter circuits,voltage to frequency converter

connected to a directional LED and powered by a isolated DC to DC
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converter or a battery (variable from 5V to 30V). The output

stage consists of a highly sensitive photoswitch,frequency to

voltage converter, instrumentation amplifier and a panel meter.

The block diagram and specifications of the IHVI are depicted in

Figure 2.16 and Table 2.4 respectively. The isolation depends on

the selection of the input power source. The instrument is

completely tested and is available for technology transfer.

TABLE 2.4 SPECIFICATIONS OP ISOLATED HIGH VOLTAGE INDICATOR

1. RANGE : 0 TO + 50 kV

2. ISOLATION : 50 kV

3. INPUT IMPEDENCE : 1000M. OHMS (APPROX.)

4. COUPLING : OPTICAL

5. FREQUENCY OF TRANSMISSION : 0 - 10 kHz

6. SENSITIVITY : 10 mV/kV

7. INDICATOR : DIGITAL DISPLAY / ANALOG OUTPUT

8. OUTPUT IMPEDENCE : LESS THAN 1 OHM

9. LINEARITY : BETTER THAN+ 1%

10. ACCURACY : 1% F. S.

11. INPUT SYSTEM IS FLOATED WITH BATTERY/ DC-DC CONVERTER

12. BATTERY POWER CONSUMPTION : 30 mW

13. CALIBRATION INSENSITIVE TO BATTERY VOLTAGE (5-30 V)

14. TRANSMISSION THROUGH OPTICAL FIBER POSSIBLE

Isolated High Current Sensor

A highly sensitive Hall effect sensor senses the magnetic

field of a current carrying copper conductor. It gives a linear

voltage output proportional to this magnetic field and thus

proportional to the current flowing through the conductor. A

semiconductor temperature transducer is used to compensate the
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temperature drift in the Hall effect sensor. No magnetic core is

used. The circuit used with this sensor gives an output of 1

mV/amp. Isolation between the bus bar and the current sensor has

been tested upto 2 kV AC. For one hour of continuous operation at

300 Amps,the variation in the output when compared to a series

connected current shunt is less than +1%. The sensor can be used

to measure current variations upto 30 kHz. The sensor has been

used in the 100 kW plasma jet facility to measure plasma torch

current in the range of 100-3000 Amps.DC.

2.2.5 Gamma Ray Attenuation System to Determine the Void

Fraction in Fluctuating Two phase Liquid Metal Flows

[89/23]

There are two specific problems for using gamma ray

technique to measure void fraction in two phase liquid metal

flows like mercury, lead etc. i.e., (1) high absorption

coefficient (2) non linear relation between void fraction and

attenuation. A systematic study with various radioactive sources

like Cs'3M660 Kev, Half life = 30 years) and Co80 (1.33 Mev, Half

life = 5 years) have been used to find the void fraction for

various path length. To verify the technique, measured void

fraction is compared with known simulated value. Also the effect'

of the fluctuations on measured average value is studied by

simulating some arbitrary fluctuations using normal and uniform

statistical distributions. The effect is analyzed for various

magnitude of fluctuations. The system can be used to measure

accurately the void fraction upto a path length of 80mm with low

fluctuations. If the degree of fluctuation is known, correction

can be applied for large fluctuations also. The system shown in

Figure 2.17 consists of gamma ray source, collimator,

Scintillation detector, Gamma ray spectrometer and Data

22



processing unit. This system has been used in actual two-phase

flow pipes upto 40mm dia. Figure 2.18 shows some of the results.

Currently it is planned to use with Co60 of 75 mCi activity for

80mm diameter pipe.

2.2.6 Micro computer Based Control System for E.B.Welding Machine

The controller is based on the 8085 microprocessor and

peripherals including 8-bits D/A and A/D converters.lt uses the

alphanumeric keyboard and display micro controller TM-77.The

controller sets the various parameters such as accelerating,

filament, bias and focusing voltages and operates in either the

feedback or manual mode.In the feedback mode, the bias voltage is

controlled by sensing the beam current. The system uses opto-

isolation techniques to reduce any ground loop and high voltage

disturbance. The instrument will be useful in precise setting and

controlling the parameters of the electron beam welding machine.

Also, the instrument is expected to find control applications in

pulsed high power systems. The instrument is under completion and

future development using PC is under consideration.

2.2.7 Ion Beam Source [89/12]

A low-Current Ion-Beam Source is under development. A 7 MHz

R.F. Oscillator is the electrical source of capacity lOkW. Ion

source chamber is made - up of double walled quartz tube with

water cooling provision. R.F. power coupling is through the

antenna (coil) surrounding the quartz tube. The source region is

300mm in length and a diameter of 50mm. The ion - beam

extraction and transport column is one meter length. Extraction,

acceleration electrode configuration is single gap two electrode

focusing arrangement. Here the plasma electrode is multi-
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aperture S.S. grid and the extraction electrode is concave -

outward (beam transport side concave). The source has been used

with hydrogen and argon. An overview is shown in Figure 2.19.

The measured densities are 10'l/cm3 and temperature 8 to 14 eV.

Proton current of 55 uA at 2.5 kV and Argon ion current of 14uA

have been obtained [90/08] . The source is designed for the

continuous extraction of light ion species. Beam divergence

measurement and beam species purity control is currently under

consideration.

2.2.8 Electromagnetic Shielding Test Apparatus [89/18]

It consists of a pair of identical coaxial coils wound on

cylindrical teflon formers. The number of turns in each coil can

be varied from 100 to 1000 turns with an inside diameter of 10mm

and outside diameter 16mm. The separation between the two coil

faces can be varied from 2 to 20mm. Each coil is surrounded by a

mu-metal sheet. Teflon former"is fixed in an aluminium enclosure

which again is shielded by Mu-metal. Only the faces of the coils

or^ exposed. The coil assemblies are mounted on a teflon base and

the specimen to be studied is inserted between the coils (Figure

2.20) .

One coil, used as a drive coil, is connected to a sinusoidal

signal generator. The input voltage is measured by Tektron5x

7A26. To measure the current in the drive coil Tektronix current

probe P6021with sensitivity of 2mA/cm2 is used. The out put

voltage of the receiving coil is measured in microvolts.

shielding experiments on superconducting coating have been

•--•'irried out at various frequencies both in room temperature and

in liquid nitrogen [89/04,89/16,90/02].

24



2.2.9 Miscellaneous Instrumentation

A number of instruments have been developed for various

other experiments. Some of them are listed below

(a) Programmable Specimen Scanner

For plasma spraying over a large areas, a specimen scanner

has been developed. This unit scans an area by moving the job to

and fro in X direction with small jumps in the perpendicular Y

direction at the extreme values of X. The job is mounted onto a

compound sliding table. In this system it is possible to select

the span and speed of X and Y directions as well as the jump

distance independently. The span can be adjusted in the range of

0-200mm and the speed can be varied between 0 and 150mm/sec. This

unit can scan an area of 200 x 200 mm automatically.

<b) Temperature controller for high power heaters

The controller consists of a RTD ,a 4 to 20 ma transmitter

based on XTR-100 Ic, comparator and optocouplers. Triacs are

driven by zero-crossing switches for reducing electromagnetic

interference and also for increasing the operational life of the

heater coils. The compact controller will be used with a 3 phase,

12Kilo Watt heater coil connected to a liquid metal MHD

Generator.The zero cross sensing and firing of triacs eliminates

EMI and increases life of the heater coils by reducing sudden

inrush of high current.

(c) Transient digitizers [89/28]

Two transient digitizers with sampling rates of 330 kHz and

1 MHz have been designed and constructed.The digitizers use high

speed Sample and Hold circuits , Analog to Digital converters,

multiplexers,timing circuits,non volatile RAMS for permanent
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storage of data and micro computers as controllers. The data in

the NVRAM is transferred to the IBM personal computer through the

RS232c serial port.The circuits are totally TTL based.

Prototypes units have been designed,constructed and tested

along with the IBM PC. Specifications of a transient digitizer is

given in Table 2.5. Final unit of the 1 MHz digitizer is under

construction. A 10 megasample / sec digitizer is at present under

development using Flash A to D Converters and high speed Emitter

coupled logic circuits.

TABLE 2.5 SPECIFICATIONS OF THE TRANSIENT DIGITIZER

1. INPUT SIGNAL RANGE : +10 VOLTS

2. SAMPLING RATE : VARIABLE, 333 kHz. MAX.

3. RESOLUTION : 40 MILLIVOLTS, 8 BITS

4. TOTAL STORAGE CAPACITY : 2 X 512 BYTES

5. PERMANENT STORAGE CAPACITY PER SHOT : 512 SAMPLES

6. STORAGE TYPE : WON VOLATILE.RAM

7. TRIGGER INPUT : LEVEL TRIGGER, DELAY ;_ 200 n. SEC

AMPLITUDE : 1 TO 5 VOLTS

8. DISPLAY : (a) SAMPLED DATA DISPLAYED THROUGH A D/A

CONVERTER ON A CRO OR X/T RECORDER

AFTER SCALING IN TIME.

(b) SAMPLED SIGNAL ALSO DISPLAYED ON THE

OF A PC AND PRINTED ON A PRINTER.

9. CONTROL : INSTRUMENT IS PROGRAMMED FOR CONTROL USING

A MICROCOMPUTER AND A PC.

The digitizers are very useful tools for recording transient

phenomenon in plasma and other single shot experiments. They are

cheaper, compact and easily replace the very bulky and costly

storage oscilloscopes.
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2.3 MAGNETOHYDRODYNAMICS

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 magnetohydrodynamics which is described by the

electromagnetic equations of Maxwell along with the equations of

fluid dynamics. This concept is currently being implemented in

advanced power generation devices called MKD power generators

working both on plasmas and liquid metals.

The Thermal Plasma Section has extensively worked towards

development of various types of MHD power generators [85/14,

86/17, 88/15, 90/04], The most notable achievement has been in

the coal based systems where a 5MWt MHD generator has been

commissioned at Tiruchirapalli [86/01]. This programme under the

sponsorship of the Department of Non Conventional Energy Sources,

Government of India, was initiated in 1977 and was successfully

completed in 1986 [86/06]. Figure 2.23 shows a schematic of this

MHD generator installation at Tiruchirapalli.

The liquid metal MHD program has been taken up as a part of

long term advanced MHD cycle development primarily due to its

significance in breeder reactors [85/14]. A simulation experiment

using air mercury at ambient temperature has been assembled at

BARC and basic studies on two phase flows, MHD interaction and

end effects have been made. These have been supplemented by

diagnostic techniques like high speed photography and gamma ray

attenuation techniques. Currently, a prototype steam mercury

system is under assembly and testing. The major contributions of

the BARC open cycle MHD generator program are briefly mentioned

below.
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2.3.1. Thermodynamic and Transport Properties of MHD Plasmas

The basic program calculates chemical equilibrium

composition for a multicomponent, IDEAL GAS PHASE reacting system

as a function of pressure, temperature and elemental abundances.

The program utilises the equations of reaction equilibrium. mass

and charge conservation and numerically solves rhe set- of non

linear equations with Newton-Raphson technique. The data bank for

the program is available for seeded fossil fuel burning MHD power

stations [85/07]. Other systems can be d^al^ with through

suitable modifications of input data bank. Temperatures upto 6000

K and pressures upto 20 ata can be handled.

Given the composition and thv fitnmir/nioleful^t structural or

collision data, this program computes various t'lerpodynamic and

transport properties like enthalpy, entropy, specific heats,

speed of sound, density, electrical conductivity, thermal

conductivity, viscosity, mobility, diffusion coefficients etc.

for gas mixtures/ionised gases up to 6000 K and .20 at a pressure.

The input data bank is available for C-H-K-0 -FC-Ar -e system

[86/06] •

The advanced program on the other hand, calculates chemical

equilibrium composition for a MULTIPHASE multicomponent reacting

system as a function of pressure, femperature and elemental

abundances. One phase is assumed to be gaseous and the others

pure condensed phase or ideal solutions. The program utilises the

equations of reaction equilibrium, phase equi1ibrium, mass and

charge conservation and numerically solves the sec of non linear

equations with Newton-Raphson technique. Composition of a typical

combustion plasma in the MHD ranges of temperature is shown in

Figure 2.22. The data bank for the program is available for

seeded fossil fuel burning MHD power stations [88/01]. Other

systems can be dealt with through suitable modifications of input
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data bank. Temperatures upto 6000 K and pressures upto 20 ata can

be handled [86/17, 89/19].

2.3.2 Plasma Flows in a Channel

The design of MHD channel needs electrodynamic, gas dynamic,

thermal, thermodynamic and hydraulic calculations. The gas

dynamic calculations are performed in quasi one dimensional

approximation using the conservation equations of mass, momentum

and energy along with generalized Ohms law. The code predicts the

heat transfer to walls, frictional drop, pressure and temperature

along the length of the channel and the electrical power out put.

The calculations can be performed for constant velocity channel

or for given channel geometry 86/06].

In open cycle MHD power generator system the seed material

is introduced in the combustor through atomizers in the form of

an aqueous solution. The droplets take finite time for

evaporation. The process by which the aqueous seed solution mixes

with combustion products, ionises and produces a plasma is

modeled in this computer code. the distribution in size of the

seed droplets is also taken into consideration [87/10].

The boundary layer code s^ves compressible, turbulent

steady state plasma flow equations consisting of conservation of

mass, momentum, energy, generalized ohm's law, simplified

Maxwell's equations in the core and boundary layer region of the

channel. The computer program is based on implicit finite

difference marching technique in transformed coordinate system.

All detailed parameters like velocity, pressure, temperature,

current, potential, MHD power density are predicted. In addition,

lumped parameters like MHD power, near electrode drop, heat loss

in the wall, friction drop etc. are also calculated [85/04,

86/16] . The performance of Faraday type MHD generators have also
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been modelled and compared with experimental results [H5/09,

85/10, 89.31] as shown in Figure 2.23.

A computer code has been developed to calculate the

radiative heat transfer from potassium seeded combustion plasma

to MHD channel wall [85/12]. The spectral emission properties of

the species HaO, COz, CO and potassium , as well as that of

radiation reflected from the walls, are taken in to account. The

absorptivity of the radiating species has been calculated using

an exponential wide band model. The heat flux has been

calculated using all active bands of CO*, Fh 0 and CO in the near

infrared region [88/07]. Since the peak of black body emission

lies around 1 urn for MHD plasma, the important bands will be

those lying close to it. The contribution to the radiative heat

flux from the bands of CO* and H20 lying upto 2.7 am has been

estimated and compared with the fluxes taking all the active

bands. Absorption cross section data of potassium in the

wavelength range 0.55 to 1.25 urn has been utilized to calculate

the contribution of seed to" total radiative heat flux. Total

radiation lpsses from nongray isothermal and nongray

nonisothermal plasmas have aj.so been compared. It has been shown

that contribution of CO to heat flux can he ignored. The

contribution of COz and HaO to the heat flux are important and

more than half of it comes from bands lying upto 2.7 ium. The

radiation from far wings of potassium doublet play important i»ole

and contribution from potassium is about 25-3Q% of the tptal

radiative heat flux. As shown in Figure 2.24, thQ radiative heat

flux increases as the channel width increases or wall temperature

decreases. In case of nonisothermal plasma, reduction in

radiative heat flux due to cold boundary may be upto 25% [8$/33] .
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2.3.3 MHD Generator, Design and Development

The MHD generator is a complex component. It operates under

extreme conditions of temperatures , thermal flux, velocity of

plasma and electric and magnetic fields. Thermal Plasma Section

has designed, fabricated and tested three MHD channels namely;

(i) The U-O2 test section for the Soviet MHD Facility [PPD

Div. Rept-85].

(ii) Zero Induction Channel for plasma run at Tric.hy [85/06]

(iii)Dll channel for Indian MHD Facility at Trichy [86/01]

MHD channel being a nonstandard equipment some expertise in

design and manufacture of the generator components was developed.

