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F O R E W O R D

This is a report on the various research and

developmental activities carried out in the Materials Science

Laboratory during the period 1981-35. The sheer volume of

work done during this long period has forced the editors to be

brief. It is hoped that this report would give an overview of

the contributions from this Laboreitory.

Editors
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P R E F A C E

This is the third Progress Report since the inception of

the Materials Science Laboratory in 1974 and covers the period

1981-85. In view of the long period covered by the Report,

the individual contributions have been kept brief so that the

total length of the Report is reasonable; however care has

been taken to see that brevity has not obscured clarity. The

progress made by the Laboratory during the period is well

reflected in this Report. Significant contributions include

studies of radiation damage and related defect solid state

physics, behaviour of materials under extremely low

temperatures on the one hand and under high pressures and high

temperatures on the other and light scattering by materials.

The Laboratory has played a key role in the indigenous

development and characterisation of superconducting materials.

Theoretical studies have concentrated on stochastic processes,

nonlinear phenomena and the newly discovered and fascinating

quasicrystals.

It goes without saying that such a Report can only be an

outcome of a team effort. Drs. G. Ananthakrishna, D. Sahoo,

K.P. Gopinathan and Shri M.C. Valskumar took up the onerous

task of editing the material available and presenting it in a

form easy for dissemination. They were ably assisted by the

Drawing Office under the supervision of Shri K.V. Thomaskutty

in the preparation of sketches and by Kum. D. Vasumathi in

proof reading. Shri T.D. Sundarakshan typed the camera-ready

copy of the manuscript. I owe to this team a deep sense of

gratitude.

PLACID RODRIGUEZ



0. NEW FACILITIES/EQUIPMENTS

0.1 THERMAL HELIUM DESORPTION SPECTROMETER

Composite ultra high vacuum system is set--up for thermal

helium desorption spectrometer (THDS) and as a general purpose

charged particle irradiation facility. THDS set-up will be

used for investigating the irradiation induced defect

reactions in materials at a microscopic Jevel using helium as

the probe. The system consists of (a) composite UHV system

(b) target filament assembly and associated electronics like

power supplies, temperature programmer etc. The UHV system

consists of two chambers made up of stainless steel 304. The

general purpose chamber and THDS chamber are coupled through a

gate valva. The general purpose chamber is pumped by a

turbomolecular pump, which is also used for prepumping the

THDS chamber. THDS chamber is then pumped by a sputter ion
-9pump to a vacuum of 10 torr. To the THDS chamber, a

quadrupole mass analyser is coupled to measure desorbed gases.

The entire system is coupled to Sames J-15 particle

accelerator. The target holder assembly consists of electron

beam heater. The target is kept at ground potential and 5 KV

(max) voltage is applied to the filament. The target

temperature - 2000 K can be reached in 1 minute. The

electronics part consists of a power supply for electron beam

heater, a temperature programmer and an output device (X-Y

recorder). The photograph of tie assembly is shown in

Fig.0.1.1.

0.2 ULTRA HIGH VACUUM IRRADIATION FACILITY

This consists of a UHV chamber coupled to Sames J-15

particle accelerator. The chamber is made of stainless steel

;iO4 with 6 side ports. All the ports except the top flange

connections are having conflat seals. The top flange is Viton
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sealed. From the top flange a target holder assembly is

fixed. It consists of a central port to which

rotary-cum-linear drive is fixed and six equispaced mini ports

fixed with different types of feed-throughs for electrical

connections. The assembly is pumped by a turbomolecular pump

to a vacuum of 10~° torr without baking. The target holder

assembly is attached to the rotary cum linear drive. This

target holder is isolated from the rest of the chamber using

Teflon as an insulator. The target holder is a solid copper

block of 30 mm height. It has eight faces. The top and

bottom faces are regular octagons. Two 3 mm diameter and 0.25

mm deep circular holes separated by 5 mm are made on each of

the eight rectangular faces. The secondary electron

suppressor is connected to the top flange through a Teflon

insulator. To this suppressor 80 volts are applied through

one of the feed-throughs on the mini ports. The target holder

assembly is shown in the photograph (Fig.0.2.1).

0.3 THIN FILM FACILITY

TEM sample preparation laboratory requires a thin film

evaporation facility. A thermal evaporation thin film set-up

has been designed and fabricated and is being regularly used.

It consists of a resistive heating arrangement of tungston

filament using a 200 Amp power supply, a stainless steel base

plate bell jar system of 300 mm diameter fixed with different

types of feed throughs. The system is evacuated by a

diffusion-rotary-pump combination to obtain a vacuum better

than 10~6 torr. The facility will be expanded in future by

incorporating UHV system and an electron beam evaporator. It

is planned to design and .develop a sputter coater unit using

both dc and rf sputtering techniques. The other important

accessories which will be added to this facility are a

step-height measurement device to measure the thickness, a

quartz crystal monitor and co-evaporators etc. (Fig.0.3.1).



Fig.0.1.1 Photograph <••) the thermal helium dosorption spectrometer.
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Fi.g. 0.3.1 Photograph of thin
film facility

Fig.0.4.1 Photograph of 500 Fig.0.5.1 Photograph of crystal
MT hydraulic press. growing equipment.
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0.4 A 500 MT PRESS FOR LARGE OPPOSED ANVIL PRESSURE CELLS

For performing high pressure-high temperature experiments

to 100 kbar and 1500°C, a single ram 500 tonne hydraulic press

was designed and fabricated. The main motivation was to

develop large cells for use in the Dridgman anvil technique,

resulting in a better pressure characterization and ease of

assembly. As is evident from the photograph, (Fig.0.4.1), a

symmetric H-type frame was chosen, and the various dimensions

were fixed using the well-known methods in structural design.

The press frame measures 2.2 x 1.5 x 0.9 m 3. The ram is

located at the bottom and a daylight of 1.5 x.0.5 x 0.9 m is

available. Due care was taken during fabrication to ensure

true axial loading. The press also accommodates appropriately

insulated copper bus bars, to heat the samples by heavy

current at low voltages.

0.5 CRYSTAL GROWING EQUIPMENT

A Leybold-Heraeus EKZ 250/200 crystal growing equipment

(Fig.0.5.1) was installed in the Laboratory in August 1984.

At present, the Czochralski and the floating zone modes of

crystal growth are possible with this. The Bridgman scheme of

growth will be added shortly. Depending on the melting point,

the quantity of starting material that can be melted varies

from about ten grams to several tens of grams. The equipment

is also fitted with a high pressure vessel rated for 100 bars,

and thus enables the growth of crystals of volatile compounds.

Precision motor-drives for crystal and crucible lift and

rotation are available. A CCTV monitor system provides the

safety feature during the high pressure growth. It is

possible to grow crystals of metals, alloys, oxides, halides

and III-V compounds with this equipment.



1. STUDIES USING NUCLEAR TECHNIQUES

1.1 POSITRON ANNIHILATION STUDY OF MIGRATION OF VACANCIES IN

QUENCHED GOLD

(C.S. Sundar, A. Bharathi, G. Amarendra and

K.P. Gopinathan)

Positron lifetime measurements have been carried out to

study the migration of vacancies to sinks in quenched gold.

Gold foils, quenched from 1273 K to room temperature, were

subjected to isothermal annealing treatments at temperatures

355 K, 362 K and 387 K. Lifetime measurements were carried

out as a function of annealing time. The variation of mean

positron lifetime as a function of annealing time at various

annealing temperatures is shown in figure 1.1.1. The decrease

in mean lifetime has been attributed to the migration of

quenched-in vacancies to stacking-fault tetrahedra resulting

in their growth. This defect reaction has been modelled using

rate equations to obtain the variation in defect concentration

with time. This has been incorporated into the positron

trapping model to explain the observed variation of positron

lifetime with annealing time. Further, the measured

isothermal annealing curve has been used for the direct

estimation of the effective migration energy of vacancies by

the cross-cut method. A plot of In t̂  vs 1/T^ wherein t̂

is the time at which the cross-cut intersects the annealing

curve measured at temperature T^ , is shown in figure 1.1.2.

From the slope of this curve, the effective migration energy

of vacancies in quenched gold is estimated to be 0.80 + 0.10

eV, which is in good agreement with the earlier results based

on resistivity measurements.