Some of the areas of work expertise are

- Theoretical and experimental investigations on hydraulic

pressure drop calculations across insulation pins

- Controlled thickness epoxy powder coating using

electrostatic spraying

- Manufacture of thick glass reinforced plastic laminates

(80mm)

- Design of a '0' ring sealing on insulation pins (typical

high temperature component)

- Development of a glass reinforced plastic to stainless

steel joint for metallic inserts

The ZINC channel was tested during the commissioning of the

MHD facility at Trichy in 1985 and the first power run was made

at Trichy with the Dll channel.

Apart from the electrical and thermal problems connected

with the channel one of the interesting areas of investigation is

the flow induced vibration in MHD channel. This problem was taken

up separately in view of its importance in other areas [85/15].
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In the above context a new analytical approach, namely the

flexibility function approach is used in simulating the point

supports. The code can handle various configurations of point

supports on the plate edges as well as in the interior of the

plate domain. Complete information regarding frequencies, mode

shapes and shear and moment distributions including point support

reactions can be obtained using the code [88/09-11]. The code can

also handle orthotropy, prestress and clamped point supports. In

addition a different approach, namely the fictitious elastic

function approach is used in simulating the intermediate point

support. The code can handle various numbers and types (simple or

clamped) of intermediate supports. The code is also capable of

handling orthotropy and prestress. A dedicated code for drawing

the mode shape plots of a point supported rectangular plate. As

an example,the displacement field is plotted as a carpet plot in

Figure 2.2b.. The code uses Calcomp graphic library [88/09-11,

89/29] .

2.3.4 XR 2 Combustion Plasma Facility (500 kW>

The development of MHD technology requires the use of

moderately sized experimental rigs for studying and understanding

basic phenomena occurring in MHD systems. This XR-? combustion

Plasma facility uses ethyl alcohol as fuel and oxygen as oxidiser

and can operate at about 1 atmosphere. The parameters of the

system are given in Table 2.6. The system is reproduced in figure

2.26. The facility was used to develop, study and perfect

diagnostic techniques for plasma properties, boundary layer

Phenomena, electrode insulation, arcing phenomena and break down,

seed condensation etc.. It was also used to study and evaluate

the performance of various components and sub systems especially

in the generating part of the MHD channel [87/01] .
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TABLE 2.6 PARAMETERS OF THE XR-2 COMBUSTION PLASMA FACILITY

Thermal input

Mass flow rate

Main Fuel

Oxidiser

Seed

Operating duration

Purge gas

Combustor Pressure

Magnetic Induction

Coolant

500 kW.

55 grams/sec.

Ethyl Alcohol

Oxygen at 30°C

KOH/ KsCO3 in ethyl alcohol

1 hour

Nitrogen

1 Kg/cm2

1 Tesla

Ordinary water (500 LPM)

2.3.5 Air mercury Liquid Metal MHD Simulation Facility [88/16].

This is an ambient temperature two phase air-mercury

facility consisting of mixer, upcomer, separator, downcomer, MHD

channel, Magnet and other diagnostic instruments for the

measurement of void fraction, pressure, voltage, current and

their fluctuations. Air enters Mixer at high pressure and drives

mercury to separator through upcomer. Thus a two phase flow is

created in the upcomer. Air gets separated in the separator and

is let out to atmosphete through trap. Mercury alone flows

through the downcomer into MHD channel and returns to Mixer. A

photograph of the system can be seen in Figure 2.27.This facility

has been extensively used for the following investigations.

-to study the physics of circulating end currents in MHD

generators and their effects on voltage, current in the loads for

various flow rates, loads, aspect ratios etc. [88/16].

-to study the effect of insulating vane on circulating

current and its effect on voltage, current for various vane
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locations and recovery of electrical power loss [89/24].

-to verify the gamma ray diagnostic equipment in measuring

void fraction

A computer code solves simplified quasi one dimensional two

phase(Liquid metal and any suitable thermodynamic fluid) flotf

equations consisting of conservation equations of mass, momentum

and energy along with generalized ohm's law and simplified

Maxwell's equations. The code predicts velocity profile, pressure

drop, MHD Power density, channel dimensions etc. [89/13].

A detailed computer code solves VxE = 0 and V. J = 0 of

simplified Maxwell equations along with generalized Ohm's law in

the presence of external magnetic field under low magnetic

Reynold's number approximation. The equation in potential

variable is second order Elliptic partial differential equations

with mixed boundary conditions. The computer code is based on

finite difference, point iterative technique with under

relaxation. The grids are made non uniform to account for the

steep gradients near the walls of electrode. The code includes

provision for plotting detailed current and potential

distributions. The code was tested and numerical results are

obtained for various flow conditions, load factor and geometries

(90/3]. A typical result is shown in Figure 2.28.

2.3.6 500W Prototype M4MHD System [89/22].

This is a large experimental facility to study single phase

and two phase Liquid metal MHD converters. It consists of Mixer,

npcomer, Separator, Downcomer, MHD channel, Magnet, Heater,

Condenser and other diagnostic instruments for measurement of

void fraction(Gamma ray attenuation method), pressure,

temperature, flow rate, voltage, current etc. and other control

systems as shown in schematic form in Figure 2.29.
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Water at appropriate pressure and temperature enters the

Mixer and comes into contact with hot mercury and gets converted

into steam. A two phase flow is created in the upcofner and steam

drives mercury. In the separator, steam gets separated and

mercury alone flows through downcomer into MHD channel where

electrical energy extracted and flows back into Mixer. Separated

steam gets condensed in the condenser and stored in condenser

tank. The design parameters of the system are given in Table 2.7.

Most of the components have already been fabricated and

pressure tested. Partial assembly of main loop{except MHD channel

which is under fabrication) is complete and pressure test of the

loop is in progress. Pipe lines for water. Air, Steam are under

erection.

TABLE 2.7 DESIGN PARAMETERS OF STEAM MERCURY LMMHD SYSTEM

Thermal Power Input

Electrodynamic Fluid

Thermodynainic Fluid

Total Height of Facility

Magnetic Induction

Max. Temperature/Pressure

Min. Temperature/Pressure

Mercury Flow Rate

Water/Steam Flow Rate

Electrical Power Output

Mercury Inventory

Cycle Efficiency

up to 8 kW

Mercury

Water / Steam

6500 mm

1.0 T (maximum)

165°C/0.53 MPa

40°C/0.03 MPa

40-120 kg/sec

0.5-0.004 kg/sec

0.5 kW«

1200 kg

6.4%
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An electro-magnet was designed for use in LMMHD system.

Hence dimensions were decided accordingly. This is a C shaped

1 Tesla magnet having 50 mm pole gap and 160 mm x 80 mm

rectangular pole section. Iron parts are made from forged

magnetic steel. Exciting windings were made in the form of

pancakes from 10 mm. x 10 mm.square copper conductors with 6

nun.dia.hole for water cooling. There are 8 pancakes with 14 turns

in each in the form of 2 layers. The power requirement of the

magnet is 20 kW. for 1 tesla magnetic field. The magnet can be

operated upto 0.5 tesla magnetic field without any water

cooling.Water cooling of 20 LPM at 25 kg/sq.cm. is required to

operate the magnet at higher magnetic fields.

The LMMHD design code gives optimum parameters like

geometric dimensions(diameter, height etc.) flow rates. Load

factor to design complete LMMHD converter loop consisting of

Mixer, upcomer, Separator, Downcomer, MHD generator, Heater,

Condenser etc. for different heat sources like Solar, Industrial

waste heat, low grade oil etc.. Two phase flow equations

consisting of conservation of mass, momentum, energy are solved

in upcomer and in other regions single phase flow equations are

solved. In the MHD generator, MHD interaction term is included.

For the given source temperature, the computer code gives

thermodynamic cycle efficiency and profiles of velocity,

pressure, temperature, voltage, current etc. along the loop

[89/22].

2.4 MATERIALS TECHNOLOGY

The development of high temperature materials is one of the

most challenging areas. In the plasma technology activities, the

material programme has two major thrusts. Firstly, the

fabrication and utilization of high temperature materials is an
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important developmental area. These materials are in contact with

high temperature gases and are subjected to stresses of

mechanical, thermal, chemical and electromagnetic nature. The

other aspect deals with development and processing of new

materials by the use of plasma technology. The Thermal Plasma

Section has been working on both these aspects.

2.4.1 Materials for MHD Generators

The design and development of stable and long duration MHD

generators has been the main concern of scientists and engineers

in the field of MHD power generation. The operating conditions

and the effect of seed makes the task complex and several new

approaches have been studied. Table 2.8 lists typical range of

MHD operating conditions.

TABLE 2.8 TYPICAL RANGE OF MHD CHANNEL OPERATING CONDITIONS

1. FUEL

2. FLAME TEMPERATURE

3. SEED

4. SEED INJECTION

5. OXYGEN ENRICHMENT

6. ELECTRICAL CONDUCTIVITY

7. AIR PREHEAT TEMPERATURE

GASIFIED COAL

3000 K

POTASSIUM 1-2 % BY WEIGHT

50 % AQUEOUS SOLUTION OF K2CO3

20-40 %

5 - 3 0 OHM- ' .CM-'

1000-2000 K

Ceramic hot electrodes based on solid solutions of ZrOi

-CeO2-YzO3 and current lead out based on ZrOa-CeO2-TajOs have

been developed and fabricated by powder metallurgical technique

involving high temperature sintering. The raw materials used were

supplied by M/S IRE and NFC. Sintered blocks have been tested for
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their thermal stability and electrical properties [86/07, 88/13].

Figure 2.30 shows electrical conductivity measured by dc four

probe technique upto 1673K. Oxygen ion transport number was

measured by the electro-chemical method by maintaining an oxygen

pressure gradient across the sintered pellet which was cemented

to a recrystallised alumina tube and measuring the emf across the

sample at different temperatures. These emf values were compared

with the corresponding values obtained in the case of yttria

stabilised zirconia, which has an oxygen ion transport number of

1 over wide temperature and oxygen pressure ranges. The results

indicated that the conductivity of solid solutions in the ZrC>2

-CeOa-YiOs system are mixed in nature (Fig. 2.30). The electronic

component of the conductivity increased with the ceria content

and temperature. The conductivity of the ZrO2-CeOz-Ta2O? solid

solution is totally electronic in nature [89/25, 90/19].

A process has been developed to prepare sintered doped YCrO3

pellets, which find potential application as electrode material

in MHD channel. Oxides of yttrium, chromium and strontium in the

appropriate molar ratios were mixed, pelletised and sintered at

1873°K. Electrical conductivity of the sintered pellets were

measured by the dc four probe method upto 1673 K (Figure 2.31).

The electrical conductivity is totally electronic in nature and

hence ideally suited for electrode application in MHD generators

[88/12, 89/30].

Among the mixed valent rare earth oxides, Tb< O7 stands out

with unique features having half of the metal ions in the +4

state and the other half in the +3 state, thus enabling

participation of all the metal ions in the hopping mode o£

electronic conduction, with maximum number of ion pairs available

for the conduction. However the 12% of oxide ion sites remaining

vacant in this fluorite phase are expected to contribute to the

undesirable ionic mode of conduction at higher temperatures
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A new material, which is a solid solution of Tb«Cb and

with zero ionic conduction even at the maximum operating

temperature, is developed for application as MHD electrodes

Figure 2.32). The significant features of this new fluorite phase

Tbo . asTbo . aaTao.3aOz , are maximum number of stable ion pairs of

the rare earth element and zero oxygen vacancies, which are

necessary for zero ionic conduction required for D.C. electrodes.

For this purpose Ta'B ion becomes the unique choice, with stable

+5 state having no stable lower valency states without disturbing

the crystal structure and the refractoriness of Taa Os is

comparable enough to be incorporated in thin system [89/21].

Partially destabilised zirconia (PDZ) blocks have been

developed by reaction sintering of calcia stabilised zirconia

with aluminium oxide. The process consisted in mixing the oxides

in the required proportion, pressing and sintering at high

temperature. The material has been characterised and evaluated

for high temperature applications. The results, shown in Table

2.9, indicate that the material possesses excellent thermal shock

resistance and has potential application in many high temperature

technology [86/02, 89/36].

TABLE 2.9 VARIATION OF DEGREE OF DESTABILISATION WITH

COMPOSITION (x)

Composition

Wt. % of kltO3

2.940

4.350

8.340

15.400

Firing

Temperature

1900 K (3 Hrs.)

do

do

do

Amount of Free

Zro* formed

11.50

24.00

34.00

48.00
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A major drawback with ceramic fabrication technology has

been the non-machinability of the ceramic bodies after sintering,

due to their extreme hardness and brittleness. A fabrication

technique has been developed where the machining of the final

product is eliminated and the dimensional tolerance of the bodies

is controlled through the die tolerance. Dense magnesia pellets

(90% of T.D.) have been prepared from fused magnesia powder. The

particle size distribution of the fused magnesia is so chosen

that the green body attains the maximum density in the pressing

stage ( Figure 2.33). The grain to grain bonding is effected by

surface diffusion in the sintering stage. The main advantages are

high thermal shock resistance, high thermal gradient tolerance

and elimination of machining [86/05, 90/11].

2.4.2 Material Testing Equipment

A system has been designed to measure the thermal

conductivity of ceramic modules upto 2000°C using the technique

of radial heat flow. The experiments have been carried out in

high vacuum and tungsten or molybdenum rod as the heat source.

The size of the sample is 30 to 50 mm dia. and 20 to 30 mm

height. Thermal conductivity of sintered ceramic bodies and

castables have been measured [88/19, 88/20, 89/32]. A view of the

system is shown in Figure 2.34.

A unit for measuring the electrical conductivity of

materials by the d.c. four probe technique upto 1673 K has been

developed ( Figure 2.35). The unit can also be used to study the

variation of conductivity with temperature under different oxygen

partial pressures [88/14]. The electrical conductivity of

sintered bodies, coal slag [87/02] and high temperature

superconductors [89/02] have been measured.
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A flame test facility shown in Figure 2.36 is used to test

the suitability of ceramic modules for use in MHD channel. This

facility can give heat flux of 0.8 to 1.2 mega watt/m2. The

ceramic module is heated slowly by oxy-acetylene torch and the

surface temperature is recorded by a two colour pyrometer. This

facility also provides the average thermal conductivity value as

well as a general idea of thermal shock behaviour of the

material. Various materials having potential use in MHD channel

have been tested for their thermal performance on the above

facility for the duration range from 5 to 50 hours [86/05].

A vacuum impregnation systerr. for metallographic specimen

preparation has been built. This is a simple vacuum system where

the specimen and the resin are evacuated simultaneously and then

the specimen is immersed into the resin without breaking the

vacuum. This helps in forcing the resin to penetrate and fill the

open pores and microcracks in the specimen on opening the air

vent. This gives the specimen additional strength and avoid the

loss of material and cracking of the specimen during subsequent

machining and polishing. It is useful for the preparation of

ceramic and other brittle specimens for metallographic studies

[89/34]. The schematic of the system is shown in Figure 2.37.

A self aligning device for applying tensile load to the

assembly of coating has been made such that the fixture does not

permit eccentric loading or bending moment to the specimen.lt

consists of a pair of substrate fixtures to which coated

specimens are fixed and a pair of loading fixture having

provision for loading at the two ends of a tensile or a universal

testing machine. Each loading fixture and substrate fixture is

connected together through two knuckle joints perpendicular to

each other. A suitable adhesive bonding agent is used to join the

free faces of the coating of two coated specimens. It is

particularly adapted for testing coatings applied by thermal
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spraying which is defined to include the combustion flame,plasma

flame, arc gun and detonation processes for spraying wire, rod

and powder. Figure 2.38 shows the details.

Three point bend test apparatus for thick film coating as

shown in Figure 2.39 has been developed. The coated specimen is

kept in between a pair of support rollers at a fixed span and a

moving roller at the middle which can be moved up or down and the

distance moved can be recorded. The pressure exerted by the

middle roller produces a bending strain in the specimen. As the

middle roller proceeds the depth of the bend can be measured and

bend diameter can be calculated. The specimen is constantly

monitored for their property changes while it is subjected to the

bend strain. The specimen used is 10mm x 60mm strip. It is used

to study the flexibility and critical current density values of

coated superconducting specimens [89/26].