1.2 POSITRON ANNIHILATION STUDY OF THE ANNEALING BEHAVIOUR OF

DEFECTS IN COLD-WORKED MOLYBDENUM

(C.S. Sundar, A. Bharathi and K.P. Gopinathan)

Isochronal and isothermal annealing behaviour of defects
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in molybdenum, cold-worked to an extent of 50%, have been

investigated using positron lifetime measurements. In the

as-deformed sample, the lifetime spectrum is characterised by

two components, with T ̂ - 120 ps, 12 = 186 ps, and I2 = 35%.

These indicate trapping of a fraction of positrons at the

vacancies and dislocations produced during cold-working. The

results of the isochronal annealing measurements are shown in

figure 1.2.1. On annealing the coldworked sample, in the

temperature range of 200°C to 500°C T increased to 240 ps

while 12 decreased to ~ 10%. These variations in the

positron lifetime parameters can be understood in terms of

positron trapping at vacancy clusters formed due to the

aggregation of migrating vacancies. At temperatures beyond

550°C T and I decrease, indicating the annealing-out of

vacancy clusters. The sample recovers to the annealed state

at temperatures beyond 800°C. The kinetics of the formation

of vacancy clusters, in the temperature range of 200°C to

550°C, has been studied through isothermal annealing

measurements. Lifetime measurements were carried out as a

function of annealing time at 320°C. The results are shown in

figure 1.2.2. The lifetime component x , starting from a

value typical of monovacancies and dislocations, is observed

to increase and finally saturate at 215 ps for annealing times

longer than 60 minutes. The intensity I? decreases with

annealing time. These variations in the lifetime parameters

during annealing are explained in terms of the evolution of

vacancy clusters from the monovacancies present in the

as-deformed sample.

1.3 POSITRON ANNIHILATION STUDY OF THE ANNEALING BEHAVIOUR OF

DEFECTS IN ELECTRON IRRADIATED NICKEL

(C.S. Sundar, A. Bharathi and K.P. Gopinathan)

The annealing behaviour of defects in nickel, irradiated

with 3.5 MeV electrons at room temperature to a fluence of 4 x
17 - 210 e /cm , has been investigated through positron lifetime

and Doppler broadened lineshape measurements. The isochronal
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annealing curve as obtained through posit ror i '. fet ime

measurements is shown in figure 1.3.1. In the as-irradiated

sample, the lifetime spectrum is characterized by a single

component with a lifetime value of 174 ps. This indicates

that all the positrons are trapped at the vacancies and

dislocation loops present in the irradiated sample. On

annealing, at temperatures greater than 125°C, the lifetime

spectrum develops two components. The lifetime and the

intensity of the second component .increases with temperature

in the range of 125°C to 400°C. This is interpreted as due to

the formation of vacancy clusters. At temperatures greater

than 400°C, the intensity of the second component decreases

and this is attributed to the annealing of vacancy clusters.

Finally, the sample reaches the annealed state at ~650°C.

The annealing curve obtained through Doppler broadened

lmesnape measurements is shown in figure 1.3.2. This

indicates that on annealing the irradiated nickel sample, at

temperatures greater than 125°C, the lineshape parameter I

increases going through a maximum at 400°C and then decreases

to the defect-free value at 650°C. Thus both the lifetime and

Doppler broadening measurements indicate that on annealing the

electron-irradiated nickel sample small three dimensional

vacancy clusters are formed in the temperature range of 125°C

to 400°C which subsequently anneal out at higher temperature

and the sample attains the defect-free state at ~ 650°C.

1.4 DEFECT-STUDIES IN HYUROGEN-CHARGED NICKEL BY POSITRON

ANNIHILATION

(C.S. Sundar, A. Bharathi and K.P. Gopinathan)

Positron lifetime, two photon angular correlation and

Doppler broadening of annihilation radiations have been

measured in electron-irradiated and cold-worked nickel before

and after cathodic charging of hydrogen. The lifetime spectra

in the electron-irradiated and cold-worked nickel were found
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to fit to a single exponential decay with the lifetime values

of 174 _+ 2 ps and 170 +_ 2 ps respectively. On

hydrogen-charging of these samples the lifetime spectra showed

a second component having a lifetime ^2 = 350 +_ 20 ps and

intensity I 2 = 10 +_ 1% (see figure 1.4.1). The angular

correlation curve and the Dopplar broadened lineshape of the

annihilation photons in the electron-irradiated and

cold-worked nickel were observed to become narrower on

hydrogen-charging (see figure 1.4.2). These changes in the

annihilation characteristics suggest the introduction of a

new kind of positron traps on hydrogen charging. These traps

have been identified as hydrogen bubbles present in the

as-charged samples. The presence of hydrogen bubbles was

confirmed through transmission electron microscopy.

Isochronal annealing behaviour of hydrogen-charged nickel has

been studied and the results compared with those of uncharged

electron-irradiated and cold-worked nickel (see figures 1.4.3

and 1.4.4). These studies indicate that the hydrogen bubbles

present in the as-charged samples disappear at approximately

200°C. The annealing behaviour of hydrogen-charged nickel

above 200°C is similar to that in uncharged samples. In both

cases three-dimensional vacancy clusters are formed in the

temperature range from 200°C to 400°C. These subsequently

anneal out at higher temperatures and the samples recover to

the annealed state by - 650°C.

1.5 A STUDY OF THE KINETICS OF CLUSTERING OF VACANCIES IN

COLD-WORKED NICKEL BY POSITRON LIFETIME EXPERIMENTS

(C.S. Sundar, A. Bharathi and K.P. Gopinathan)

The isochronal annealing behaviour of defects in

cold-worked nickel as studied through positron annihilation

measurements indicates that small three dimensional vacancy

clusters are formed in the temperature range of 150°C to

400°C. The kinetics of the clustering of vacancies in

cold-worked nickel has been investigated by monitoring the
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variaLion in positron lifetime as a function of isothermal

annealing time at the annealing temperatures of 285°C and

360°C. The variation in positron lifetime parameters as a

function of annealing time at 360°C is shown in figure 1.5.1.

The lifetime T^ which remains nearly constant at 172 ps is

due to annihilation from dislocations. The lifetime T 2 is

identified with annihilation from vacancy clusters. The

increase in T and !„ with annealing time represents the

growth of vacancy clusters from the monovacancies present in

the cold-worked sample.

The variation in x with annealing time has been

quantitatively understood by modelling the evolution of

vacancy clusters from monovacancies using rate equations

analogous to chemical rate theory. The resulting increase in

the average cluster size with annealing time at T = 360°C is

shown in figure 1.5.2a. Then using the theoretically known

values of positron lifetimes in vacancy clusters of various

sizes (indicated in the ordinate of figure 1.5.2a), the

variation in positron lifetime with annealing time is

constructed. This is shown in figure 1.5.2b along with the

experimental values. The good agreement demonstrates the

capability of positron annihilation technique to study

quantitatively the kinetics of clustering of vacancies in

metals.

1.6 AN INVESTIGATION OF POSITRON TRAPS IN METALLIC GLASSES

Fe 4 0Ni 4 0P 1 4B 6 AND Pe 4 0Ni 3 8Ho 4B 1 8

(C.S. Sundar, A. Bharathi and K.P. Gopinathan)

The evidence for the existence of positrons in a trapped

state in metallic glasses has accrued from various

experimental observations such as: (1) the annihilation

parameters in the as-quenched metallic glasses are nearly

similar to those in the crystallised phase which is known to

contain a high density of defects, (2) the annihilation
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parameters change very little, in distinct contrast to

crystalline metals and alloys, on plastic deformation or

irradiation at room temperature, (3) the annihilation

parameters are relatively insensitive to changes in the

metalloid content of the amorphous alloy. Further from the

observations that the lifetime in metallic glasses while being

larger than in annealed metals is distinctly smaller than that

at vacancies in crystalline metals, it is inferred that the

positron traps are atom-sized holes smaller than metal

vacancies. These positron traps have been identified with the

Bernal holes in the dense random packing structure. A study

or the smearing of the positron angular correlation curve in

metallic glasses points to the existence of another kind of

positron traps, viz. low density dilated regions having a

spatial extent of - 5 A. These traps have been identified

with the structural defects in metallic glasses.