2.4.3 Special Materials & Techniques

Ceramic probes for various applications have been prepared

by plasma spray technique. The probes have been made by spray-

preparing the ceramic layers/blocks over the substrate molds

which were subsequently removed to yield free standing ceramic

probes. By proper variation of the spray parameters it is

possible to control the properties of the probes precisely. This

method is an easy and quick method of preparing ceramic probes

which are characterized by adequate mechanical strength, assured

electrical contact etc. Several probes have been made for

investigations. The applications include reaction kinetic

studies, electrical conductivity measurements etc. [89/35].

Sintered blocks of YBajCua Or are prepared by direct reaction

sintering of mixtures of YzOn , CuO and barium acetate. This

process involves ballmilling of the stoichiometric mixtures for
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about 6 hrs. in acetone medium, cold pressing at 1200 kg.cm-*

pressure and reaction sintering in air at 930 °C for 16 hrs. and

slow cooling for 20 hrs. Low heating rates at decomposition

temperatures (200-300 »C and 800-900 °C ) of about 2°C/min

prevent cracking of the pellets and formation of undesirable

nonsuperconducting phases. Homogeneity and size reduction

obtained during ballmilling avoids impurity phases and ensures

completeness of the reaction, thereby not leaving freu and

unreacted BaO, which by its very hygroscopic nature is

detrimental to the stability of the material under ambient

conditions. Barium acetate being soft and also due to the

presence of acetone medium, gets uniformly distributed in the

reaction mixture during ballmilling, which lowers the chances of

BaO being left over and thus the sintered material is relatively

insensitive to moisture and stable for very long periods ( more

than a year ) in ambient conditions. The material has been

characterised by x-ray diffraction technique, electron microprobe

analysis for phase and chemical purity. Oxygen stoichiometry as

determined by iodometry confirms to the formula YBa2Cu3Os.9.

Superconducting transition is observed at 92 K on samples from

different batches and also on the same sample after intervals of

several months. Current densities upto 200 A cm-a are observed

[90/1, 90/9). The oxidation reduction kinetics of the sintered

pellets and coatings have been studied [89/03].

Ceramic metal joints have been prepared by metallizing the

ceramic and joining them to the metal by soldering [86/03].

During operations these joints may fail during thermal transients

and large steady state temperature gradients. The differential

thermal expansion of the two dissimilar materials results in

generation of thermomechanical stresses at the boundary. This can

be circumvented by incorporating an interface of a flexible

matrix of suitable material, which can absorb the stresses. This
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kind of situation arises in some of the high technology areas

like MHD generators, combustors, high temperature gas turbines

and re-entry space vehicles. A process has been developed to

fabricate these flexible interfaces for high temperature Ceramic

metal joints of electrode and insulator walls of MHD generators (

Table 2.10). The process involves cold pressing of thin wires of

the metal {stainless steel or nickel) into a uniformly spaced

felt, which is subsequently sintered in vacuum. Stainless steel

wires of about 0.2 mm dia. and 10 mm length are used and the

parameters like length and diameter of the wires, compaction

pressure and sintering temperature and duration are optimised to

obtain felts of uniform occupation factors [89/20].

TABLE 2.10 PROCESSING DATA ON STAINLESS STEEL WIRES

OF 0.193 mm (36 GAUGE)

Sample Sinter Sinter Dia Thickness Weight Pressure Density Theoretical

No. Temp. Time cm. cm. gm. kg/cm* g/cc Density

°C min. %

1

2.

3.

4.

5.

6.

7.

1100

1100

1150

1150

1150

1150

1150

120

120

90

90

90

90

90

1.266

1.270

2.540

2.540

2.540

2.540

2.540

0.124

0.128

0.132

0.216

0.160

0.178

0.180

0.56006

0.63565

2.75550

4.45000

J.05590

3.51950

3.60690

1578

1578

1578

1973

1578

1578

1578

3.57

3.92

4.12

4.07

3.77

3.90

3.95

40

44

52.31

52.13

48.33

50.03

50.70



2.5 FUTURE PROGRAMMES

The great increase in our knowledge of plasmas has provided

the scientific foundation for recent rapid growth of thermal

plasma technology for industrial applications. In several

advanced countries the rapid development is directly traceable to

the effort of commercial exploitation of plasma technology in the

field of nuclear engineering, metallurgy and chemistry.

The plasma equipment development program envisage a

comprehensive effort to establish the design, fabrication and

testing capability of plasma based devices for the following

applications:

2.5.1 1 MW Plasma Cutting Torch [90/10].

Plasma cutting torch is a device which produces a stable

constricted jet of high temperature, high velocity ionised gases.

By virtue of very high energy densities, it can cut a variety of

metals and alloys at high speeds. These torches are recently

being operated under water for cutting pyrophoric materials,

scraping of reactor systems and ship building industries. The

1 MW system consists of the following equipments (Figure 2.40).

Two numbers of DC current regulated power supplies (OCV-600V

Load Voltage 200-500 V, Load Current 100-1000 A),

Pilot arc power supply 20 kW,

H.F. Unit,

Plasma Torch,

Cutting Carriage,

Cooling water system and auxiliaries.

Under water cutting operation of plasma torch will be very

much useful for dismantling reactor system in nuclear power
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plants in cutting of pyrophoric materials and in marine and ship

building application. This torch is being developed keeping in

mind the cutting of uranium ingots 200 num. diameter in

particular. It can be used also for cutting extra thick non

ferrous metal and stainless steels. The torch produces a stable

jet of high temperature, high velocity gases which gives a good

quality clean, dross free cut at high cutting spend.

2.5.2 Controlled Environment Plasma Spray System

During the past decade plasma spray torch technology have

made significant progress in several countries. In plasma spray

process, a high current arc (300-600A) is formed between a

tungsten tipped conical cathode and a copper nozzle anode. The

plasma gas(usually inert or reducing like argon, helium, nitrogen

and hydrogen) flowing through the arc is heated to an average

temperature of approximately 10,000 K and jets out of the nozzle

at a high velocity. The coating material, either in the powder

form or in wire or rod form is introduced into this flame which

melts and sprays the coating material on the the substrate, with

velocities around 200 m/s.

Since the temperature in the plasma is an ord^r of magnitude

greater than the combustion flame all the materials with a well

defined melting point can be sprayed. The introduction of

controlled environment/vacuum increases the range of products

which can be sprayed from oxides in air spraying to carbides,

nitrides etc. The quality of the coating is also improved.

2.5.3 Plasma Material Processing

The use of dc and rf plasma for various chemical synthesis

and metallurgical application are getting established in many
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developed countries throughout the world. Figure 2.41 shows the

schematic of a plasma chemical reactor. Plasma remelting can

produce extra pure metals and alloys of precisely controlled

composition, with properties either unattainable by any other

means or achievable only by more costlier and trouble some

techniques. The wide range and accuracy of pressure and

temperature control in the working space of plasma devices

facilitates distillation and sublimation processes. Th.. very

high temperature of the plasma maintainable in furnaces makes

possible new reaction routes inconceivable in conventional sense.

In carbothermic reduction process, every increase in the system

temperature displaces the reaction equilibrium in favor of

reaction products. A hydrogen plasma has proved capable of

replacing expensive fossil fuels which have hitherto been

indispensable both as heat source and as reducing media.

Refining treatments are greatly facilitated by the easy and

accurate control of the composition of oxidising and reducing

agents introduced in the plasma state. The plasma processing can

very effectively reduce phosphorus and sulfur contents of the

metals by favorable process conditions that it can create.

Production of fused ceramic materials for non shrinkable

sintered bodies for many advanced technologies is another area

where the plasma reactor can be used since many of the ceramic

materials have high melting point unattainable in conventional

furnaces. The specific processes under development are the

reduction of zirconium chloride, magnesium oxide, production of

silicon nitride/carbide, zirconates of calcium/strontium, fused

magnesia etc.

Plasma technology also finds application for disposal of high

level nuclear waste. The radio active waste can be immobilised

by incorporating them in a glass matrix. The vitrification

operation for obtaining highly durable nuclear waste glass can be
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effectively performed in a plasma reactor.

In summaryr eventhough plasma beam technology may appear to

fall within the exotic category compared with conventional

processes, there are examples in which special processes can be

performed and unique products can be developed which have useful

applications. The present activities of the section address to

the important growth areas in plasma applications and will result

in design capability, fabrication and operational experience and

manpower training in this front line technology.
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3. ELECTRON BEAM TECHNOLOGY

Electron Beam Technology Section of this Division has been

engaged in developing welding,melting and evaporation units for

about three decades[1-29].Main activities of this section during

the period of this report has been in the following areas:

(a) Development of two 150KV.6KW high vacuum welder for R.M.P.

Mysore.

(b) Modification of the 40KV,10KW versatile high vacuum welder.

(c) Development of a 30KV,3KW high vacuum welder to be used as a

demonstration model.

(d) Development of a 80KW electron beam melting unit.

(e) Development of one 30KV,20Kw electron beam evaporation cum

800volts 5KW dc magnetron sputtering system.

(f) EB welding service rendered to users in DAE and others.

Details of these activities are given in the subsequent sections.

3.1 DEVELOPMENT OF 150 KV 6 KW ELECTRON BEAM WELDING MACHINE

FOR RMP MYSORE

Based on the earlier design and development of the 150 KV, 6

KW model Electron beam Welding machine, two new systems each
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consisting of a high voltage electron gun and its power source

were developed for the Rare Materials Plant, Mysore.The

description and design details are given below.

3.1.1 Electron Gun

The electron gun is of triode geometry and is similar in

characteristics to the one experimentally developed earlier for

150 KV, 6 KW operation. This gun geometry which was optimised

through detailed theoretical/computer investigations is simple in

construction and needs minimum number of electrical terminals

This gun uses a single focusing lens to guide the electron

beam through the gun column.The beam spot size is lmm at full

power, 100 mm from the chamber top.

3.1.2 DC Power Source

The complete power source consists of three different power

supplies, viz the cathode heating supplyOvolts,30 amps,50

Hz),the acceleration voltage supply(150 KV,6 kW.dc) and the

cathode bias supply(0 to 2KV,dc). The source also includes an

auxiliary power supply for the electromagnetic focusing lens(60

volts,1 amp,dc) .

Several modifications on these supplies, over the earlier

design were carried out to improve the characteristics of the

electron beam and its suitability for welding application. These

are enumerated below:

The Acceleration Voltage Supply

It is well known that the ripple on the acceleration voltage

supply acts adversely on the electron beam spot size. To improve

upon the ripple factor from the existing 4% tor three phase full
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wave bridge rectifier circuit, a six phase 12 pulse system was

conceived. The rectifier is made of two, three phase bridges in

series that are fed by suitably phase shifted secondaries of the

EHT transformer. This system helps in reducing the ripple factor

to 1.3 % theoretically.

The output of the rectifier can be varied from 0 to 150 KV

DC, with a line and load regulation of+1% by controlling the

primary voltage of the EHT transformer by means of a thyristor

controller. The rectifier can give an output of 40 mA DC.

Cathode Heating Supply

The cathode heating supply voltage is modified to provide 30

Amperes at 3 volts ac, in place of 50 Amperes at 25 volts. This

change has helped in using the linear portion of the control

range of the circuit for variation of the heating current of the

cathode. The cathode heating supply transformer,that has a 150 KV

insulation between primary and secondary,is fed through a single

phase anti parallel thyristor circuit. This stack is controlled

through electronic circuitry with reference voltage taken from a

multiturn potentiometer. This circuit is protected by contactor,

overload relay, thyristor fuses and RC networks.

Cathode Bias Supply

To improve the response of the electron beam, the cathode

bias is supplied through a high frequency inverter (400 Hz) in

place of the conventional 50 Hz input. The 400 Hz operating

frequency helps to reduce the value and size of the filter

condensers at the output of this circuit for the same ripple

voltage at the control electrode.The bias supply rating is 2.5

KV, 10 ma dc.The bias transformer is insulated to 150 KV.



Focus Lens Supply

It is a low voltage,low insulation, regulated dc power

supply with output rated at 60 volts,1 amp dc. The regulation is

better than one percent.

The gun and power source were assembled and tested for their

performance in our laboratory and were then coupled to the

vacuum chamber and the remaining sub systems at CTD site at

Trombay. Weld trials carried out on SS tubes were found to be

satisfactory and in line with the penetration depths obtained at

specific heat inputs.

The second system consists of two electron guns similar to

the above design to be mounted on a single vacuum chamber, to

carry out welding at two different locations on the same job,

without physically shifting it. This would help in accommodating

the same job in a smaller vacuum chamber, thereby reducing the

size of the vacuum system. Reduction in cost and pump down time

are the main advantages of such a system.

3.2 THE 40KV,10KW VERSATILE HIGH VACUUM EB WELDING AND

EVAPORATION MACHINE

This machine was initially developed as a high vacuum

electron beam welding machine to be operated at 40KV,10KW.It has

been extensively used i) as a welding machine to weld S.S 304

jobs ii) as an evaporation machine to study vapour generation of

reactive materials.Details of the two modes of applications are

given below.

3.2.1 40 KV,10KW Welding Machine and Its Modification

During weld trials with this machine it was found that the

beam spot diameter at 5KW was about 3mm.With such a beam diameter
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it was only possible to weld jobs of small thicknesses i.e

thicknesses less than 3 mm.Also, the weld bead used to be 3mm

wide which was rather high for electron beam welding.lt was then

decided to convert this machine to a 60KV,12KW machine by

modifying the electron gun and the power supply. Vacuum controls

were also to be modified by using a programmable logic

controller.The work chamber,vacuum pumps and optical viewing

system were to be kept unchanged.Details of the subsystems are

given below.

Chamber and Vacuum System

A schematic of the work chamber and vacuum system is shown

in Fig. 3.1.The cubical chamber has sides of 600mm.It is made out

of 10mm thick 304 stainless steel sheets which are further

reinforced by 70mmx35mm M.S. channels on outside.The front of the

chamber is provided with a full size door having one 240mm

diameter port . This port is used for viewing by closing it with

a full size glass plate.The 240mm diameter port on the top of the

chamber houses the optical viewing system and the electron gun

column.

The work handling system consists of a co ordinate table

which can be moved in X and Y direction independently or

simultaneously.A rotary table that can be used to weld circular

job can also be mounted.

Vacuum system of this machine can be divided into two parts

namely, the vacuum system for the chamber and the vacuum system

for the gun column.Separate pumping is provided to the gun column

to obtain stable vacuum in the gun region even when the pressure

in the work chamber increases due to impurities in the weld

samples. The chamber vacuum system consists of a 225mm oil

diffusion pump having a pumping speed of 2000 lit/sec backed by a

rotary pump of 450 lit/min pumping speed.The gun column is
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pumped by a 65mm oil diffusion pump having a pumping speed of 120

lit/sec backed by a rotary pump of 751it/min capacity.The vacuum

in the work chamber and gun chamber is maintained at 5x10"9

torr.The welding operation inside the vacuum chamber can be

viewed through the front viewing glass or by means of a

telescopic viewing system. With the help of this telescope the

weld seam can be easily aligned with the beam.

Electron Gun

As has been mentioned earlier, the experience gained

from the operation of 40KV.10KW welding gun dictated the use of a

higher accelerating voltage to get the characteristic deep

penetration welds.For a deep penetration weld a beam diameter of

1.5mm at about 5KW is needed.To achieve this a gun that operates

at 60KV has been chosen. At this voltage,required insulator

design is simpler than at 150KV.Also, X-rays generated will be

well shielded by 10mm thick chamber walls.Thus,lead lining of the

gun and the chamber can be avoided.The deep penetration

characteristics i.e high depth to width ratio and negligible heat

affected zone,typical of electron beam welding, starts

manifesting at 60KV and beyond.

The gun was designed as per the Pierce principle.Here a

uniform space charge flow of electron is obtained by ensuring

specific potential distribution along the beam boundary.This

potential distribution is obtained by proper design of focusing

electrodes and anode.Before finalising the electrode shape one

has to decide the cathode type that will generate the required

beam current.As the operating pressure in the electron gun is

about 5x10"9 torr only refractory materials with low work

function can be used as cathode.In the present case we have

chosen tantalum sheets of 0.05mm thickness as cathode.The

emitting area being approximately 8 square mm circular.lt is
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heated to its emission temperature by passing ac current through

it.With proper design of focusing electrode and anode the

electron beam that comes out of the anode aperture is of conical

shape with 10° convergence.lt reaches a minimum diameter, a few

centimeters beyond the anode and then starts diverging.A

schematic diagram of the 60kV,12kW gun is shown in Fig. 3.2 -Here

the high voltage insulator is H shaped. It is mounted in the gun

chamber. The gun chamber is maintained at a vacuum of 5x10"8

torr.As the main insulator is kept under vacuum its size can be

much smaller than an insulator used outside vacuum.Here special

care must be taken to design the high voltage feed through.This

feed through should also be able to stand 60KV. In the present

case it has been made out of vacuum cast epoxy resin.

A magnetic lens is used to focus the electron beam on th>.-

job. The magnetic lenses are preferred to electrostatic

lenses.They can be mounted outside the vacuum chamber and do not

use high voltages required for electrostatic lenses.The magnetic

lens is wound round a bobbin and is clad with soft iron such that

all the leakage flux concentrates in a small region along the

axis of the coil,This leakage flux focuses the electron beam.The

focal length of the coil is varied by varying the dc current

passing through the coil.

Automation of the Vacuum System

To achieve a steady electron beam the electron gun and work

chamber are to be kept in high vacuum.Normally the gun has to be

operated at a vacuum of the order of 10-8 torr whereas the

chamber can be maintained at 10-3 torr i.e partial vacuum or at

10~B torr i.e high vacuum. Advantage of partial vacuum is fast

recycling time, whereas the disadvantage is the oxygen pickup at

the weld,use of high speed roots pumps that are to be imported

and use of an isolation aperture to maintain a pressure
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differential between gun and the work chamber.If the fast

recycling time is not a must then maintaining the work chamber at

high vacuum would produce better quality welds.The present system

on which automation has been tried is of latter type.

Control of the vacuum system is a sequential ON/OFF

control.lt can either be achieved by hardware logic or by

microprocessor based control.Keeping the future modifications of

the welding system in mind. a microprocessor based control has

been adopted. Thus, any change in the control sequence can be

achieved by a few modifications in the software instructions.The

vacuum system response is rather slow for a microprocessor based

control. It takes about 80 m. sec to change the pressure signal

by O.lmilli Volt. 8085 microprocessor has been used to achieve

required controls.In a vacuum control unit, thermocouple voltage

is used to measure pressure from 10-l to 10-a torr and penning

gauge (cold cathode discharge gauge) current is used to measure

pressure from 10-3 to 10- * torr.

The thermocouple voltage and Penning discharge current are

taken through a multiplexer.lt is a switch that allows many input

channels to be serviced in time sharing basis by one Analog to

Digital Converter.The signal,which is normally a fraction of a

millivolt,is amplified for better resolution. The instrument

amplifiers are the best choice because of their high input

impedance and high Common Mode Rejection Ratio. 8255 ports

(Figure 3.3) have been used to input and output the signals. The

signal is applied through optoisolators to the relays that

operate contactor of motors and solenoid valves. Figure 3.4

illustrates the pumping scheme for the electron gun vacuum

chamber. To start with the rotary pump (PI) and thermocouple

gauge unit(GTl) are switched on with air admittance valve(V5)

closed. When the pressure at the rotary pump mouth reaches 10"l

torr the fore line valve (VI) opens.As soon as the foreline
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pressure falls to a predetermined value(10"l torr) the diffusion

pump(P2) heater gets on, VI closes and the roughing valve{V2)

opens.After a pause of 5 seconds the temperature of the diffusion

pump oil is monitored by K type thermocouple(thermocouple

constant being 40 micro volts per degree celsius).When the

temperature reaches 120"C diffusion pump takes over with

roughing valve closing and gate valve (V3) opening.As soon as the

chamber vacuum reaches 1x10*9 torr a buzzer operates indicating

that the high voltage can be put on.To shut down the system RST

7.5 interrupt is used.This interrupt closes all the motors and

valves except the rotary puinp and the foreline valve.After 5

seconds foreline valve closes.After a pause of 15 minutes all

the pumps and valves are closed and the air admittance valve

opens.During loading and unloading operations(eg.filament

changing or job replacement) RST5.5 and RST6.5 interrupts are

used. Loading consists of closing of high vacuum valve and

roughing valve,opening of foreline and air admittance valve (V4)

of the chamber and ensuring that both the pumps are on.When the

job is to be unloaded or filament is to be changed, valves

V1,V2,V3 and V4 close automatically while PI and P2 remain

on.Once the restart switch is pressed roughing valve will open

after a delay of 5 seconds.As soon as the roughing line pressure

reaches 10"! torr it will close and high vacuum valve and fore

line valve will open.

3.2.2 Evaporation Studies With 40 KV.10KW System

The experimental vacuum system for evaporation studies has

been described in detail in a previous report [9].Further

modifications that have been made and some of the experiments

that have been carried out are described below.
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Vacuum System and the Evaporation Chamber

The basic evaporation chamber remains the same as reported

earlier [9]. Initial experiments were carried out with gun

mounted at 45 degrees with vertical so that the beam strikes the

job at 45 degrees.A number of evaporation runs on reactive metals

have been carried out. Dependence of vapour density on power

input and its ionisation have been studied.The results obtained

have been quite encouraging.lt was then decided to fabricate two

similar chambers each mounted with similar gun and power supply.

The only modification envisaged in both of these systems was that

the gun had to be mounted horizontally and external magnetic

field had to be applied to bend the beam by 90 degrees on the

job. Schematics of the new vacuum system is shown in the

Figure 3.5. Here a sideport is provided in the horizontal

direction. The aims of the experiments were i) to run the system

at maximum power continuously for two to three hours, and

ii)to reduce the heat loss from the crucible due to thermal

conduction.For this purpose copper charge was used with proper

graphite barrier so that the molten copper did not come in

contact with the water cooled copper crucible.lt was also

observed during above trials that crucible made of S.S.304 was

not suitable for evaporation experiments.Beam impinging

inadvertently on the crucible body would puncture the wall

resulting in water leakage into the system.

Modifications in Gun and Power Supply

During the course of above experiments a number of

modifications were made in the system they are given below

i) It has been already been reported in the previous report

that one new gun, that ensured better cathode to anode alignment

and easy replacability of the filament, had been fabricated and

that it had been tested at 30KV,5KW. Higher power could not be
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tried due to the limitation of the power supply.With the

fabrication of the vacuum chamber the gun was mounted

horizontally and trials were carried out with 40KV,10KW power

supply.It was then observed that at voltages beyond 33KV there

used to be severe high voltage break down. Modifications were

made in the internal gun structure (focusing electrode). Then

voltage upto 40kV were withstood. Power was then applied and the

system operated at 9KW continuously for 3 hours.

ii) It was observed during this operation that the beam current

gradually fluctuated around the set value. This beam current

fluctuation can be attributed to the ion bombardment heating of

the cathode.A small fraction of the evaporating ions would be

trapped in the beam and travel towards the gun.Some of them

ultimately reach the cathode. This ion bombardment heating of the

cathode is a statistically fluctuating phenomenon that results in

fluctuating emission current.Further evidence of the bombardment

is in the fact that after about 3 to 4 hours of operation the

cathode (3.5 x 3.5 mm area) develops a pin hole at the centre.

A beam current emission stabilizer was then incorporated into the

system.Circuit diagram of the stabilizer is shown in the figure

( 3.6 ).This unit controls the electron beam current around a

specific value set on reference pontentiometer by controlling the

filament heating current through the thyristors that are feeding

the primary of the filament transformer.The unit operates in two

modes. One is the filament preheating mode. In this mode the high

voltage supply is off. The filament current is controlled by

controlling the primary voltage of the filament transformer at a

value set by the reference potentiometer and the feed back being

provided by the primary voltage itself.The oth«r mode is the beam

current mode. In this mode the high voltage supply must be on

before the controller can take over. Here the feed back is

provided by the actual beam current signal tapped across the
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resistor between the high voltage power supply and earth. With

the use of this controller beam current fluctuation has come

within acceptable limits.

3.3 DEVELOPMENT OF A 30KV,3RW HIGH VACUUM WELDER TO BE USED AS A

DEMONSTRATION MODEL

This machine is to be used for welding small components. All

the necessary power sources have been developed in our

laboratory.The gun described in section 3.3.4 with some

modification will be used here.Vacuum system and work chamber

have been procured from an outside vendor.Details of the sub

systems are given below.

3.3.1 Power Supplies

Figure 3.7 shows the power supply diagram.lt consists of

following supplies.

High Voltage DC Supply

It is a 0 to -30RV,100ma supply with 1 percent load

regulation and 4 percent ripple.It consists of one 3

phase,/delta/star, 415 V to 25kV, 4kVA transformer. The

transformer is fed by a motorised variac.The stepped up voltage

is rectified by a 3 phase full wave bridge rectifier stack

consisting of high voltage diodes.These diodes are connected in

series to obtain the desired PIV rating.In the present case

Meltron make MRE 19 potted package is used with a rating of 650ma

average forward current,19KV PRV and 30 amperes nonrepetitive

surge current for 10 millisec.Four such packages are used in each

leg. Calculated average current rating of the stack is 33.3 mm

and the PRV of each rectifier leg is 31.5 KV for 30KV dc
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output.Since the transient voltage suppressers or RC networks are

not incorporated, a safety factor of 2.4 has been taken. Care has

been taken to ensure the optimum spacing between high voltage

points and the ground.Dielectric strength of air has been taken

as 30KV/cm. A 5 kilo ohm series limiting resistor is used.The

bleeder resistance chain consists of 3 no. 10 Meg-ohms 40KV, 10

Watts resistors.The feedback voltage is taken to a PI controller.

The output control signal is amplified and applied to driving

transistors to turn on the relays.These in turn drive the

motorised variac to adjust the set EHT voltage.The current signal

is sensed for overcurrent protection and meter display.

It is a variable ac supply of 0 to 12 volts ,20 amps and

insulated to 30KV.It uses a 230volts to 12 volts,20amps step

down transformer. The secondary is insulated at 30KV.The control

is a thyristorised primary control.The gate pulse forming circuit

consists of a fixed ramp generator,proportional controller and a

monostable multivibrator.

Bias Supply

It consists of a 0 to -2KV dc, 1 amp supply insulated to

30KV.It uses a 230volts to 2KV,10 ma transformer. The secondary

is insulated to 30KV.DC out put is obtained by a full wave

voltage doubler circuit along with a bleeder resistance. The

variable voltage is obtained by the control of thyristor which

uses the gate control circuit same as that of filament control.

Focus _S]ipplj£

It is a constant current supply with the rated output 0 to

35 volts dc,lamp,0.01 percent load regulation and less than 1

percent ripple. Here, switching surges were applied externally to
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ensure surge standing capacity during actual operation.

Motor Drive Supply

The job handling system uses stepper motors. They are

coupled to the work table through a vacuum seal. Motor speed is

controlled from 4 steps per second to 500 steps per second.It is

a bidirectional control.The drive module requires a dc power

supply of + or - 15 volts.

In all the supplies mentioned above, necessary protections

have been provided by zener diodes,metal oxide varistors and LC

filtersPower circuit protections and interlocking facilities have

also been incorporated.Variation of different set values have

been achieved by multiturn potentiometers mounted on the panel.

Panel meters display various parameters on the control panel.

3.3.2 Vacuum System and Work Chamber

This vacuum system consists of two parts namely the chamber

vacuum system and the gun column vacuum system. The stainless

steel chamber of size 300mmx300mmx 300mm is evacuated by means of

a 110mm diameter diffusion pump having a pumping speed of 500

litres per second. This is backed by a double stage rotary pump

of speed 600 litres per minute. The gun column is connected to a

60mm diameter diffusion pump having a speed of 120 litres per

second backed by a rotary- pump of 150 litres per minute. The

chamber and the gun column are separated by a 60mm size gate

valve. This facilitates the venting of the chamber without

admitting air in the gun column.Both of the vacuum systems are

provided with automatic as well as manual operation modes.The

gun column as well as the chamber give vacuum better than 10"B

torr.
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The work chamber is provided with side ports for pumping,gun

mounting, viewing and work table drive.Spare ports are also

provided on the side and bottom wall. Initial weld trials will be

carried out on a rotating jobs.Hence rotary drive has only been

provided for the present.

3.4 DEVELOPMENT OF 80KW ELECTRON BEAM MELTING UNIT

This unit is being developed for use in Metallurgy division

for melting and casting of ingots of refractory metals and their

alloys.Work chamber and vacuum pumping system have been

fabricated and received from the vendors.The electron gun has

also been received.The high voltage power supply and the control

panel had been fabricated at the vendor1s site by October

1989.During that time,one similar machine (imported from GDR) at

NFC, Hyderabad, developed serious trouble and the power supply

and the control panel had to be replaced.As the NFC furnace was

being used to produce zirconium-niobium master alloy for power

projects it was decided to shift our power supply and control

panel to NFC so as not to disrupt the production schedule.

Accordingly it was shifted to NFC from the vendor-s shop.After

some initial trials and minor modifications the NFC machine was

put into operation.Repeat order for the power supply is being

processed by NFC.Details of the sub systems are given below.

3.4.1 The Vacuum System

It consists of two parts namely the chamber vacuum system

and the gun column vacuum system.Both of them are diffusion

pumped high vacuum systems capable of giving vacuum better than

1x10"8 torr. The cubical work chamber is made of 304 grade

stainless steel. It is of 600mmx600mmx600mm size. The diffusion
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pump is of 500mm diameter having a pumping speed of 12000 litres

per second. This is backed by a roots pump of pumping speed 1000

H3 per hour in series with a rotary pump of 400 Ms per hour

capacity. Such a large pumping system is purposely selected to

handle the large gas load coming out of the molten charge. The

gun column pumping system consists of two 150mm diameter

diffusion pumps with pumping speed of 1000 litres per second

backed by a single rotary pump of 750 litres per minute capacity.

One of this diffusion pump is connected to the gun chamber i.e

the chamber that contains cathode and anode while the second

diffusion pump is connected to the intermediate chamber that

isolates the work chamber from the gun chamber.A bleeding valve

in the intermediate chamber is used to regulate the pressure in

this chamber. Necessary electric and electropneumatic valves are

provided for automatic operation of both of the vacuum systems

with manual override.An isolation valve provided in the gun

column can be used to separate it from the work chamber when

loading or unloading the job.

3.4.2 The Work Handling System

As has been already mentioned the v?ork chamber is made of

SS304. It is provided with side ports for various applications

such as gun mounting,rod shaped job feeding, hopper assembly for

granule feeding,retraction crucible assembly and chamber pumping.

The chan.ber is made of 8mm thick SS and is reinforced by 10mm

thick SS platus.lt is water jacketed for cooling.The entire

chamber assembly rests on a platform made of mild steel angles

covered with aluminium panels. The panels are hinged to the main

frame. This facilitates easy Maintenance. The platform is about

2.5 meters above ground level.Thus 1200 litres per second main

diffusion pump when connected to the chamber remains 200 mm above

ground level.
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The retraction assembly is connected at the bottom of the

chamber through the port provided for it.It consists of a lead

screw connected to a piston. The piston moves inside a water

cooled assembly. As the molten sample falls in the crucible the

piston is lowered by the rotation of the lead screw. Retraction

speed and the rate of melting have to be properly matched to get

a proper ingot.Rods of 20nni and 40 mm diameter can be cast in

this crucible.

The rod feeding mechanism consists of a 1.5 meter long

chamber with square cross section. It is connected to the main

chamber through a 112 mm gate valve.A number of feed rods can be

placed in the chamber and the drive mechanism feeds them one by

one into the work chamber below the beam. As the melting proceeds

and one rod is consumed the next rod comes to the position and

the feed continues.When the rods are exhausted the gate valve is

closed and the next set of rods are assembled.This enables the

work chamber to be kept in vacuum. Melting can be continued till

an ingot of required length is obtained.