In the presence of different kinds of traps, a study of

the temperature dependence of positron annihilation parameters

forms an important method for delineating the influence of

different kinds of traps at different temperatures. The

results of a measurement of variation of the Doppler

broadening lineshape parameter, I, as a function of

temperature in Fe. «Ni. «P, . Bfi and Fe ..Hi Mo.Bin are shown in

figure 1.6.1. This variation in I parameter has been

understood in terms of a trapping model. At low temperatures

positrons are trapped in atom-sized Bernal holes characterised

by a smaller value of I. As the temperature is increased

positrons are detrapped from the Bernal holes and are trapped

by the low density dilated regions characterised by a larger

value of I parameter. Analysing the experimental results in

the framework of this model, the detrapping rate of positrons

from the Bernal holes has been estimated. The variation of

detrapping rate with temperature is shown in figure 1.6.2 from

which the binding energy of positrons to Bernal holes has been

estimated to be ~ 0.02 eV. At room temperature positrons are

predominantly trapped by the low density dilated regions.
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From a measurement of the smearing of the angular correlation

curve, measured at room temperature, the spatial extent of

these positron traps have been estimated to ~ 3 A.

1.7 MOSSBAUER STUDIES IN METALLIC GLASSES Fe . JNi . _P, .B,.
40 40 14 6

AND Fe40Ni38Mo4B18*

(K.P. Gopinathan, C.S. Sundar, A. Bharathi, A.

Narayanasamy+ and U. Chidarnbaram+)

Mossbauer spectroscopy has been employed for the study of

magnetic properties and crystallization behaviour of the

metallic glasses Fe4o N^ 40 p 14 B6 (Metgias 2826) and

Fe Ni Mo B (Metgias 2826 MB). Mossbauer spectra have been
4 U JO 4 lo

measured in the amorphous and crystallized states of the above

alloys. Figure 1.7.1 shows Mossbauer spectra of Fe^QNionMo^B-,

as a function of temperature between 77 K and 800 K. In the

amorphous alloy, at 77 K, a broadened six-finger Mossbauer

spectrum is seen. This implies that the Fe nuclei feel a

distribution of magnetic hyperfine fields as expected from the

highly disordered state of the alloy. The hyperfine field

distributions have been obtained by analysis of the spectra

using a model-independent programme due to Window [1].

Typical distributions are shown in figure 1.7.2. The two

broad peaks centred at 95 kOe (10%) and 230 kOe (90%) in

amorphous Fe4QNiogMo4B-, o suggests the presence of two distinct

environments for the 57pe nuclei in the alloy. The

six-finger spectrum, observed at low temperatures, collapses

into a broad two-line quadrupole split spectrum at

temperatures above ~ 580 K, the Curie temperature of the

amorphous alloy (see figure 1.7.1a). The

temperature-independent asymmetry of the doublet implies a

distribution in quadrupole splitting and isomer shifts. In

the crystallised Fe._N.Lft Mo.B,„ alloy, the Mossbauer spectrum

at room temperature has a complicated pattern (see figure

1.7.1b). An analysis in terms of a distribution of hyperfine
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Fig.1.7.1 Mossbauer spectra measured at various temperatures in (a)
amorphous and (b) crystallized Fe,nNi_o

MoABio*
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Fig.1.7.2

Distribution of hyperfine
fields as obtained from
an analysis of the
measured Mossbauer spectra
using Window programme.

100 200 300
H (kOe)

3 5' '
300 400

.].. . .1 J-- _
500 600 700

TEMPERATURE <K>

Fig .1 .7 .3

Count rate at zero
velocity vs temperature.
The Curie (T ) and
crystallization (T )
temperatures in various
alloys are indicated.

1.J
800



= 22 =

fields indicates peaks at 27, 85, 149, 189 and 288 kOe (see

figure 1.7.2). These correspond to 5'Pe nuclei in various

crystalline phases. The Mossbauer spectra in the crystalline

alloy also collapses into a quadrupole split spectrum as the

temperature is increased beyond the Curie temperature of 518

K.

Mossbauer spectra of as-quenched and 8% plastically

deformed Fe Ni P B were recorded at 298 K and 77 K and

compared. The distribution of hyperfine fields is found to be

more asymmetric in the plastically deformed sample (see

Fig.1.7.2). The isomer shift with respect to oc-Fe is 0.08

.rnn/sec and it' does not change with deformation. The Curie

:emperatures and crystallization temperatures of the alloys

nave also been determined from a measurement of the variation

of the count rate at zero velocity vs temperature (Fig.1.7.3).

These are given in Table 1.7.1.

Table 1.7.1 Curie and crystallization temperature of metallic

glasses

"Alloy i~ T-;

F e 40 N i 40 P 14 B 6 !52° K 6 7 °

F e4 0N i38M°4B18 '38° K 7 3 5

The crystallization temperatures have been verified by

differential scanning calorimetry. In Fe^gNi^QP-^^Bg (Metglas

2826) a sharp transition was observed at 681 K and in

Fe.QNi^gMo.B,„ (Metglas 2826 MB) two stages of crystallization

have been observed at 718 K and 758 K at a scanning rate of 10

K/min.

The distribution of hyperfine fields in the glassy states

shows that there are two structurally different Fe sites in

these glasses. From Mossbauer data it is inferred that there
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are at least three Fe-containing phases in crystallized

[1] B. Window, J. Phys. E 3, 401 (1971)

*Part of a paper presented at the "International Conference on

the Applications of Mossbauer Effect", Jaipur, India, 1982.

+Department of Nuclear Physics, University of Madras, Madras

600 025.

1.8 ANNEALING BEHAVIOUR OF DEFECTS IN n-IRRADIATED

COPPER-BORON STUDIED BY POSITRON ANNIHILATION

(B. Viswanathan, G. Amarendra and K.P. Gopinathan)

Helium in metals is a topic of both basic and

technological interest. Chief impetus for the study is

provided by the formation of helium bubbles in materials in a

radiation environment. Investigations carried out on the

evolution of the state of helium in dilute alloys of

r-irradiated Cu-B, using positron lifetime and angular

correlation measurements, are reported here.

Alloy specimens of C_u-B prepared and characterized in the

Laboratory, were irradiated with thermal neutrons at the CIRUS
2 0reactor at a temperature of 520 K to a fluence of 2 x 10

n/cm . Uniform deposition of helium was achieved through the

nuclear reactions -*-^B(n, a ) Li. The energetic a-particles

and ^Li-ions produce displacement damage in the material.

Post irradiation defect evolution was studied in isochronal

annealing measurements from 300 K to 950 K. The lifetime

spectra in post-irradiation recovery were analysed upto 3

components using the program RESOLUTION and POSITRONFIT while

the angular correlation curves were analysed using the program

PARAFIT. The lineshape parameter, I v , shown below is the

integrated counts over a region of + 2 mrad about the peak of

the normalised angular correlation curve.
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Variation of the reduced lineshape parameter a I /I as

a function of annealing temperature is shown in Fig.1.8.1. In

the interval 300-500 K, AI v/I v
f stays constant whereas a

two-component lifetime analysis yields T, = 167 + 2 ps with

97°s intensity and ^ = 450 +_ 30 ps with 3% intensity. In

th>> annealing interval 500-700 K the I parameter decreases

sharply. The step seen in the I curve occurs at the same

temperature at which the lifetime parameters in the

two-component analysis show a sharp change. This stage is

interpreted as the bubble nucleation with a critical cluster

cf helium atoms. Figure 1.8.2 shows the results of the

three-component lifetime analysis.The sharp increase of T 2

from a value of 170 ps with a corresponding reduction of

intensity I? is understood in terms of the nucleation and

growth of helium bubbles. The variation of the intensity 1^

corresponding to the lifetime component 13 = 450 ps, shows

the annealing behaviour of empty voids which disappears at 800

K. Positron states in helium decorated clusters and

helium-free voids coexisting in the system till 800 K are

clearly distinguished in the Fig.1.8.1. An analysis of the

measured angular correlation curves was carried out at various

annealing temperatures. The spatial extent of positron

localization in the trap, deduced from the smearing parameter,

showed a marked increase at 670 K from a value of 2 A to 3.5
ft

A. This provides additional evidence for helium clustering in

support of, but independent of, the lifetime data.

Considering the positron state to be at the bubble

surface we write for the annihilation rate:

bubble ~ surface He (l.o.l;

K, has been computed relating the annihilation rate linearly

to the helium atom density in the bubble. The bubble lifetime

calculated according to (1.8.1) yields a value of 285 ps, as

compared to the measured lifetime of 325 ps. The favourable
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agreement shows that the above scheme of relating the positron

lifetime to helium density in the bubble may be employed to

obtain helium pressures. The latter constitutes a significant

parameter in the study of helium in metals.