The hopper assembly consists of a small chamber made of SS

304. Inside the chamber a vibratory assembly is provided. Powder

and small chunklets of 5 mm size can be fed to the melt through

this mechanism.Thus ingots of required diameter can be cast.

The button melting crucible is a water cooled crucible made

of oxygen free copper. It is rectangular in shape and all the

four sides are provided with button and finger molds. Powder or

chunklets can be placed in this crucible and melted. Fingers upto

100 mm long can be cast in this mould.

3.4.3 High Voltage DC Power Source

The high voltage DC power source comprises of the supplies

required for the electron gun and the beam guidance system. The
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whole electrical equipment is divided into the following sub

assemblies:

3.4.3.1 Transformer-Rectifier Unit

This includes the following:

Acceleration Voltage Supply

This consists of an EHT 3 phase transformer followed by a

rectifier. The rectifier is made of two three phase bridges in

series that are fed by suitably phase shifted secondaries of th«

EHT transformer. This makes the DC output 12-pulse and helps in

reducing the ripple factor. For further reduction in ripple, an

output choke is used. The output of this rectifier can be varied,

from 22 to 30 KV with a line and load regulation of + or - 1%, by

controlling the primary voltage of the EHT transformer by means

of a thyristor controller. The rectifier can give an output

current of 3.3 Amperes DC. The ripple is limited to 5%. EHT

voltage and current signals are taken out as low voltage signals

for indication and protection.

Wire Cathode Supply

This is essentially a single phase transformer with a

centre-tapped secondary. Since the centre tap is connected to the

secondary and therefore floating at high voltage, this

transformer is insulated for 30 KV DC. The secondary has an

output of 10-0-10 volts and 30 amps. The current is controlled by

controlling the primary by a thyristor controller from the

control panel, and indicated by means of a proportional primary

current flowing through a meter. However, the current control is

an indirect one, being dependent on the bombardment current

feedback.
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Solid Cathode Supply

This is a three phase transforiner-rectifier-filter circuit,

giving an output of 1200 volts DC, 500 mA, with ripple less than

2%. The output voltage is varied by varying the transformer

primary voltage through a thyristor controller. The output

current is indicated indirectly by sensing the transformer

primary current. This transformer is also insulated for 30 KV DC.

Its positive terminal is connected to the negative of

acceleration voltage 30 KV supply and the negative terminal to

the solid cathode.

3.4.3.2 Control Panel

This unit receives the mains power through an incoming fuse-

switch unit and consist of the following sections:

EHT Controller

This controls the primary of the EHT transformer, through a

three phase anti parallel thyristor stack, that in turn is

electronically controlled by a multiturn potentiometer and EHT

voltage feedback. The circuit maintains the EHT voltage within +

or - 1% of the set value. This circuit is protected by contactor,

overload relay, thyristor fuses, RC networks and an instantaneous

overcurrent trip.

Wire Cathode Supply Controller

This circuit feeds the wire cathode supply transformer

through a single phase anti- parallel thyristor circuit, that is

controlled with a reference from a multiturn potentiometer and

feedback from the bombardment current. This circuit is also

protected by contactor, overload relay, thyristor fuses and RC

networks.
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Solid Cathode Supply Controller

This controls the solid cathode supply transformer primary

through a three phase anti- parallel thyristor controller, that

is again controlled with a reference from a multiturn

potentiometer and a voltage feedback from the transformer

primary. Protections include contactor, overload relay, thyristor

fuses and RC networks.

3.4.3.3 Control Desk

This houses all the control elements like push buttons,

indicator lamps, panel meters, control potentiometers, alarms and

emergency off switches for the beam control and beam guidance

systems.

3.4.3.4 Control Scheme

The control scheme has three feedback loops and is in line

with the schematic diagram shown in Fig 3.8. The first loop

controls the acceleration voltage of 30 KV DC by comparing

feedback voltage from this supply with a reference voltage and

triggering the primary control thyristors of the EHT controller.

The second loop senses the EHT current, compares with a set value

of solid cathode (bombardment) voltage and controls the

thyristors of the solid cathode voltage controller, thereby

changing its output voltage. In the event of an avalanche

condition, the third loop is put into operation, whereby the wire

cathode heating current is controlled to reduce the effective

bombardment heating. For smooth operation of the entire system,

the loop gains are suitably adjusted. Owing to the electron beam

melting process conditions, the gas which escapes from the melt

has a tendency to move to the high field interelectrode region.

These gases cause high voltage flashovers and breakdowns. The

flashovers are to some extent unavoidable and the circuit is
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therefore designed to cope up with the detrimental efftcts of

these flashovers th.it gives rise to transients. To this effect,

the maximum beam current at short circuit is limited to a 3 to 4-

fold of its DC value. In the event of short circuits of longer

duration EHT voltage is disconnected from the gun fay blocking the

thyristor firing pulses for a predetermined period.

3.4.3.5 Beam Guidance and Beam Matching Lenses

These are electromagnetic lenses positioned in the path of

the beam as it travels from the post anode region to the

crucible. The beam guidance lens is set to a fixed value such

that it passes through water cooled flow resistors without

significant losses. The current through the beam focusing lens,

which is positioned below the intermediate chamber is controlled

to obtain the desired focused spot on the crucible. After this

the beam passes through the deflection system, where it can be

oscillated to sweep a larger area.

3.4.4 Electron Gun

The 30 kV,80kW electron gun has been procured from Manfred

von Ardenne Instute,Dresden through LEW, GDR.Schematics of the

gun is shown in the figure 3.9. It consists of following sub

assemblies.

a) Cathode assembly : This supplies the electron beam.It

consists of the cathode heating system

with ion collector,filament,solid cathode

and focusing electrode(grid cup).

b) Anode : It accelerates electron beam emitted

from the solid cathode.
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d) Ball valve

e) Lens2

c) Lensl : It is an iron clad magnetic lens and

guides the electron beam through

intermediate isolation chamber.

: It isolates the work chamber and

gun chamber.

: It is an iron clad magnetic lens. Focuses

the beam on ' 'ie job to be melted.

f) Deflection system : It is a coll wound on a toroid.lt

generates two independent magnetic fields

perpendicular to the beam axis.

: It consists of two high vacuum

pumping systems for evacuating cathode

chamber and intermediate chamber.

g) Pumping system

Gun Operation

The system has to be evacuated first. For a long trouble

free operation the vacuum in the cathode anode space (gun

chamber) has to be better than that in the processing chamber.To

achieve this, they are separately evacuated.Further,a good

pressure decoupling between these two chambers is achieved by

installing an intermediate chamber which again is separately

evacuated.To get proper emission current from the solid cathode

it has to be heated by electron bombardment.This is done by

mounting a directly heated tungsten wire cathode close to the

solid cathode and applying an accelerating voltage of the order

of 1.2 to 1.5 KV.

The electron beam emitted from the solid cathode is

accelerated to 30KV.The beam that comes out of the anode is

focused by lensl. This lens makes the beam parallel and guides it

towards lens2.Lens2 focuses the beam on the job.Deflection coils

are mounted on the chamber below Iens2.
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Once proper vacuum has been obtained, the gun has to be

preheated.The solid cathode bombardment voltage (V») is first

switched on.It is brought to about 1.2KV. The filament

current(If) is then gradually increased until the bombardment

current (Is) begins to rise.The gun chamber pressure will also

rise due to degassing.Care has to be taken to increase If slowly

so that the degassing rate is well within the pumping capacity of

the diffusion pump.Is is increased so that the bombardment power

reaches 500 watts.This preheating is continued until the gun

chamber pressure drops to less than 10"4 torr.Before the actual

melting starts pressure in the processing chamber must be better

than 7.5x10"" torr and the intermediate chamber better than

7.5x10-" torr.Only when such a condition has been achieved, the

ball valve has to be opened.The accelerating voltage can then be

switched on and increased slowly.The gun can be operated in two

modes.The first mode operates at constant accelerating voltage.

Here the solid cathode bombardment power is kept low,accelerating

voltage is increased to a fixed value (25 or 30 KV) and the

bombarding power is increased slowly.Beam focusing has to be

continuously done with increasing power.In the second mode the

bombarding power is already high and the accelerating voltage is

increased slowly.At every stage the beam focusing has to be done

carefully and checked by observing the glow of the graphite ring

in the intermediate chamber.Focusing of the lens! has to be so

adjusted as to reduce the ring glow to an insignificant minimum.

When the beam is not properly focused or there exists a cathode

anode misalignment, the graphite ring glow increases, as part of

the beam falls on the ring.If the ring glows on one side,it can

be centered by adjusting specified screws that will move the

cathode holder with respect to anode.The focusing of the electron

beam can also be adjusted by varying the intermediate chamber

pressure.This can be done by adjusting the needle valve connected
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to the chamber.Intermediate chamber pressure should be so

adjusted as to result in a rich blue glow in the electron beam

plasma.Too high or too low residual pressure in the intermediate

chamber will increase the electron beam losses.To operate the gun

in the space charge mode the bombarding current has to be raised

until the rise in the beam current is very small.

For long continuous operation, the gas balance between the

processing chamber and intermediate chamber keeps on varying.

Hence the adjustment of lensl current and the needle valve is

occasionally necessary. Lens2 and the deflection system are

adjusted according to the required power distribution on the job.

3.5 DEVELOPMENT OF ONE 30KV.20KW KB EVAPORATION CUM 800 VOLTS

5KW DC MAGNETRON SPUTTERING SYSTEM

One physical vapour deposition system consisting of 30kV,

20kW EB evaporation unit and 800volts, 5KW dc magnetron

sputtering unit is being developed for Metallurgy division. It

consists of a vacuum system where the work chamber can be

maintained at 10"2 torr,an intermediate chamber at 10"3 torr and

gun chamber at 10"9 torr. All the three chambers are separately

pumped.Details of the sub systems are given below.

3.5.1 Vacuum System and Work Handling

This unit has a three stage vacuum system capable of

producing differential pressures. While the gun is maintained at

10"9 torr the work chamber can be operated at 10~' torr.This can

be achieved by maintaining the intermediate chamber at about

10"3 torr. All the three vacuum systems are conventional type

rotary diffusion pump combination with refrigeration cooled

chevron baffle and capable of giving vacuum better than 1x10-°

torr. The work chamber vacuum system (stage I) is the largest
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of the three. It is connected to the work chamber made of 304

stainless steel. The size of the chamber is 800mmx 800mmx800mm.

The second vacuum system(STAGE II) is connected to the

intermediate chamber. This chamber connects the work chamber to

the gun chamber. It is designed to produce the desired

differential vacuum.The third system(stage III! is connected

to the electron qun which is always maintained at a vacuum better

than 1x10"B torr.The specifications of the systems are given

below.

Diffusion pump

Rotary pump

Ultimate vacuum

Stage I

4000 lit/sec

1500 lit/min

Stage TT

1000 lit/sec

450 lif/min

< lx.10"" torr < 1x10 torr

Stage III

120 lit/sec

150 lit/min

< 1x10"' torr

The first stage, which is connected fo the chamber is provided

with an additional 300 mm size gate valve with an aperture. A

needle valve is also connected to this chamber through which the

desired gas can be introduced into the chamber and the pressure

can be varied from 10-' torr to 10- ' tnrr.When the pressure of

the chamber goes beyond 10"3 torr the .300 mm gate valve is closed

so that" the diffusion pump always maintains a vacuum of better

than 10"s at the pump mouth. Thus the pressure in the chamber can

be increased from 10"9 torr to 5x10-' torr, keeping the pressure

in the middle chamber at lO--1 torr and gun column at 10"9 torr.

All the three pumping systems are provided with suitable plumbing

lines. A number of electro pneumatic valves are provided on this

line for sequential operation. The valves also are used for the

automatic operation of the system with provision of manual over

ride. Proper safety devices are provided for the smooth operation

of the machine.
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The work handling system consists of a feed rod assembly and

one substrate holder assembly.The former enables the system to

feed the rod which is to be evaporated.As the evaporation

progresses the rod is fed into the chamber so as to maintain the

evaporant level constant.This is achieved by a water cooled lead

screw arrangement. The substrate holder assembly holds the

substrates firmly facing down. The holder plate is made of SS3O4

and rotated on a vertical axis by a motor-reduction gear

assembly.The substrate is heated by tantalum wire heaters upto a

temperature of 700 degree Celsius.Sufficient number of radiation

shields have been provided to prevent heat loss to the

surroundings.Proper water cooling is also provided to protect the

seals.

3.5.2 High Voltage DC Power Source

The complete DC power source consists mainly of the

acceleration voltage supply, the cathode heating and the bias

supplies, the supplies for the focusing and deflection lenses and

the auxiliary supplies for substrate biasing and heating. In

addition the electrical system also comprises of a DC drive for

moving the substrate.

The_ Acceljyratj.on_ Vqltage _.Supj3l,y_

This supply is derived out of 415 volts, three phase mains

using a step-up transformer used in conjunction with a full wave

bridge rectifier to give 30 kV DC with 4.8% ripple. The primary

of this transformer is controlled by a three phase closed loop

thyristor controller using voltage feedback. Current control of

this power supply is achieved through the cathode bias control

using an independent loop. The output of this power supply can be

varied from 5 KV to 30 KV DC with a line and load regulation of
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better than + or - 2%. The rectifier can give an output of 1.0

Ampere maximum.

Cathode Heating Supply

This is an ac supply that gives a 9 volt centre-tapped

output that is obtained by using a single phase step down

transformer with a current capacity of 60 amperes. The secondary

voltage is settable using a toggle switch to control a single

phase motorised auto transformer. The secondary of this

transformer is insulated to 30 KV DC. The circuit is protected by

contactor and overload relay.

£§.%hode Bias Supply

To improve the response of the electron beam, this supply 1B

energized through a 400 Hz inverter in place of the conventional

50 Hz input. An output of 1500 volts, 5 mA with 1% ripple is

achieved using a full wave bridge rectifier and capacitor filter.

Electromagnetic Focusing Lens Supply

To guide the electron beam through the gun column use is

made of a focusing lens, consisting of a solenoid having a few

thousand turns. This solenoid is energized by the 30 volt DC

power supply with a ripple of less than 0.1% rms. Fine control of

focusing is achieved by a pottmtiometer control on the console

that varies the current through the lens.

Ele ctr ornajjn etic Defle ct io n _S upj> lies

These are two identical units used to deflect the electron

beam in directions mutually perpendicular to each other.The

specifications are the same as that of the focusing supply.

Deflection in each direction is achieved by a pair of coils

placed perpendicular to the beam axis to provide a magnetic field
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which is also perpendicular to the beam. By using two such pairs

of coils the beam can be deflected to any desired position on the

crucible.

Substrate Heater Supply

The load to this supply consist of a set of cartridge

heaters with a rating of 2.0 KW. This is fed from a 50 volt, 50

amps step down transformer controlled by a thyristor controller.

Voltage setting is done by a 10 turn potentiometer from the

console. The heating current is displayed on a panel meter.

Substrate Bias Supply

This is a 3 KV, 100 mA DC supply whose positive terminal is

grounded and is used to bias the substrate during the deposition

process. Ripple content in this power source is restricted to 5%.

The output voltage is varied by a manual, remote controlled

autotransformer.

DC Drive for Substrate Movement

This consists of a 0.5 HP, 1500 RPM DC motor with a

reduction gear of ratio 30:1, with its output variable from 5 to

50 RPM. The speed is set by a multiturn potentiometer on the

console and is held constant with tachogenerator feedback during

line and load variation.

3.5.3 Electron Gun

Schematic diagram of the electron gun is shown in the Figure

3.10. The gun is mounted horizontally so that the area above the

molten charge is free for substrate mounting. Beam current

requirement for this gun is about 670 ma. As it is an evaporation

system beam spot diameter can be larger than that of a welding
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gun because in case of melting or evaporation a large surface

melting is desired. A beam spot diameter of 15 mm is optimum for

a 20kW evaporation gun.This is equivalent to the power density of

11-40 kW/cm2.The cathode chosen for this gun is made of 0.8mm

diameter tungsten wire wound as a flat spiral of 3 turns. Maximum

diameter of the spiral is 12 mm.The focusing electrode and anode

are designed as per Pierce principle. The beam that emerges out

of the anode aperture is a 10 degree convergent beam that comes

to a minimum diameter a few centimeters away from the

anode.Magnetic focusing lens focuses the beam.Beam then passes

the intermediate chamber and enters the work chamber.An

electomagnetic deflection coil bends the beam by 90 degrees and

guides it on the water cooled copper crucible that contains the

charge.

3.5.4 D.C. Magnetron Sputter Unit for Metallurgy Division

Magnetron sputtering system differs from a conventional d.c.

diode sputtering system in that it operates at a pressure range

of 4 to 20x10"3 torr whereas diode sputtering is carried out at a

pressure of 10 to 100x10"3 torr. This low pressure operation is

achieved by applying an external magnetic field that would

prevent the secondary electrons from escaping the cathode dark

space.Thus,the advantages of magnetron sputtering are a) the

possibility of lowering the inert gas trapped in the film,

(b) the possibility of achieving better adhesion because of

higher energy of the sputtered atoms when they reach the

substrate and, (c) the increased deposition rate, almost an

order of magnitude higher than that of diode sputtering.

In comparison with d.c. magnetron sputter source, an

electron beam evaporator can be taken as a small area source

characterised by the beam diameter.The conventional ring shaped
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sputter source (Fig.3.11), on the other hand represents a line

source which is characterised by the length L and the shape of

the ring gap and the cross section b of the ion current.Range of

usable coating materials is much wider for magnetron sputtering

than for EB evaporation.This is particularly true for alloys and

compounds where constituent elements possess widely varying

melting points.Description of the system and some of the results

obtained are given below.

3.5.4.1 Chamber and Vacuum System

Schematics of a D.C. planar magnetron sputter system

assembled in our laboratory is shown in Fig.3.12. The sputter

source is mounted inside a S.S.304 cylindrical vacuum chamber.

The dimensions of the chamber are 300 mm diameter and 450 mm

length. The sputter source is mounted on the top flange and the

substrate holder on the bottom flange through insulted

bushings.The chamber is pumped by a 150 mm oil diffusion pump

with liquid nitrogen trap and suitably backed by a rotary

pump.Titanium target 160 mm diameter is mounted on the water

cooled copper cathode of the sputter source.Glass and stainless

steel substrates are cleaned and mounted on substrate holder.Flow

control needle valves 1A and IB,valves 2k and 2B,needle valves 3A

and 3B and two sets of flasks (F1A,F1B and F2A,F2B)constitute

argon and nitrogen flow lines.Flasks F2A and F2B are partially

filled with silicone oil.The pressure regulator valves Ah and 4B

lead to IOLAR 2 grade(maximum total impurity 32 ppm)argon and

nitrogen cylinders.

Schematics of the sputter source is shown in Figure 3.13.

It consists of a target (A) which sits on a water cooled cathode

holder (B). The target is held to the holder by mechanical

fasteners. (C) is a ring shaped permanent magnet . The central

96



pole piece is north pole and the outer ring is south pole.The

magnet along with the cathode holder is housed in a water cooled

non magnetic stainless steel container (D). The magnetic field

parallel to the cathode is 300 gauss. The magnet-cathode assembly

at 400 to 800 volts negative d.c. while the stainless container,

that houses the anode, is held at 35 volts d.c.

3.5.4.2 Experiment and Results

Initially the chamber is evacuated to a pressure of 10"9

torr.Argon gas is introduced into the rhamb"r to bring the

pressure to 7x10' 3 torr.A low power magnetron di n.-harge (-300V,

0.5A) cleans the titanium target.Substrates are then cleaned by

ion bombardment. During bombardment cleaning a low power

magnetron discharge is maintained to avoid unwanted arcing.

Typical ion bombardment parameters are,bombardment voltage -1500

volts,discharge current 15 mA, magnetron voltage -200 volts and

cleaning time 15 to 30 minutes. After the discharge cleaning

argon and nitrogen flow are regulated to bring the chamber

pressure to a predetermined value. Flow rate of the two gases are

then measured. For argon flow measurement valve 2A is closed. Oil

level in the burette starts rising.It is allowed tc rise by a

fixed volume. Ratio of this volume in c.c to the time taken for

the rise in minutes gives argon flow rate in standard cc p- •"

minute.Nitrogen flow is similarly measured.

A number of samples of glass,304 stainless steel and high

speed steel were coated in this system.The substrates were

properly cleaned before mounting.Metal substrates were first

cleaned by mechanical polishing. All the substrates were then

rinsed successively in soap solution,tap water and finally de-

greased in isopropyl alcohol vapour.Following experiments were

then carried out.
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i) Titanium was deposited in argon atmosphere at two power

levels.In the first case deposition power was 450 watts whereas

in the second case it was 1450 Watts. Table 3.1 and 3.2 show the

details of the experiments.In the first experiment the substrates

were mounted after vapour degreasing and no pre-deposition

heating or ion bombardment cleaning was carried out.In the second

experiment the substrates were cleaned by ion bombardment.

Resulting film in this case showed much better adherence to the

substrate as indicated by Scotch tape test.Thickness of the films

were calculated by weight difference method. Figure 3.14 shows

plots of deposition rate against distance from substrate centre

for two sputtering powers.Film deposition rate varies by 10

percent for about + or - 20 mm variation in substrate position at

450 watts.In other words film thickness is uniform within 10

percent inside a circle of 40 mm diameter.At 1450 watts same

thickness uniformity is maintained inside a circle of 50 mm

diameter.Better thickness uniformity at higher power can be

attributed to the bigger erosion area (Table 3.2!.

i il Titanium was deposited in argon and nitrogen mixture to

produce titanium nitride (TiN) films on different substrates

like glass,stainless steel,high speed steel and single crystal

silicon wafer .Nitrogen flow was adjusted so that thf nitrogen

content in the gas mixture varied from 43 percent to 4.7 percent

as shown in Table 3.3. It is observed that coatings obtained with

high nitrogen content in the gas mixture were dark grey in

colour. The most prominent X-ray diffraction peaks were shifted

to higher 20 values as shown in the sample nos. 1 and 2. This is

attributed to the presence of excess nitrogen and some oxygen in

the film. As the nitrogen fraction in the sputtering gas mixture

is reduced colour of fbe film changes to pink and then to golden

yellow(sample nos. 3 to 8). Thickness of the film measured by

profilometer (sample no.4) was 3 micrometer.Resistivity of the
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TABLE 3.1

DEPOSITION RATH OF MAGNETRON SPUTTERED Ti AT 450 WATTS

Material sputtered - Ti Target- Substrate distance - 60 mm

Density of Ti - 4.51 giri/cc Discharge power - 450 V x 1 Amp

Working pressure - 2x 10"3 mbar = 450 Watts

Current density on target - 9.95 ma/cm2 Erosion area - 104.4 cm2

Sample No. Increase in Area of Thickness Time of Rate of deposition

(X,Y position Weight deposition d=m/Axp deposition r= d/t micron/min

on s/s holder) m(gm) A ( cm2 ; microns t (min)

l(-75,0) 1.99x10-* 4.34 1.0155 30 J.38X10'2

2(0,0) 6.2xl0-3 6.348 2.1656 30 7.2xI0"2

3(+75,0) 1.88x10-3 7.2 0.579 11 1.9xlQ-z



TABLE 3.2

DEPOSITION RATE OF MAGNETRON SPUTTERED Ti AT 1428 WATTS

Material sputtered - Ti

Density of Ti - 4.51 gm/cc

Working pressure - 3x 10"3 mbar

Current density on target - 25 ma/cm2

Target- Substrate distance - 60 mm

Discharge power - 420 V x 3.4 Amp

= 1428 Watts

Erosion area - 134.2 cm2

Sample No. Increase in Area of Thickness Time of Rate of deposition

(X,Y position Weight deposition d=m/Axp deposition r= d/t micron/min

on substrate holder) m(gm) A ( cm2) microns t (min)

K-70,0) .63xlO-3 4.987 0.7446 10.64x10-*

2(+50,0) 2.7x10-a 5.00 1.1973 17.1x10-

3(+15,+25) 2.27xlO-3 4.1547 1.21

4(+55,0) 1.93x10"3 4.8 0.882 12.6x10-*



TABLE 3.3
(Pressure in 3 0-3 torr)

CHARACTERISTICS OF TiN FILMS DEPOSITED AT VARIOUS NITROGEN PARTIAL PRESSURES

Sample
No.

1

2
3

4

5

6
7
8

Condition
deposition

Total Ch.
Pr.

14

14
10

10

7.5

7.1
7.8
7.5

before

Ni Par
Pr.

6

5
3

3

2.7

3.1
3.6
3,0

%Nz

43

35
30

30

36

43.6
46.1
40

Condition
deposition

N2

Pr

6

5
1.

0.

0.

0.
0.
0.

Par

5

5

4

2
3
3

after

%N2

43

35
15

6.6

7.7

4.7
6.66
6.25

Film
Thickness
micrometers

1

1
3

-

-

-
-
-

Colour
of film

dark grey

—do
pink

yellow

golden
yellow
- do -
- do -
- do -

X-ray
peak
20

44.6

43 .5
—

36.9

—
—
--
—

Remarks

Nearest peak
at 42.6 TiN(200)
— d o -
resistivity
1000 u-ohm cm
nearest peak
at 36.835
TiN(11)

bias -100V(M
bias -150V(*>
bias -450V(M
subs.temp.
365° C,
resistivity
100 u-ohmcm.

(*) films were flaky on glass but adherent on s.s 304 substrates.



film measured by four probe method is 1000 micro-ohm cm(sample

no.3).This sample was neither preheated nor cleaned by ion

bombardment prior to deposition nor heated during deposit ion.But

when the samples were preheated to about 400 degrees and

maintained at 365 degrees during deposition (sample no.8) the

film resistivity came down to 100 micro-ohm cm.Reported

resistivity of the TiN films is 30 to 75 micro-ohm cm[10,ll].

From the above experiments it has been observed that

(i) proper substrate heating during deposition enhances the

adherence of the film to all the substrates whether metallic or

non metallic,but biasing the substrate during deposition produces

adherent films on metallic substrates and flaky coatings on

nonmetallic substrates.

(ii) to get a stoichiometric TiN film nitrogen partial pressure

during deposition is to be maintained between 0.2 to 0.5 xlO"3

Torr.

3.6 SERVICE RENDERED TO DIVISIONS IN B.A.R.C. AND TO OTHER UNITS

Indegeneously developed 150 KV;6 KW partial vacuum electron

beam welding machine was extensively used during last five years

to weld a large number of jobs.Apart from the jobs undertaken for

sister divisions of B.A.R.C. many jobs from outside organisations

were successfully welded.The organisations include H.W.P,

T.I.F.R., D.R.D.O., C.E.E.R.I, A.R.D.E., I.I.T. etc. A brief

description of some of the important weldings is given below.

3.6.1 Experimental Welds

Zircaloy plates of 1.3mm,3.2mm,7mm,and 8mm thickness were

welded with full penetration.Titanium, Hastalloy, Nimonic and

Tantalum were also welded.A special type of carbide steel to be
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used in the manufacture of Rock drills was welded for M/s WIDIA

Bangalore,a private sector company.Welding of some bimetals such

as Ni-Inconel, S . f^-Copper, S . S-M.S, Tungsten-Molybdenum have also

been tried.Zircaloy welded coupons have been tested for tensile

strength,bend strength,corrosion and rndiography>Other materials

hove been checked for weldability and radiography.

3.6.2 Rectification Welds

Sealing of Linear Accelerator Cavity

This item at T.I.F.R. had developed leak at number of

places.All the leaking points have been sealed with accuracy.

Sealing of Titanium Canned Motor

This job from M/s E.Marck was completed by welding on«

titanium flange to the existing cylinder of the motor.

Tantalum Tube to Tantalum Cone

A batch of these modification jobs was welded for OSCOM

project.

3.6.3 Production Welds

A number of production welds that have been carried out are

shown in the Table 3.4.
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TABLE 3.4
EB WELDING JOBS CARRIED OUT FOR VARIOUS USERS

SI.No. Name of job No. of jobs
completed

No. of
welds per job

Remarks

1 Canned Motors 40
User : H.W.P.

2 Tail fin assy. 1550
User .-A.R.D.E.

3 Sped. Rotors 44
User : Ch.T.D.

B.A.R.C.
I Baffle assembly 2450

User : Ch.E.D.

5 Cu-Monel tube 31
User : Ch.E.D.

6 Electron gun 5
parts.
User:L&P.T.D.

B.A.R.C.
7 Glass-Metal 15

sealed connector
for SI.No. 1

8 Neutron detector 10
assembly User:D.R.D.O.

9 W-Mo cathode 35

8 The motor consists of a rotor
and a stator.Total wt. 80Rg.
Matl. S.S. 304/L (fig 3.15)

1 Matl. Special spring steel
Not a single rejection.

2 Matl. Special steel

Each job was tested against
any leakage and high accuracy
run out (fig 3.16)
These welds required high
power beam.Post weld radiography
was performed for the welds.
Those are parts of high
voltage electron guns.

1 Used in Canned Motors,
(fig 3.17)

1 Two hemispheres welded for
leak tight joint.(fig 3.18)

1 W pellet welded to Mo tube
(fig 3.19)



SI.No. Name of job No. of jobs
completed

No. of
welds per

job

Remarks

10

11

12

Martensitic to 4
Austenitic
components

Condenser head 5
User : I.I.T.

Bombay

Reflector box Major boxes
User : Nt.P.D. of refl.
Matl. Zercaloy assembly

13 Control plate
jacket
User : Nt.P.D.

Welded far R.Ca.D.; B.A.R.C=

1 - S.S.304 flange to Cu heat
exchanger welded at high
power.

variable The boxes are filled with BeO
bricks.Six larger boxes and
two compound boxes are welded.
Each such box consists of 4
nos. of 3HRrTFer boxe*.A-no. of
spacers are welded in between
the boxes to guide the control
plates.The jobs are completed
in no. of batchjes.Total no. of
weldings are 470 including the
test coupons.(fig.3.20)

5 A Cd plate sandwiched between
two Al plates was welded.
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4. INDUSTRIAL DESIGN SECTION

Plasma Physics Division has been actively participating in

the T.I.F.R experiments on gravitation at Gauribidnur. This

division has been responsible for the design, fabrication,

testing and installation of the ultra high vacuum system and

other related facilities at Gauribidnur project site. This

activity is a major component of the gravitation experiments.

The gravitation experiment at Gauribidnur uses a highly sensitive

torsion balance suspended inside a ultra high vacuum system for

the measurement of weak forces in nature. The experiment is

mainly intended to probe in detail a number of features of

gravitation: a planned test of the principle of equivalence and a

search for time variations in the Newtonian gravitational

constant G. The same experimental set up has been modified and

adapted to conduct a search for a fifth force. Ultra high vacuum

environment is needed for the torsion balance in order to

minimize gas damping and radiometric forces acting on the

balance. The highly sensitive torsion balance (Fig. 4.1) i9

ideal to measure the magnitude of weak forces in nature,

particularly the so called fifth force. The method involved in

generating a signal from the fifth force is detailed

schematically in Fig. 4.2. The mass element of the torsion

balance is in the form of a ring formed by the sandwiching of two

semicircular rings one of copper and the other of lead between

thin rings of aluminium with an internal diameter of 14cm, an

outside diameter of 20cm and a thickness of 1 cm. The ring weighs

1500 grams there being equal amounts in lead and copper. It is

suspended with its plane horizontal by a Tungsten wire of
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diameter 105 urn. The tungsten wire is 251 cm long and the

natural period of the balance is 795.6 seconds.