1.9 POSITRON ANNIHILATION STUDY OF rJ HE ANNEALING BEHAVIOUR OF

DEFECTS IN a-IRRADIATED NICKEL

(G. Amarendra, C.S. Sundar, B. Viswanathan and

K.P. Gopinathan)

The annealing behaviour of defects in nickel, irradiated

with 30 MeV a-particles to a dose of 2 x 1017 a/cm2, at the

Variable Energy Cyclotron, Calcuta, has been studied through

Doppler broadened lineshape measurements. The irradiated

samples were subjected to isochronal annealing treatments till

1073 K, and the lineshape (peak parameter, I ) measurements

were carried out using a high resolution Ge detector. The

resulting annealing curve is shown in Fig.1.9.1, where three

stages of recovery are seen. This is understood as follows:

The sharp increase in I around 500 K, which is similar to

that observed in e"-irradiated Ni [1], is due to the formation

of vacancy clusters. A slight decrease in I at 675 K

followed by a plateau between 700 and 900 K is attributed to

positron trapping at the radiation induced dislocation loops.

The final increase in I to a maximum at 1025 K is understood

in terms of the formation and coarsening of helium bubbles

[2], The present results are seen to be different from the

results of an earlier study in a-irradiated Ni [3], where

only a single annealing stage was observed between 400 and 650

K. In order to understand this discrepancy, further studies

are in progress.

[1] C.S. Sundar, A. Bharathi and K.P. Gopinathan, Phil. Mag. A

5£, 635 (1984)

[2] B. Viswanathan, W. Triftshauser and G. Koegel, Rad.

Effects 78, 231 (1983)
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[3] S.V. Naidu, A. Sen Gupta, G. Mukhopadhyay, R.K. Bhandari

and P. Sen, Rad. Effects 83, 129 (1984)

1.10 POSITRON ANNIHILATION STUDY OF PRECIPITATION IN QUENCHED

Al-22 at% Zn ALLOY

(A. Bharathi, C.S. Sundaz, M. Vijayalakshmi+,

P. Chowdhury and K.P. Gopinathan)

The kinetics of precipitation of e-Zn, occurring on

aging the quenched Al-Zn alloy at temperatures within the two

phase region, has been investigated by positron lifetime and

angular correlation measurements. The lifetime and the

angular correlation curve in the as-quenched alloy (T

340°C) are seen to be similar to that in pure Zn indicating

that positrons are trapped at B-Zn clusters that are formed

immediately after the quench to room temperature. On aging

the quenched alloy at various temperatures within the two

phase region (Tft = 100°C, 140°C, 180°C and 230°C), the

lifetime spectrum is seen to develop a second component with a

lifetime of 230 ps and the corresponding intensity that

increases initially and saturates at larcjer aging times. The

variation of lifetime parameters with aging time for T =

180°C is shown in Fig.1.10.1. This variation in positron

lifetime parameters with aging time is understood in terms of

positron trapping at the misfit dislocations produced at the

O/B interface during the cellular decomposition of the

quenched alloy. A comparison of the increase in intensity

with aging time at various aging temperatures is shown in

Fig.1.10.2. The rate of increase of intensity at various

temperatures, which reflects the kinetics of precipitation, is

understood in terms of the time-temperature-transformation

(TTT) diagram for cellular decomposition in Al-22 at% Zn

alloy. The time taken for 50% increase in intensity at

various temperatures is seen to be in good agreement with the

known TTT diagram for 50% decomposition as seen in Fig.1.10.3.

Thus the present study indicates that positron annihilation
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technique can be used to probe the kinetics of clustering of

solute atoms occurring during phase separation in alloys.

+ Materials Development Laboratory

1.11 RESPONSE OF POSITRONS TO CLUSTERING IN Al-Zn ALLOYS

(A. Bharathi and B. Chakraborty)

In the present work, the response of positrons to the

formation of Zn clusters in Al matrix has been studied

theoretically. The motivation for such a study came from the

recent experimental studies which indicate that positrons are

sensitive to detect the presence of small Zn clusters which

are formed during the early stages of the decomposition of

Al-Zn alloys.

A fully self consistent calculation of the positron

annihilation characteristics for these type of defects i.e.

impurity clusters is not feasible. We have therefore relied

on a simple model, wherein the positron potential is

constructed based on the knowledge of atomic potentials and

atomic densities. The electronic relaxation in the presence

of defects is not taken into account. Using the two component

density functional formalism, potentials were constructed for

Zn clusters of various sizes, such as one, five, thirteen and

nineteen atoms, in the face centred cubic aluminium matrix.

The positron wave function is then obtained by solving the

full three dimensional Schrodinger equation. These

calculations indicate that while the positron does not form a

bound state with one and five atom clusters, it forms a bound

state with clusters of sizes exceeding thirteen zinc atoms.

Figure 1.11.1 shows the positron wave function localised at a

thirteen atom Zn cluster in Al matrix.

Further calculations to estimate the lifetime and the

core part of the angular correlation curve for positrons

annihilating from Zn clusters of various sizes are in

progress.
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2. RADIATION DAMAGE AND DEFECT STUDIES

2.1 HELIUM BLISTERING IN Fe 4QNi 3gMo 4B 1 8, Fe^Ni^P-^Bg AND

Ni45Fe5Co20Cr10Mo4Bl6 METALLIC GLASSES*

(A.K. Tyagi and R.V. Nandedkar)

The study of radiation blistering and flaking is relevent

to fusion reactor materials research. In a fusion device

having D-T plasma, energetic heliuu particles can leak out of

the confining magnetic field and strike the first wall surface

causing blistering and/or flaking. This can lead to serious

first wall erosion and contamination of plasma with materials

of high atomic number eroded from the wall. These

considerations have prompted numerous investigations on helium

blistering in first wall candidate materials. A number of

metals and metal alloys have been studied [1]. With the

advent of rapid quenching techniques, it has recently become

possible to obtain alloys of these metals in amorphous form.

Such amorphous metal alloys, called metallic glasses, exhibit

improved mechanical and chemical properties and hence can be

more suitable for first wall materials. However their

blistering properties also should be compared with those of

their crystalline counterparts before the choice is made.

With these considerations a programme to study blistering

properties of metallic glasses was initiated. In this paper,

preliminary results pertaining to helium irradiation induced

blistering in metallic glasses Fe4QNi-jgMo4B-, „/
Fe40N:'-40pi4B6 a n d

Ni 45Fe5Co2u
Cr 10Mo4B16 a r e r e P o r t e d -

Metallic glass samples of size 4 mm x 4 mm were cut from

the ribbons and mechanically polished. The irradiations were

carried out in vacuum ( - 10 torr), at room temperature and

normal incidence. Helium ion energies of 20 keV to 150 keV

were used with total doses ranging from 3x10 ' to 3x10"̂

ions/cm^ . The irradiated samples were examined for

blistering and bubble formation using scanning and
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transmission electron microscopy, respectively. Blister

formation was observed for all the three metallic glasses.

The critical dose for blistering was determined for 20, 50,

100 and 150 keV bombardments and was found to increase with

ion energy. TEM investigations revealed a random distribution

of helium bubbles of size 20-50 A at high density in the

implanted surface layers of metallic glasses. Metallic glass

Ni45FeCiCo -,0Cr 1 0 Mo 4Bj_g turned partially crystalline after

irradiation, but the other two glasses remained wholly

amorphous. The detailed results are reported elsewhere [2].

[1] S.K. Das and M. Kaminsky, Adv. Chem. Ser. 158, 112 (1976)

[2] A.K. Tyagi, R.V. Nandedkar and K. Krishan, J. Nucl. Mater.

116, 29 (1983)

Proc. 4th Int. Conf. on Rapidly Quenched Metals (RQ4),

Sendai, Japan (1981) p.771

2.2 BLISTERING, FLAKING AND BUBBLE FORMATION IN METAL-

METALLOID METALLIC GLASES BOMBARDED WITH HELIUM IONS*

(A.K. Tyagi, R.V. Nandedkar and K. Krishan)

A detailed and systematic investigation of the phenomena

of blistering, flaking and precipitation of helium into

bubbles in metallic glasses Fe8oB2o ̂ e 4 0 Nî Q B 2 Q >Fe40Ni40p14B6

and Fe40 Ni38 M o4 B18 under helium ion bombardment at room

temperature have been performed. .Scanning and transmission

electron microscopy investigations were performed on

irradiated samples. A trend of continuous layer-by-layer

surface erosion of metallic glass due to repetitive exfoliation

was observed. Results as a function of projectile energy (50

keV « E « 150 keV) and helium current density (10-100 v A/cm
2)

showed that the critical dose and the blister size dependence

on these parameters is similar to crystalline materials.

However, unlike in crystalline materials, cold-work of
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Fig.2.2.1 (a) Typical erosion of metallic glassg ^ N i ^ P ^ B g surface

(for 3X101 He ions/cm at 100 keV), (b) second generation
of blisters on metallic glass Fe,QNi,QPJ,B, surface (for

6xlO18He ions/cm at 100 keV) and (c) simultaneous blister-

ing and flaking of metallic glass

3 x 1018He ions/cm2 at 100 keV).

surface (for

Q

Fig.2.2.2 Typical He bubbles in (a) metallic glass Fe3oB2O)(b) Metallic
glass Fe4()Ni3gMo4B28 and (c) thermally crystallized
Fe4QNi4QPi4B6 . Also shown are the corresponding selected
area diffraction patterns.
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Fe4QNi40P^4
B5 t o ^0% thickness reduction did not affect the

surface erosion behaviour. A comparative study of the same

alloy Fe^^Ni^gP^^Bg in amorphous and thermally crystallized

forms showed about 50% higher resistance against blistering

for the former. Microstructural investigations revealed helium

bubble formation as a precursor stage to blistering.

Irradiation-induced partial crystallization was not observed

for these metallic glasses. Typical blisters and nelium

bubbles are shown in Figs.2.2.1 and 2.2.2, respectively.

* J. Nucl. Mater. 116, 29 (1983)

2.3 EFFECT OF 100 keV HELIUM ION BOMBARDMENT ON SURFACE

TOPOGRAPHY AND MICROSTRUCTURE OF Ni33Zr67 GLASS*

(A.K. Tyagi, R.V. Nandedkar and K. Krishan)

Earlier we have reported [1] a detailed study of

blistering, flaking and bubble formation due to helium ion

bombardment in some metal-metalloid metallic glasses. Similar

results were also reported by several other groups but again

on metal-metalloid glasses. However, it was recognised that

metal-metal glasses have better prospects for nuclear

applications because they generally have a high

crystallization temperature and lower neutron capture

cross-section (since boron is not present). With this

consideration, we have undertaken a systematic study of

helium-bombardment induced surface damage effects in

metal-metal glasses. Glasses based on important nuclear

materials Ni and Zr were chosen. The results pertaining to

100 keV helium ion bombardment of Ni 332^7 glass are reported

here.

The critical dose for blister formation was determined to
1 D O

be about 1 x 10 ° ions/cm . The increase of total dose in
TO O

the range 1-6 x 10 ions/cm resulted in severe surface
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18 ?damage due to blister exfoliation. At 3 x .10 ions/cm , the

whole bombarded area was covered by craters of first

generation blisters (Fig.2.3.1). Second generation blisters

were observed at 6 x 10^° ions/cm^ . Three observations in

this study were rather unusual and showed striking regularity:

(1) The elongation of unburst blisters and irregular craters

parallel to ribbon length (Fig.2.3.la), (2) collinearisation

of high density interconnected exfoliated first generation

blister craters (Fig.2.3.1b) and (3) the cracking and the

rupture of second generation blisters into a four-petalled

configuration having always nearly the same regular

orientation (Fig. 2.3. 1c) . Helium bombardment of Ni-^Zrgy at
15 ?

high dose rate ( ~ 7 x 10 ions/cm ) resulted in severe
flaking of the bombarded surface (Fig.2.3.Id).

TEM investigations of irradiated samples revealed helium

bubbles and partial crystallization of metallic glasses. This

is evident from the selected area diffraction pattern shown in

Fig.2.3.2a. The partial crystallization of Ni^^Zr^-^ glass was

also observed after argon ion bombardment (Fig.2.3.2b). The

partial crystallisation is attributed to the effect of

displacement type damage with perhaps no contribution from gas

precipitation into bubbles, in accordance with the neutron

irradiation results of Cahn et al on Ni33Zrg7 glass [2J. It

was therefore concluded that, in contrast to most other

metallic glasses, ^ 3 3 Zr67 glass is not stable under

irradiation.

[1] A.K. Tyagi, R.V. Nandedkar and K. Krishan, J. Nucl. Mater.

116, 29 (1983)

[2] R.W. Cahn, B. Toloui, D. Akhtar and M. Thomas, Proc. 4th

Int. Conf. on Rapidly Quenched Metals (RQ4), Sendai, Japan

(1981) p.749

* J. Nucl. Mater. 114, 181 (1983)
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>^ V
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Fig 2 3 1 Typical scanning electron micrographs of amorphous NI33Zr67
8 surface bombarded with 100 keV He ions to fluences of ^

(a) 2 x 1018, (b) 3 x 1018, (O 6 x 10 and (d) 9 x 10

, 2
ions/cm



Fig.2.3.2 Typical transmission electron micrographs
and the corresponding selected area
diffraction pattern of amorphous Ni57Zr33
bombarded WJth 100 keV He ions to fluences

of (a) 6x10'8 and (b) lxlO18 ions/cm2.
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2.4 HELIUM AND ARGON ION DAMAGE IN METALLIC GLASSES*

(A.K. Tyagi, R.V. Nandedkar and K. Krishan)

Here, our earlier work [1,2] on helium ion bombardment

induced blistering, flaking and bubble formation in metallic

glasses Fe4()Ni40 P±4 B g , Fe 8(p 2 Q , F e ^ N i ^ B ^ , Fe4()Ni 3 8Mo 4B 1 8

and Ni23Zrgy is reviewed and preliminary results on two other

metallic glasses NigQ Nb4g and Nig4Zr-}g are presented. In

addition, some results on surface modification of metallic

glasses by argon ion bombardment are included and the argon

results are compared with helium ion bombardment results.

In our earlier investigation, the above mentioned

metal-metalloid glasses were found to remain amorphous,

whereas the only metal-metal glass studiedf 1^33 Zrg7 , showed

partial crystallization after helium irradiation at room

temperature. In contrast, the present study on metal-metal

glasses NiggNb4Q and Nig4Zr3g show that both are stable. In

addition, both these glasses have shown considerably high

resistance against surface erosion due to helium bombardment

induced blistering and/or flaking.

Blistering, flaking, exfoliation and repeated exfoliation

were observed under helium ion bombardment of both metal-metal

and metal-metalloid glasses. The critical dose for blistering

and/or flaking was determined to be in the range 1.0-1.6 x

10 18 ions/cm^ for 100 keV bombardment at 30 uA/cm2 , being

highest for Ni 6 0 Nb4Q amongst the glasses studied. Figures

2.4.1a and b show typical blistering and, blistering and

flaking of Ni 6 0Nb 4 0 glass after 100 keV helium bombardment-

Helium bubbles in Nig0Nb4Q glass are shown in Fig.2.4.1c.

Metal-metalloid glasses were bombarded with 100 keV argon

ions at room temperature at 10 uA/cm^ . Blistering due to

argon irradiation was observed only in a limited dose range of
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Fig.2.4.1 Characteristics of metallic glass Ni^^Nb^Q on 100 keV
He ion irradiation: (a) blistering and (b) blistering

and flaking at fluence of 3 x 10 ions/cm , (c) He
1 o n

bubbles at a fluence of 1 x 10 ions/da .

Br on
D

Fig.2.A.2 Characteristics of metallic glass Fe.nNi._P

100 keV ion irradiation: (a) SEM micrograph for

6 x 10 ions/cm and (b) argon bubbles for 1x10
ions/cm .
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3-15 x 101 ions/crrr . At higher doses, instc, c! of blistered

surface a very rough surface was observed. This is in

contrast to our observation of repetitive blistering for

helium ion bombardment. The blister density for argcn

bombardment was low ( - 2 x 105 blisters/cm ), which is about

an order of magnitude less as compared to helium bombardment.

Figure 2.4.2a shows typical scanning electron micrograph of

metallic glass Fe4nNi40p14B6 surface bombarded with 100 keV

argon ions to 1 x 10^8 ions/cm^ . Argon bubbles are shown in

Fig.2.4.2b.

It is concluded that there is a significant change in the

surface erosion due to blistering and/or flaking under helium

ion bombardment, because of the amorphous nature of the

material. In general, the critical dose for blistering in

metallic glasses is higher by about a factor of two, a.s

compared to crystalline materials. The differences in surface

damage of metallic glasses due to argon and helium ion

bombardment are attributed to relatively higher sputtering

yield lower penetration depth of the former.