Outside the ultra high vacuum chamber in which the ring is

suspended, a symmetrized set of masses is moved in a circular

trajectory centered on the suspension axis, with a period equal

to that of the torsion balance. Suppose there was a new force

(composition dependent) that made the external masses exercise a

differential torque across the two halves of the torsion bob.

Then, as the masses are moved around the chamber the differential

torque would be modulated at the period of mass movement and the

torsion balance would undergo resonant excitation. The amplitude

of the balance would then grow linearly in time and it is the aim

of the experiment to detect such a signature. The present system

is primarily sensitive to forces that couple to nuclear iso-spin

1 = N-Z. Because of the small nature and magnitude of the signal

expected it is necessary to isolate the torsion balance from

extraneous torques which are generally termed as noise. There

-are many factors that con-tribute undesired torques to the

balance. The balance should preferably operate against a

suppressed background of microseismic noise. Also nearby masses

exert torques on the balance through gradients in their

gravitational fields. To avoid the inhomogeneities in

gravitational field a site for the laboratory (FiQ. 4.3) should

be distant from massive moving objects like vehicular traffic

etc. For the above two reasons Gauribidnur was chosen as the

ideal site for this experiment. Also the sensitive torsion

balance requires to be protected from thermal gradients. The

diurnal variations at torsion balance should be no more than 10

- ••>» c for the fifth force experiment and about 10~4oc for the

equivalence principle experiment. In order to provide for such

thermal stability over large volumes it was therefore necessary

to go for an underground laboratory nearly 20 meters deep. The
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large earth cover for the walls of the pit using 1.5-2 m thick

Thermocole to prevent conductive heat transfer. Also the

pressure dome over the ultra high vacuum chamber protects it from

adiabatic changes in pressure and temperature in the atmosphere.

Diurnal changes in earths magnetic field produce undesirable

torques on the balance. Therefore magnetic shielding has been

used to reduce the fields to 1-2x10"3 oersteds. Ferromagnetic

contamination of the materials of the torsion balance induces

torques through diamagnetic coupling. The materials used have

been assessed and this contamination has been reduced to

negligible levels.

By far the most important parameter is the low operating

pressure required around the torsion balance. It reduces the net

momentum transferred to the ring of the torsion balance. Also

radiometric forces on the balance fall off linearly with

pressure. For the fifth force experiment a pressure of 10-T Torr

or lower is needed while for the equivalence principle test a

pressure lower than 10"e Torr is desired. Gas molecules from the

walls of the chamber, in the process of being pumped away towards

the ion pump transfer some of this directed flux to the balance

when they make impacts on it. To keep undesired torques

associated with this it is necessary to keep the desorption rate

from the chamber walls to less than 10"12 litre Torr per sec per

cm4. Hence a good vacuum is a must for carrying out these

experiments.

4.1 U1.TRA HIGH VACUUM SYSTEM FOR GRAVITATION EXPERIMENTS AT

GAURIFilDNUR

The above constraints call for an ultimate pressure in the

chamber around 3-4x10"9Torr. (It is worth pointing out that even

at a pressure of 3x10"9 Torr there are about 107 molecules per
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c.c). As indicated earlier a low ultimate pressure minimizes the

random torque impulse caused to the highly sensitive torsion

balance by the collisions of the gas molecules. Generally at

pressure below 10"3 Torr there is a net flux of gas molecules

detaching themselves from the surfaces of the chamber and other

components exposed to vacuum. Once detached these molecules

contribute to the ambient gas inside the chamber and must be

pumped away if the pressure is not to increase. In principle a

good vacuum may be obtained even in the presence of large

degassing load from the chamber walls and other components if

pumps of higher capacities are chosen. However such a vacuum is

potentially a source of noise because of the directed transfer of

momentum to the balance from desorbed gas molecules. A general

requirement therefore is to keep the degassing rate from the

walls of the u.h.v. chamber to less than 10"lz Torr.lit.cm- * s-l •

4.1.1 Obtaining Ultra High Vacuum: The Physical Basis

In a chamber free of real leaks, limits to achieve ultra

high vacuum come from a number of physical processes. These are

(a) Desorption of gas molecules from the chamber walls and other

components exposed to vacuum. (b) Diffusion into the chamber of

gas that had been dissolved deep in its walls. (c) permeation of

gas from the atmosphere through the walls of the chamber. The

last of these processes is slow enough for wall thicknesses of

lmm or greater as to be important only in the attainment of

vacuua better than 10~l° Torr. The process is characterised by a

"heat of a desorption" Ed is clearly species specific. The rate

of desorption for physisorbed molecules and non dissociated

chemisorbed molecules i£ a strong function of Ed and of the

temperature T of the surface and is given by

dN/dt = -<N/J)exp(-Ed/RT> (4.1)
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where N is the number cf sorbed molecules, I is a time of the

order of 1 0 - " S and R is the universal gas constant. For a

given surface, molecular species with E«j in the range 20-40 K cal

mole-1 are troublesome, for such a heat of adsorption they

neither desorb fast enough at room temperature for u.h.v. to be

attained in reasonable time, nor do the/ do so slowly enough as

to constitute a small gas load. The ubiquitous water molecule

with an Ed = 20 K cal mole"1 is a notorious offender in this

respect. The influence of desorption on evacuation time is

realized when one compares the number of molecules firmly

adhering to a surface with the number of molecules in gas space

of the vacuum chamber. The former falls and reaches a saturation

value while the latter falls continuously with time. Typically

at a pressure of 10-T Torr an unprepared surface has nearly 10l"

molecules\cma adhering to it while in the gas space there are

only 3.5x10'° molecules per c.c.

The usual approach to reduce this degassing load is two-

fold. (1) To reduce the surface area available for adsorption of

the gas by smoothening the walls at the microlevel. (2) To bake

the chamber under vacuum, temporarily enhancing the desorption

rate of the adsorbed molecules and to pump out the desorbed gas.

Even a bake at 100 C for a few hours can have a profound effect

on the rate of desorption from stainless steel. Baking

temperatures of 573 K are usually employed which result in fast

desorption and lower ultimate pressures in the region of 10"*

Torr. Apart from the desorption from the walls of the chamber

and other components inside the chamber one has also to consider

the bulk of the metal envelope. In any u.h.v. system with larger

wall thickness, outgassing rate is also controlled by two

mechanisms namely diffusion and permeation across the wall of the

chamber. Hydrogen is predominantly present in the bulk of the

metal envelope generally made in stainless steel, at the u.h.v.
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level. At room temperature the diffusion rate of Hydrogen from

the bulk is rather slow thus preventing attainment of u.h.v. A

bake out at 573 K increases the diffusion constant greatly by a

factor of 7xlO7 resulting in higher desorption rate leading to a

faster removal of Hydrogen dissolved in the bulk of the material.

The outside of the vacuum vessel is exposed to a Hydrogen partial

pressure of 4 x 10-* Torr while the inner surface is exposed to

u.h.v. At a temperature of 573 K the permeation rate increases

by a factor of 2 x 107. Thus with bakeout temperatures of 573

K it is possible to achieve desorption rates of 10~14 litre

Torr/Sec/cm2 from the walls of the metal envelope. In all thin

walled vessels one has to reckon with only the desorption from

the surface layers of the materials exposed to ultra high vacuum.

There are a number of techniques and methods available to deal

with surface desorption. The chief objective of all these

methods is to improve the quality of the desorbing surface in

order to reduce desorption. In u.h.v. practice, it is extremely

important to produce a high degree of surface finish to the

desorbing surface by mechanical and chemical methods. A high

degree of surface finish to the desorbing surface minimizes the

irregularities on the surface reducing the desorbing area. It

leads to an area closer to the geometrical area. Operations like

machining followed by grinding on stainless steel produce a

surface finish better than 20 microinches. Honing improves the

surface finish further leading to 1 microinch finish. All

stainless steel tubes can be honed using a rotating abrasive

stone with a long traversing motion. The abrasive stones have a

larger area of surface contact. Honing provides a pattern of

scratches with much greater lead. The fine surface finish

obtained ir honing is a result of reciprocation of the rotating

honing tool within a bore. This reversal of motion produces a

cross hatching finishing effect which eliminates defects from
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earlier operations. Honing removes irregularities, high spots,

corrects out of roundness, axial distortion, taper and also

generates a surface finish much faster than grinding and reaming.

After completion of the mechanical methods the surface

finish is further improved by resorting to electro polishing.

The entire u.h.v. chamber was electropolished with ^ standard

commercial electrolyte. During this process, anodic dissolution

of protuberant areas of the metal surface occurs, thereby

generating an exceedingly flat profile or smoothness. In

addition to snioothening the surface, electropolishing is thought

to produce chemical changes by way of complex salt formation on

the surface layer of stainless steel, thus changing heats of

desorption for various molecular species and in general

passivating the surface.

4.1.2 Description of the U.H.V. Chamber Assembly

A Schematic of the u.h.v. chamber and its assembly appears

in Fig. 4.4. The basic dimensions of the u.h.v. chamber are

dictated by the geometrical configuration of the torsion balance

and the length of the suspension. The main chamber is made in

two symmetrical halves each having a 175mm long cylindrical skirt

terminating in a dished end. The two halves are joined by

wheeler flanges (male and female) with a copper "0" ring between

them. The inside diameter of the chamber is 696mm. The chamber

is made in 304 Quality stainless steel. The lower half of the

chamber houses five u.h.v linear motion feedthroughs. On the

upper half, 4 u.h.v. viewing windows are provided in asymmetrical

configuration. These windows facilitate time period measurements

of the torsion balance housed in the chamber. The upper dish of

the chamber is connected to a 100mm dia. stainless st«?el tube of

approximate length 6 meters. This tube houses the suspension
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fibre of the torsion balance. A pumping manifold is provided in

this length for connecting the sputter ion pumps. It also has a

port of 100mm dia for mounting the u.h.v gate valve and the

turbomolecular pump. A rotary motion feedthrough mounted at the

top of the u.h.v. assembly carries the suspension of the torsion

balance.

4.1.3 U.H.V. Pumping System

The ultra high vacuum pumping system is shown in Fig.4.5.

The ultra high vacuum system has an approximate volume of 500

litres v," t-.h a total exposed surface area to vacuum of

approximately 40,000 sq.cms. The design of the u.h.v. system

takes into account three important criteria. The first criterion

is to have a capability to achieve ultimate pressures in the

region of 1-2x10"' Torr. The second criterion calls for the use

of pumpr; of small capacities and should cause no vibrations to

the u.h.v. system. The third criterion calls for the location of

the pumps to be as far away as possible from the main chamber

where the torsion balance is situated. The sputter ion pump is

the only choice that satisfies the first two criteria. The

torsion balance has to be shielded thoroughly from all magnetic

fields with the result that the ion pumps which have powerful

magnets have to be kept as far away as possible from the main

chamber. Therefore pumps of small capacities which have less

powerful magnets have to be chosen. In the present case the ion

pumps are mounted nearly at a distance of 2 mecers from the main

chamber. However this long pumping path leads to a further

reduction in the available pumping speed at the intake of the

main chamber. Therefore the constraints mentioned above call for

a design approach that is slightly different from the normal

u.h.v. practice. Thus there are only two options available in
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these circumstances to achieve the desired ultimate pressures.

One is to control desorption rate from the walls of the vacuum

chamber assembly and to keep it at a level of 10-'2 1 T Sec"'cm-s

or lower. The second option is to make use of prolonged pump

down times. To achieve the desired desorption rate it is

therefore necessary to make use of the several methods described

earlier and at the same time use prolonged bakeout periods

followed by prolonged pump down times. Both mechanical and

chemical methods described earlier have been used to achieve the

desired desorption rate. All demountable joints are sealed with

metal gaskets. The conflat design with OFHC copper gaskets is

used everywhere.

The pumping system(Fig.4.5) comprises of two sputter ion

pumps, each of 60 1/s capacity mounted on the pumping manifold.

A u.h.v. gate valve followed by a Turbomolecular pump is

connected on one of the openings of the pumping manifold. The

capacity of the Turbomolecular pump is 140 1/s. The

turbomolecular pump is mainly used to evacuate the u.h.v. chamber

assembly during the bake out periods. The turbomolecular pump is

backed by a 450 1/s oil diffusion pump with a gate valve and a

water cooled Chevron baffle down stream. The choice of the oil

diffusion pump to back the turbomolecular pump is a deliberate

one. This is because the compression ratio of the TMP for

hydrogen is around 100. Hydrogen is the gas that is

predominantly evolved from the metal surfaces during the later

period of bakeout. So any pumping scheme must aim to remove

hydrogen effectively as Hydrogen is the chief remnant gas in any

u.h.v system. Even with a pressure of 10*B Torr maintained on

the fore vacuum side of the T.M.P. by the diffusion pump, the

implied ultimate pressure of Hydrogen inside the u.h.v chamber

during bakeout cannot fall below 10"7 Torr clearly, backing the

TMP with merely a rotary mechanical pump (with its ultimate
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pressure of 10-2 Torr) is inadvisable. The water cooled Chevron

baffle on top of the diffusion pump minimizes backstreaming of

diffusion pump fluid. The diffusion pump in turn is backed by a

1000 1/min capacity rotary pump. A special zeolite trap is

installed between the diffusion pump and the rotary pump to

prevent rotary pump fluid contaminants from reaching the u.h.v.

system. Thus special care is taken to prevent hydrocarbon influx

into the chamber from the diffusion pump and rotary pump.

4.1.4 Procedure of Evacuation

The general procedure adopted for evacuation involves the

assembly of the entire mechanical system (including the torsion

balance) at the ground level. After evacuating the system with

the rotary pump, diffusion pump combination to a pressure of 1 x

10"" Torr the turbomolecular pump is switched on. When a

pressure less than 5 x 10~7 Torr is reached, baking of the system

is begun. The temperature and duration of the bakeout is

dictated by the ultimate operating pressure required for the

experiment at hand. For the fifth force experiment, we bake the

chamber with tape heaters to upto 110 C typically for 8 to 12

hours. At the end of the bake, when the chamber has cooled down

to room temperature, the u.h.v. gate valve is closed and the ion

pumps are switched on. All the vacuum hardware downstream of the

u.h.v. gate valve is decoupled and the u.h.v. chamber assembly

with its ion pumps and the u.h.v. gate valve is now ready to be

lowered into the pit. The pressure in the entire system is

monitored by Bayard-Alpert gauge mounted near the bulbous end of

the chamber and compared with the ion pump current. During the

lowering of the chamber assembly the ion pumps are switched off.

After the chamber assembly is lowered into the pit bottom, the

ion pumps are switched on again and maintained so far for the
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duration of the experiment which may last several months. During

all the experiments carried out so far only one ion pump has been

in operation and it has been found to be adequate. The ion

gauges mounted near the chamber were never used for pressure

measurement during the progress of the experiment. Instead the

ion pump current is used as a measure of the prevailing pressure

in the system. For the fifth force experiment, after a bakeout

at 100 C, pressures in the region 1-3x10-* Torr were consistently

achieved with a single pump operating. It was found that after a

250 C bake out lasting for 20 hours an ultimate pressure of 5 x

10-* Torr was achieved. Over the past two years of operation

pressures as low as 3-4x10"• Torr have been recorded.

4.1.5 Results of the Experiment

The fifth force experiment became operational at Gauribidnur

in November 1987. In data gathering runs conducted there and

lasting several days, no positive evidence was found for an

interaction between the source masses and the torsion balance.

From this we inferred a bound on the strength of forces that

couple to N-Z, the nuclear iso-spin. From the experiment it has

been established that the bound on the strength of any such force

to be less than 2x10"* of gravity per baryon, for all ranges \ >

3m. After the completion of all fifth force experiments the same

system will be used for testing the equivalence principle.

4,2 HIGH VACUUM CHAMBER FOR TIFR GRAVITATION EXPERIMENT

A special high vacuum chamber (Fig.4.6) has been designed

for another T.I.F.R. experiment on gravitation. It is meant to

be used in a set up to test the principle of equivalence in the

earth's gravity field. This chamber has been designed.
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fabricated and tested at Trombay. The chamber is made in an

Aluminium alloy. It has a diameter of 306mm and a height of

310mm. It has eight openings of 50mm diameter, symmetrically

located. The chamber was thoroughly tested for high vacuum.