[1J A.K. Tyagi, R.V. Nandedkar and K. tfrishan, J. Nucl. Mater

116, 29 (1983)

[2] A.K. Tyagi, R.V. Nandedkar and K. Krishan, J. Nucl. Mater.

114, 181 (1983)

* Proceedings of the 3rd Topical Meeting of Fusion Reactor

Materials, Seattle, USA, 1983 [J. Nucl. Mater. 122/123, 732

(1984)]

2.5 PULSED LASER MELTING OF METALLIC GLASSES*

(Animesh Jain+, D.K. Sood+, G. Battaglin++, A. Carnera++,

G. DellaMea++, V.N. Kulkarni++, P. Mazzoldi++

and R.V. Nandedkar)

Pulsed laser treatment of materials has emerged as a
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viable technique to form metastable surface alloys. This

technique has an analogue with conventional splat cooling

technique. We report for the first time the pulsed laser

melting of two metallic glasses Fe .JNli.-P, .Bfi and Fe.Ji B .

Ribbons of the metallic glasses were used in as-received

conditions. Irradiations were carried out in air with single

pulse (18 ns FWHM) from a ruby laser at energy densities upto

5.4 J/cm2 . Some samples were implanted with Ru + ions to a

dose of 1 x 10 ions/cm to serve as a mar.ker species for

monitoring surface melting. In addition, some samples (both

implanted as well as unimplanted) were transformed into a

crystalline state by annealing at temperatures above the

respective crystallisation temperature of the two glasses.

The laser treated surfaces were examined under a scanning

electron microscope. The Ru depth profiles were measured by

Rutherford backscattering. Preliminary transmission electron

microscopic investigations were carried out on some samples.

The occurrance of melting is established from morphology

of the laser treated samples studied under SEM as well as the

redistribution of a marker species implanted in some samples.
2

The melting occurs above about 1 J/cm . The observed
2

redistribution of Ru upto 2.5 J/cm is consistent with an

effective D ~ 5 x 10 cm /sec obtained from heat flow

calculations and liquid phase diffusion analysis of Ru marker

species under a moving melt front. Results on crystalline and

amorphous samples are similar. TEM measurements of quenched

regions on a crystallised sample show an unexpected absence of

amorphous phase.

+ Nuclear Physics Division, BARC, Bombay

++ Unita-GNSm-CNR, Instituto de Fisica, Universita diPadova,

Padova, Italy

* Mat. Res. Soc. Symp. Proc.Vol.31, (1983) p.703
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2.6 HELIUM IRRADIATION OF Ni-(Zr or Nb) METALLIC GLASSES,

BLISTERING, FLAKING AND BUBBLE FORMATION*

(A.K. Tyagi and R.V. Nandedkar)

In continuation of our earlier work on metal-metal

glasses [1], a systematic study of blistering, flaking and

bubble formation by helium ion irradiation in metallic glasses

Nig4 Zr 25 and NigQ Nb ̂ Q is reported. Metallic glass Nig4 Zr35

has been studied in detail. The influence of projectile

energy, dose rate and total dose has been studied. A

comparative study of the same material Nifi4 Zr -,,- in both

amorphous and thermally crystallised states has also been

made. Metallic glass Nig-Zr^g specimens were irradiated at

three different energies, 50, 100 and 150 keV. The critical

dose for blistering was determined to be 1.2, 1.5 and 1.7x10

ions/cm^ respectively. The typical blisters for 100 keV

irradiation of metallic glass Nig^Zr3g to 3 x 10 ions/err?

are shown in Fig.2.6.1a. The total dose was varied at 100 keV

from 0.1 to 10 x 10 -^ ion^cm2 keeping current density at 30

pA/cm . Repetitive blistering, flaking and exfoliation was

observed. The ion current density was varied from 10-100

tiA/cm2 for 100 keV irradiation. The critical dose was

observed to decrease with the increase in dose rate, being 1.5

x 10 1 8 and 1.1 x 10 1 8 ions/cm2 for irradiation at 30 and 100

viA/cm , respectively. Flaking was found to increase with dose

rate and was the dominant process of surface erosion for

irradiation at 100 nA/cm2 (Fig.2.6.1c). The critical dose in

thermally crystallised Nig4 Zr3g was about 60% lower than for

amorphous Nig^ Z ^ g . Flaking was absent in the thermally

crystallized alloy. TEM investigation of both Nig4 Zr3g and

Ni Nb n did not show any partial crystallization associated

with helium bubble formation. Typical helium bubbles in

metallic glass Nig.Zr,g are shown in Fig.2.6.Id.

[1] A.K. Tyagi, R.V. Nandedkar and K* Krishan, J. Nucl. Mater.

114, 181 (1983)

* J. Nucl. Mater. 132, 62 (1985)



Fig.2.6.1 Typical SEM micrographs of metallic glass Ni ,Zr on

100 keV He ion irradiation for fluences and currents
i o 0 o i o •}

(a) 3 x 10 ions/cm , 30 HA/cci , (b) 4 x 10 ions/cm ,
9 1 ft 9 ?

30 uA/cm and (c) 4 x 10 ions/cm , 100 ^A/cm . (d) and
(e) show helium bubbles in Ni,,Zr_,. and Ni^Nb, n(res-

64 36 60 40
pectively) for a fluence of 1 x 10 ions/cm^,



2.7 HELIUM ION IMPLANTATION INDUCED DAMAGE IN METALLIC

GLASSES*

(A.K. Tyagi and R.V. Nanciedkar)

Precipitation of implanted helium into gas bubbles,

blistering, flaking and exfoliation in metallic glasses

Fe80B20' Fe40Ni40B20' Fe40Ni40Pl4B6' Fe40Ni38Mo4B18' N i64 Z r36'
Ni33Zrg7 and Nigg Nb4g have been investigated. Transmission

and scanning electron microscopy techniques have been used.

The influence of projectile energy (50-150 keV) , dose rate (6

x 10 1 3- 6 x 10 1 5 ions/cm2 sec), total dose (1 x 10 1 6- 1 x 1019

ions/cm ), cold-work (30% thickness reduction) and thermal

crystallization have been studied. The results show that the

damage effects in metallic glasses are, in general, similar to

those reported for crystalline materials. However, metallic

glasses are more resistant against blistering as compared to

their crystalline counterparts. Figure 2.7.1a shows typical

blistering and flaking of 150 keV helium bombarded

Fe 40^14 0^14^ g glass. Typical surface erosion of ^ig^'7 c-^

glass bombarded with 100 keV helium is shown in Fig.2.7.1b.

Changes in surface topography of Fe^Q Ni^pP-j^Bg specimens

due to post-irradiation annealing for 2 hrs at 473, 673 and

873 K were also examined. There was no change in surface

topography after post-irradiation annealing at 473 K. Blister

formation was observed after annealing at 673 K. Figure

2.7.2a shows typical blisters observed after annealing at 673

K for specimen irradiated with 100 keV helium to 8 x 10

ions/cm2 (critical dose - 1.2 x lO1^ ions/cm2 ). Annealing at

873 K resulted in severe exfoliation of the bombarded surface

(Fig.2.7.2b).

TEM investigations of irradiated specimens revealed the

existence of a random distribution of helium bubbles (20-50 A

size) at high density ( - 10 /cm0) for each of the metallic
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Fig.2.7.1 (a) Typical blistering and flaking of metallic glass
Fe40Ni40P14B6 (for 3 x 10

1 8 He ions/cm2 at 150 keV),
(b) surface erosion of metallic glass Ni,-,Zrog (for
4 x 10 He ions/cm2 at 100 keV).

Fig.2.7.2 (a) Typical anneal (673 K, 2 hrs) induced blisters
in metallic elass Fe,»Ni.nP,,B, (irradiated to

1 7 „ AO 40 14 6
8x10 He ions/cm at 100 keV), (b) exfoliation of
the same system after irradiation ( 1x10 He ions/cm
at 100 keV) and anneal (873 K, 2 hrs).



= 47 =

Fig.2.7.3 Typical He bubbles in (a) metallic glass
i O o

Fe.,,Ni._Bnn (for 1x10 He ions/cm at 100 keV
40 40 20 .„

and (b) cold-worked Fe..,Ni.ABo. (for 3x10
40 40 20

He ions/cm at 100 keV).

Fig.2.8.1 (a) Typical blisters in metallic glass Fe.nNi.nP,.B,

(for 1.5x10 H ions/cm at 100 keV) and (b) hydrogen
bubbles in metallic glass Fe..Ni.^Mo B,. (for

•^y o 4U Jo ^ lo

5 x 10 H ions/cm at 20 keV).
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glasses. Helium bubbles were also observed for thermally

crystallized and cold-worked materials. Typical helium

bubbles in metallic glass Fean Ni 40 B?n an<^ cold-worked

Fe4QNi4QP14Bg are shown in Figs. 2.7.3a and b, respectively.

The basic aspects of helium trapping, bubble nucleation

and bubble growth in metallic glasses are also investigated.

It is shown that a dynamic picture of defect production and

helium trapping can explain the experimental observations.

Proc. 13th ASTM Conf., on "Effects of Radiation on

Materials", Seattle, USA,, 1986

2.8 HYDROGEN BLISTERING AND BUBBLE FORMATION IN METALLIC

GLASSES Fe40Ni4()P14E6 AND Fe30N

(A.K. Tyagi and R.V. Nandedkar)

Earlier we have reported (see § 2.1 through 2.7) a

detailed and systematic study of blistering and gas bubble

formation in a number of metallic glasses by helium ion

bombardment. Here, we report a comparative study of the

phenomena under hydrogen ion bombardment. Metallic glasses
Fe4ON;i-4Op14B6 and Fe 4 QNi38

M o 4B18 w e r e bombarded with 100 keV

hydrogen ions at room temperature to total doses in the range

1 x 10 - 3 x 10 ions/cm2 . SEM observations of irradiated

samples showed blister formation at a total dose of about 1 x

10 ions/cnr for both the metallic glasses. This value of

critical dose for hydrogen blistering is about an order of

magnitude higher than that for helium blistering in these

materials. On increasing the total dose in the range 1-3x10^-^

ions/cm , blister density was found to increase but flaking

and severe blister exfoliation was not observed. In genaral,

the surface exfoliation under hydrogen bombardment was not as

severe as observed earlier for helium bombardment. The

typical blisters observed for 1.5 x 10 ions/cnr irradiation

of Fe40Ni 4Q
P14B6 9l a s s a r e shown in Fig.2.8.la.
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Metallic glass Fe40 N^ 40 P14 B6 w a s a l s o thermally

crystallized by annealing in vacuum at 873 K for 2 hrs and

studied for hydrogen blistering. The critcal dose for 100 keV

irradiation of thermally crystallized Fe4Q Ni 4Q P-j^ Bg was
TO -p

determined to be 5 x 10 ions/cm , which is of similar

magnitude observed for many crystalline materials but is about

100% lower than the critcal dose for as-received amorphous

Fe4()Ni4QPj4Bg. However, this is in agreement with a similar

behaviour observed for helium blistering in amorphous and

thermally crystallized

TEM investigations revealed precipitation of implanted

hydrogen into gas bubbles in the glasses Fe4QNi4Q P1465 and

Fe40Ni38Mo4 B 1 8 as well as in thermally crystallized alloy
Pe40Ni40Pl4B6 . Typical hydrogen bubbles in Fe40 Ni 3 8Mo 4 BJ_Q

glass are shown in Fig.2.8.1b.

It is concluded that metallic glasses are susceptible to

hydrogen irradiation-induced blistering. Higher critcal doses

for hydrogen blistering as compared to helium blistering in

metallic glasses, is in agreement with the behaviour of the

two gases in crystalline metals, and can similarly be

attributed to relatively much higher solubility, diffusivity

and penetration depth of hydrogen as compared to helium.

Hydrogen precipitation into bubbles in metallic glasses is

reported here for the first time.

J. Nucl. Mater, (in press)

2.9 SURFACE DAMAGE OF METALLIC GLASSES BY ARGON ION

BOMBARDMENT*

(A.K. Tyagi and R.V. Nandedkar)

Metallic glasses Fe4oNi4OPi4Bg ,Fe40 Ni3gMo4 B18

Fe80B20 a n d Ni64Zr36 w e r e bombarded with 100 keV argon ions
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at room temperature to total doses of 1 x 10 - 3 x 10

ions/cm2 at 10 nA/cm2 and to total doses of 6 x 1 0 1 8 - 3xlO18

ions/cm2 at 50 uA/cm . The surface damage was -examined

using SEM. Changes in the surface topography were also

examined after post-irradiation aging at room temperature as

well as after annealing for 2 hours at three different

temperatures; 473, 673 and 873 K. The precipitation of

implanted argon into bubbles in metallic glasses was also

investigated. Typical results are shown in Fig.2.9.1.

Blistering was observed first at a total dose of 1 x 10 1 7

ions/cm2 . On increasing the dose the blister density

increased for doses in the range 1-6 x 10-^ ions/cm2 and then

gradually decreased for doses in the range 6 x 10-*-' - lxlCr"

ions/cm2 . Above 1 x 10^8 ions/cm2 , blisters almost

disappeared with concurrent roughening of the bombarded
19 2surface. At very high doses in the range 1-3 x 10 ions/cm /

the topography of metallic glass surfaces was found to be

rather featureless. The formation of erosional features like

cones and pyramids was not observed. Argon induced blistering

and surface roughening are shown in Figs.2.9.1a and b

respectively.

Coalescence and eventual disappearance of blisters was

observed on room temperature aging for 100 days and above

(Fig.2.9.lc). Blister formation and severe exfoliation was

observed after post-irradiation annealing at 673 K (Figs.

2.9.Id and e ) . Pin-hole formation was observed for

post-irradiation annealing at 873 K (Fig.2.9.If).

TEM investigations revealed a random distribution of

argon bubbles (80-400 A size and density - 8 x 101"/cm ) in

irradiated metallic glasses. Typical argon bubbles in

Fe 4 0Ni 4 0P 1 4B G, F e 4 0 N i 4 0 B 2 0 and Fe4Q Ni 3 8Mo 4 B l g glasses are

shown in Fig.2.9.1g, h and i, respectively.

* J. Nucl. Mater, (in press)
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^ ^ ^ ? S ^ ^ b̂ v-v̂ '"̂ .'jj?i c ^ p ^ c ^ i i ^
j S 4 r ^ * ^ 5 ^ -::V̂ V̂ >,';-̂ -;̂ )/iS &0&33®im^$
^ ^ ^ •"•_,•*,' "•"- *..:•.'''.••:•' ':''':Pk%\ I / ^ 3 J S ^ * :|ft^^Pi

Fig.2.9.1 Characteristics of metallic glasses on 100 keV .irgon ion
:(a) blistering in Fe.nNi,nP..Bc (for 6xlO

17

40 40 14 6
irradiation:

..Ni-nM
4U Jo

,B,„ (for
H lo

ions/cm ), (b) surface roughening of Fe

2 x 10 ions/cm ), (c) blister coalescence and surface
T y o

roughening of Fe J i . J ,B (for 6 x 10 ions/cm and 300K,

200 hrs anneal),(d) anneal induced blistering in Fe, Ni,_P ,B

(for 1x10 ions/cm and 673 K, 2 hrs anneal),(e) anneal
17 2

induced exfoliation in Fe,0Ni,0P ,B (for 6x10 ions/cm and

673 K, 2 hrs anneal) and (f) pin-hole formation in

and 873 K, 2 hrs anneal).

(g,h and i) bubbles in Fe.^Ni.-P.,B.

Fe/.nNi-joMo/.B, o for 1 x 10 ions/cm .

TO O

Fe, r iNi,nP1 ,B, (for 1x10 ions/cm40 40 14 6
Fe40N140B20 a n d
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2.10 HELIUM BLISTERING IN FERRITIC STEELS*

(B. Panigrahi, A.K. Tyagi and R.V. Nandedkar)

Two ferritic steels, designated as S4 and DTO2 prepared by

casting and powder metallurgy techniques respectively have

been studied for blistering behaviour after helium ion

irradiation. 3 mm diameter discs of S4 and DTO ̂  were heat

treated for 15 minutes at 1050°C folowed by 24 hours at 800°C.