Though the operating pressure in the chamber is only 10-2 Torr,

it should have a high degree of leak tightness. The chamber is

found to have a total leak rate of the order of 2x10"' litre Torr

sec" ' . The chamber houses the assembly of two masses under test

along with related optics and other sensitive components. The

entire chamber assembly is housed inside two perspex hemispheres

of 680mm diameter. The chamber has been delivered to T.I.F.R.

and its integration with optics etc. is underway. The equipment

is to be flown aboard the KC-135 aircraft operated by NASA from

Houston.

4.3 RADIO FREQUENCY SPUTTERING

Conventional DC sputtering systems are suitable for

sputtering only conducting targets. They cannot be used for

sputtering non conducting targets. The main reason is that for

sputtering L/ ion bombardment a negative voltage has always to be

applied to the cathode which is not possible if the target is an

insulator. The accelerating potential cannot be directly applied

to the insulator cathode (target) and the positive charge

accumulating on the cathode surface cannot be neutralized. As a

result no positive ion bombardment of the target (cathode) takes

place. However this can be overcome if a high frequency

potential is applied to a metal electrode placed behind the

insulator cathode. In general when a conductive plate is placed

behind a non conductive plate in a plasma and a negative voltage

is applied to it, ions will be accelerated towards the conductive

plate. But they will impinge on the intervening non conductive
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plate and cause sputtering of the non conductor for a very short

period. This will last for about 10"Tsec, the time of travel of

the positive ions. This leads to a build up of a positive charge

on the surface of the insulator which counteracts the negative

potential applied to the conductive plate. This terminates the

high energy ion bombardment and sputtering after 10*7 sec. If

the power supply connections are reversed and a positive

potential is applied to the conductor, then electrons will be

accelerated towards conductive plate. The electrons strike the

intervening insulator and build up a negative surface charge.

This occurs in a time of 10" * sees, the time of travel of an

electron. This will counteract the positive potential built up

on the insulator. If the connections are reversed again another

10~' sec burst of sputtering of the insulator is obtained. After

every double reversal a 10-7 sec burst of sputtering is achieved.

Assuming an absolute minimum of 100 sec of sputtering time it

becomes necessary to imke 10' double reversals. If one uses a 60

Hz a.c power supply, to get 10* double reversals a time of 10'/60

i.e. 1.6x10' sees is needed, which is very large. If instead of

60 Hz a.c. supply one uses a radio frequency generator of 1 MHz

frequency the 10q double reversals can be obtained in a

reasonably shorter time. The frequency generally used for RF

sputtering is 13.56 MHz.

For the RF sputtering system a RF oscillator (Fig.4.7) which

can deliver power upto 3 KW was designed and assembled. It uses

a BEL 6000 transmitting tube. The power is continuously variable

upto 3 KW. The output impedance of the oscillator is 50 ohms.

The frequency of the oscillator is 12.8 MHz. The entire

electrode system (Fig.4.8) consists of a water cooled target,

cathode shield, water cooled substrate and a movable shutter.

They are enclosed in a 14 inch glass belljar, mounted on an

Aluminium base plate. The pumping system comprises of a 63mm oil
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diffusion pump with a baffle valve backed by a 150 1/min rotary

mechanical pump. Provision has been made for admitting

controlled quantities of desired gas into the sputtering system.

The Aluminium base plate has all the desired openings,

feedthroughs, pumping ports, water inlet and outlets.

4.3.1 Matching Network

In order to deliver maximum R.F. power to the RF plasma it

is necessary to interpose a matching network between the RF

oscillator output and the glow discharge tube of the sputtering

system. This network (Fig.4.9) achieves a match between the

output impedance (usually 50 ohms) of the RF generator and that

of the RF plasma which is usually of the order of a few ohms. An

improper match cannot deliver maximum power. Besides the

reflected waves travel back in the connecting coaxial cables and

damage the RF power supply. Also the matching network provides

d.c. isolation between the generator and the glow discharge. In

order to design the matching network it is essential to know the

electrical characteristics of the glow discharge operating at the

assigned frequency. The chief constituents of the glow discharge

impedance are the capacitance and conductance of the entire glow

discharge between the cathode, anode and the ion sheath. Thesfe

plasma parameters ie the electrical conductance component and the

capacitance component are further influenced by the operating

conditions like prevailing pressure, external magnetic field used

etc. The glow discharge impedance is non linear in character.

The matching network together with the capacitance of the target

forms a resonant circuit so that RF POWER is dissipated at the

resistance. The glow conductance G and CPi»>a* can be found from

standard graphs for given pressure, magnetic field etc. knowing

the target area. One has to take into account the stray
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capacitance of the cathode shield assembly and this has t be

added to Cpiiax to get the total shunt capacitance CL of the

glow. The series equivalent of glow impedance is written as

Zi - RL +r XL or 1/Zi * Gi + r WCi (4.2)

From a knowledge of the glow impedance one can design the

matching network L type using the following equations

X* - -Xi+Ri I (R./Ri >-ll« '* and Xi = -R. MR, /Rt ) -11 - ' ' 3 (4.3)

where X* * Total reactance of the series branch of the L network;

Xi = Total reactance of the shunt branch of the L network;

Ro = Characteristic impedance of the coaxial line from the

r.f. generator (usually 50 Ohms)

The network that has been designed has a variable shunt

capacitor 0-2000pf; a variable series inductance ranging in value

0.5-1.1 micro Henry and a series capacitance variable between 0-

500 pf. The network has been so designed that the values of

components chosen are more than adequate to achieve matching at

pressures over a wide range generally 1 - 100 microns . It was

possible to strike the r.f. glow discharge at the very first

attempt. Trial sputterings of conductors have been successfully

carried out. An r.f. power meter is incorporated to measure

incident and reflected power. Power of the order of 2 ICW is

delivered to the discharge. A new transformer has been obtained

so that anode voltage of the r.f. oscillator can be increased

upto 3 KW. All r.f. connections are generally of the coaxial

type. Copper braid is used for all connections to ground.

Experiments are being conducted to reduce conductive induced and

radiative Radio frequency interference.
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APPENDIX 1 SCIENTIFIC AND TECHNICAL STAFF

THERMAL PLASMA SECTION

1.
2.
3.
4.
5.
6.
7.
0.
9
10.
11.
12.
13.
14.
15-
16.
17.
18.
19
20.
21.
22
23.
24.
25.
26.
27.
28.
29.
30
31.
32.

Dr. N
Dr. J.
Shri.
Dr. A.
Dr. A.
Shrl.
Shri.
Shri.
Dr. P
Dr. P.
Shri.
Shri.
Dr.D.
Dr. N
Shri.
Shri.
Shri.
Dr. N
Shri.
Shri.
Shri.
Shri.
Shri.
Shri.
Shri.
Shri.
Shri.
Shri.
Shri.
Shri.
Shri.
Shri .

!. VENKATRAMANI
Karthikeyan
D.P.Chakravarthy

K. Das
V. Bapat
J.R. Pai
P.S.S.Murthy
R. Majumder
.Satyamurthy
V.Ananthapadmanabhan
T .N. Nathaniel
B.K. Karan

8. Patil
.K. Joshi
S.N. Sahasrabudha
T.K.Thiagarajan
M.S. Madan Mohhan

.S. Dixit
M.M.V. Murthy
R.S. Haval
George Philips
C.S. Tulapurkar
K.Ramachandran
A.L. Bhide
S.V. Babrekar
D.N. Barve
K.P. Sreekunar
R. Sethuraman
V.N. Gajabe
S.C. Gosavi
D.P. Chopade
M.P. Kedare

SB(Elect.
SF(Phys.>
SI-<Elec.)
SF(Phys.)
SE(Mech.)
SE<Phys.>
SEKEle. )
SE(Mech.)
SEKPhys.)
SE(Chem.)
SE:<Chem.)
SE: (Chem. >
SE<Phy«.)
SE(Phy«.)
SD(Phys.)
SD(Phys.)
SD(E1».)
SD(Phy*.)
SD(Elec)
C (Ele.>
SC(Phys.)
SC(Mech.)
SC(Phys.>
SC(Mech.>
SC(Mech.)
SCtEle.)
SBCMech.)
SA(D)
D'man(C)
T'man(D)
T'man(C>
T'man(D)

> 6/607/07
B/607/U
G/607/13
G/607/17
B/607/15
6/607/23
G/607/26
G/607/34
G/607/3S
S/607/37
G/607/29
G/607/36
G/607/38
G/607/41
G/607/42
G/607/47
G/607/52
G/607/54
G/607/51
S/607/75
G/607/53
G/607/57
G/607/56
G/607/55
G/607/SB
G/607/68
G/607/70

NG/607/02
NG/607/26
NG/607/100
NG/607/106
NG/607/10B

Studies of Thermal Plasmas and Development o-f
Industrial Plasma Equipment

125



ELECTRON BEAM TECHNOLOGY SECTION

33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
4B.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.

Shri.
Shri .
Shri .
Shri,
Shri .
Shri .
Kum.
Shri.
Shri.
Shri.
Shri .
Shri.
Shri.
Shri.
Shri .
Shri .
Shri.
Shri .
Shri.
Shri.
Shri.
Shri .
Shri .
Shri .
Shri .
Smt.
Shri.
Shri.

A.V.
A.K.
A.K.
P.M.
P.T.
V.B.

THAKUR
Ray
Sinha
Varghese
Ra ju
Vartal'

N. Maiti
T.K.
S.K.
6.B.
S.G.
R.V.
U.D.
V.R.
M. V.
V.P.
A.G,
N. J.
I. P.
Ivan

Saha
Chavan
Bhotkar
Mhatro
Pandya
Barve
Fa.wa.r

ftrunachalam
Narvekar
Bunage
Merchant
Rebello
fionifs

V. Sudar%;;nan
K.H.
A.M.
K.D.
Erne
R. V
P.B.
S.P.

Chougulc
Upalekar
Pat 11

st Joseph
asiintha
Mahale
Kadam

SGCMech.)
SGCElec)
SF(Elec.)
SE(Phys.)
SECMech.)
SD(Elect)
SDCElec.>
SCCMech.>
SA(E)
D'man(D)
T man <F>
T'man(F>
T'man(E)
T'man(E)
T'man(E)
T'man(E)
T'man(E)
T'man(E)
T'man(E)
T'man <E>
T'man(D)
T'man(D)
T'man <D>
T man(D)
T'man(B)
T'man(C)
T'man(A)
Helper
(Trade)

G/607/05
G/607/9
G/607/10
G/607/16
G/607/19
G/607/33
G/607/72
G/607/69

NG/607/01
NG/602/157
NG/607/29
NG/607/32
NG/607/34
NG/607/35
NG/607/36
N6/607/37
NG/607/38
NG/607/39
NG/607/40
NG/607/41
NG/607/42
NG/607/43
NB/607/44
NG/607/45
NG/607/85
NG/607/B6
NG/607/97
NG/607/99

Design and development of electron beam equipments
far melting, welding and other research and
industrial applications.

INDUSTRIAL DESIGN SECTION

83.
34.
85.
86.

Shri .
Shri .
Shri .
Shri .

C.
G.
R.
D.

VISWANADHAM
P. Puthran
L. Misra
Jayaprakash

SGfriech. )
SC(Phys.>
SA(C)
SA(B)

G/607/02
G/607/67
NG/607/19
N6/607/105

Development of industrial systems

126



FIG. 2.1 SCHEMATIC VIKW OP THE PLASMA TORCH

1. CATHODE HOLDER 2. COOLING WAT5R 3. ANODE

4. CATHODE 5. JOB
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Fig. 2 4. ARK -100 System
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F I G . 2 . 6 A.TYPICAL COMPOSITION OP AnVl^^

PLASMA USED IN PL»SMA TORCHES.
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Fig. 2.11). Ion Beam Source Equipment.
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Fig. 2.20 Electromagnetic Shielding Test Apparatus
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PIG. 2.22 COMPOSITION OP COMBUSTION PLASMAS
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F I G . 2 . 2 5 TYPICAL MODE PLOTS (COMPUTER PLOTTED)



fiy. 2.2i\ XK2 C'o



M R - \K-rcur\ l . \ 1 \ l l i n



I f I

I I I

I I i

I

•oo

o

UJ

1
1

1
1
1
1
1

I . .
f . ,

1 . .
1 . .
\ _

' • • •
• • • • i

• " • 1 I
• . w •

i l l i i .

M i l l .

M l / / ,

I I I , 1 / .
• I i f . . . . . .

\ if r
i l l ,
n i . . . . . .
\ i i
M l
M \ . . _

e
o
>

I I N ' "

I i I \ I •
i n ^ w

i i i \ v ^

! I I \ I ' v

I I I \ V ' •

I f I I » ' *

/ \

1 I

t \

. 1

i l l 1

M l *

i l l '

\

/ 1 / ' " -
\ I I r- ' "
I i i ; ' •
I \ U "
v \ \ \ v ^
V v, \. v ^ v

\ \ \\Vv^

\ \ \ v ^ ^ ^

1 I 1 ^ \ v

I I I V 1 V

eo
>

r.-
r
>̂

j

M

f-
fT
O

o

1-4

Bn
M

o
rv
»-»
?.̂

n

s.

M

c

r"
r i

o
l i .

•J

l-i

§••

3

154



o
x

duind

V)

jeeuepuoo

s

155



-20 -

-3.4
5-5 60 80 83

P I G . 2 . 3 0 VARIATION OP SLSCTUICAL CONDUCTIVITY WITH

TSMPB3ATU3S FOR COMPOS I T IOVTS

0,78 CeO2 - 0.20 ZrO2 - 0.02 Ta2Og ( — )

0.85 ZrO- - 0.12 CeO- - 0.03 Y.,0, ( — — • - >

156



•T(K)

10

PIG. 2 . 3 1 VARIATION OP ELECTRICAL CONDUCTIVITY OP

YCrO, WITH TBMPsr^TlRE AT DIPPTOSMT

PARTIAL PRESSURE 0 * OXYOBH.

15?



- 6
0.8

PIG. 2 . 3 2 VARIATION OP 3L'«CTRICAL CONDUCTIVITY

OP TbJT 0^ AND Tb.O^ WITH T3MPERATURS.
2 a o •* i

158



95

90

85

oeo
*

7 5 -

70
0 2 4 6 8

Compacting Procure T/cm2

10 12

F I G . 2 . 3 3 VARIATION OF 05NSITY OP MgO COMPACTS

WITH COMPACTING W

159



Fig. 2.34. Thermal Condutii^iiv Me.isurcineni SyMem
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Fig. 2 .O". i> ( S o u r P i o t v S y - i c m

161



Cooling
Water

Flow
Meters

Cooling Jacket

Flame Torch

A A
O

Thermo
Couple

\

\

\

OPTICAL
PYROMETER

RECORDER

FIG. 236 SCHEMATIC OF SIMULATION TEST SET-UP



PIG. 2.37 SCHEMATIC OP TH5 VACUUM IMPREGNATION SYSTEM

1. SPECIMEN 2. STAND 3. SP3CIM5W F3SDSR 4. TRANSPARENT COVER

5. VACUUM CHAMBER 6. R'2SIN 7. T/C GUAGE 8. AIR INLET VALVE

9. VACUUM VALVE 10. 30T»RY PUMP

163



O\

THO TO FIT
LOAOINO FIXTURES

PULL APPLtEO

AT THIS END

SECTION A A

PIG. 2 . 3 8 J IG FOR ADHESION TESTING OF PL^5MA 3P3AYSD BOATINGS (A3TM)



Fig. 2..?9. Bend Test Equipment
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F I G . 2 . 4 1 SCHEMATIC OP A COMPLETE PLASMA CHEMICAL R3ACT0R

1 . PLASMA TORCH 2 . POWER SUPPLY 3 . POWDER F2TO3R

4 . COOLING WATER 5 . PLASMA G^S 6 . REACTION CHAMBER

7 . COLLSCTION CHAMBER 8 . EXHAUST
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