The heat treated specimens were polished up to 0.2 5 micron

diamond abrasive and then implanted at room temperature at

normal incidence with 100 keV helium ions in a vacuum better

than 10 ~6 torr. The total dose was varied from 3 x 10 .^

ions/cm " to 9 x 10 ions/cm2 keeping the ion beam current

density constant at 30 uA/cm2 (1.8 x lO1^ ions/cm2 sec). The

irradiated specimens were examined in scanning electron

microscope (SEM) for surface topography. In addition

microhardness measurerant and transmission electron microscopy

(TEM) investigations were also conducted.

The SEM investigation showed blistering and exfoliation

in both the ferritic steels. The critcal dose of blister

formation was found to be nearly the same (8 +_ 1) x 10-

ions/cm 2 in both the alloys. The effect of increasing the

total dose was repetitive blistering. Figure 2.10.1a, b show

typical scanning electron micrographs of S4 and DTO2 samples

after irradiation to 9 x 10 1 8 and 2.7 x 10 1 8 ions/cm2

respectively. It car. be seen that five layers have exfoliated

in S4 at this dose. The blister skin thickness measured from

such micrographs agrees reasonably with the projected range of

100 keV helium ions in S4.

TEM investigations showed no preferential trapping of

helium at TiO2 particles present in DTO 2 • Also the TiO2

dispersion in DTO2 is only 2% . From this it was concluded

that the TiO_ dispersion does not influence the helium bubble

formation in DTO2.

* Phys. Stat. Sol. (a) 95, 99 (1986
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Fig.2.10.1 Typical SEM micrographs of alloys (a) S4 and
(b) DTO? irradiated to a total dose of

9 x 10 and 2.7 x 10 He ions/cm , respectively.
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2.11 ION BEAM MODIFICATION OF MICROHARDNESS AND ITS

CORRELATION TO SUB-SURFACE DAMAGE IN AGED NIMONIC 90

(K. Varatharajan, A.K. Tyagi and R.V. Nandedkar)

Nimonic alloys have good high temperature properties and

are the candidate materials for fast reactors. These high

temperature properties are attributed to the formation of

ordered Y' precipitates of Ni^CAl/ri). However, the stability

of these precipitates under irradiation is not clearly

understood. We report here the microhardness-microstructure

correlation of helium irradiated nimonic 90.

3 mm diameter discs after appropriate heat treatment

(1100°C 1 hr, water quenched followed by 930°C anneal 1 hr and

then slowly cooled to 800°C for 24 hrs) were examined in

transmission electron microscope for uniform distribution of

Y' -precipitates. These discs after metallographic polishing

were irradiated with 50 keV helium ions to different doses

ranging from 1 x 10 °- 1 x 10 ions/cnr at room temperature.

The measurement of microhardness as a function of dose showed

an oscillatory behaviour as shown in Fig.2.11.1. The data are

correlated with the microstructural changes determined by

transmission electron microscopy. From the micrographs the

average size, number density and volume fractions of

Y -precipitates were determined. Using these data, the

microhardness behaviour of ion implanted samples are

qualitatively explained usinq the existing theories on the

hardening mechanisms.

2.12 ION BEAM MIXING STUDIES IN Si-Cu SYSTEM

(K.G.M. Nair, P.K. Bhatacharya+ and K. Krishan)

Ion beam mixing was studied in Si-Cu system. Thin films

of copper (250 A) were vacuum deposited on single crystalline
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silicon wafers (111) and were irradiated with 130 keV Ar+ ions

to various doses ranging from 1.6 x 10 ions/cnr to 9.6x10
o 13 ?

ions/cm (at a constant dose rate of 8 x 10 ions/cm' sec).

The irradiations were done at room temperature. The mixing

produced near the surface was studied by Rutherford

backscattering (RBS), with 2 MeV alpha particles. The

concentration profiles obtained from the analysis of the RBS

spectra are shown in Fig.2.12.1. The diffusion coefficient

for mixing was calculated from the concentration profiles and
-14 2was found to be 1.5 x 10 cm /sec. Atomic mixing takes

place during ion bombardment mainly due to two processes;

cascade mixing and radiation enhanced diffusion (RED). The

diffusion coefficient for cascade mixing and RED were

estimated [1] for the present irradiation conditions and are

as follows: D c a s c a d e ~ 10~16 cm2/sec, DRED ~ 10" cm /sec.

The diffusion coefficient for RED is in close agreement with

experimental value of diffusion coefficient showing that

mixing has occured mainly due to radiation enhanced diffusion.

[1] S.M. Meyers, Nucl. Instr. & Methods 168, 265 (1980)

+ Nuclear Physics Division, Bhabha Atomic Research Centre,

Bombay 4 00 085

2.13 FOIL SPECIMENS FOR SWELLING AND CREEP MEASUREMENTS UNDER

COMPRESSIVE AND CYCLIC STRESSES*

(P. Jung+ and H.K. Sahu)

Light ion simulation of reactor irradiation situation has

been accepted as a powerful method for studying radiation

effects such as irradiation creep and stress affected void

swelling. But here the specimens are in the form of thin

foils which cannot normally sustain compressive stresses.

Therefore experiments in this area has been done under pure

tensile stresses. We developed a special apparatus and

specimen geometry to apply compressive stresses upto 100 MPa
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Fig.2.13.2 Specimen geometry for irradiation creep and void swelling
studies under corapressive stress.
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on 50 M m stainless stool foils subjected to 6 MeV proton

irradiation.

The foils bent vertically to a V-shape could sustain

compressive stresses much below the expected value given by

Euler's theory of columns. Moreover, the buckling tests

showed (Fig.2.13.1) strong dependence on specimen thickness,

temperature and cold-work level contrary to the theory. The

reason for such reduced strength could be traced to the

unstabilized specimen edges unlike the straight ones assumed

in the theory. The edges could be stiffened by bending the

specimen twice to have a N-shape. These specimens could be

loaded to higher stresses but were no good for cooling them by

helium jets. However, a W-shape with narrow side wings {0.25

mm) was finalised as it could take the compressive stress

without hindering specimen cooling. The geometry of these

spe.cimens is shown in Fig. 2.13. 2.

The loading was done by a dc motor. A motor control

circuit was employed to apply different stress cycles. With

this apparatus, irradiation experiments can be designed to

study z-adiation effects under compressive and cyclic stresses

in addition to the usual tensile stress.

* Work done at KFA, Julich, Federal Republic of Germany.

+ Institut fur Festkorperforschung, KFA, Julich, F.R.G.

2.14 IRRADIATION CREEP AND VOID GROWTH IN PURE STAINLESS

STEEL*

(FI.K. Sahu)

A study of the influence of stress on void swelling and

irradiation creep is important in identifying the underlying

basic atomistic mechanisms related to these phenomena. A

FeCrNiMo alloy in the range of type 31GL stainless steel was

melted, 20% cold-worked and formed into 50 Mm thick foil
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specimens having a geometry that allowed application of 100

MPa compressive and tensile stresses during 6.25 MeV proton

irradiation from a compact cyclotron to obtain a displacement

damage rate of 2 x 10 dpa/sec. Irradiations were done for

about 35 hrs to obtain a total dose of 0.24 dpa. The specimen

temperature was controlled to + 1 K by simultaneous resistive

heating and helium cooling from a closed cycle purifying gas

loop. The temperature profile along the specimen was

maintained uniform by controlled spraying of helium through

ten turbulent jets and was monitored by an infrared pyrometer.

The creep deformation was measured in-situ by means of four

LDVT's and the voids were observed by post-irradiation TEM

study.

The steady state creep rate of (2.1 + 0.25) x I0~3 dpa"1

in both the stress states suggest SIPA to be the dominant

creep mechanism in this regime. The average void difimeter and

total swelling under tensile stress is higher than that under

compressive stress at all temperatures between 400°C and

520°C. But the void density data under tensile and

compressive stress showed (Fig. 2 .14 . .1) a cross-over at about

475°C. An analysis of these data suggests that the applied

stress couples with certain athermal processes like

stabilisation of the vacancy rich cores of the irradiation

produced cascades into void nuclei by the existing gas atoms.

* Work done at KFA, Julich, F.R.G.

2.15 ELASTIC INTERACTION OF DEFECTS

(H.K. Sahu)

Point defects interact elastically through the strain

field they induce around them. The interaction energy

involves the strain dipole tensor and the elastic Green

function representing the response of the medium to elastic
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strains. In the present study the defects with a c-axis

anisotropy in a hep lattice are considered. Tne Green

function of the isotropic elastic theory is employed.

The interaction energy U(f) showed a (azimuthal angle) ij>

dependence as U(r") = R(r) (a + b cos <f> + c cos <t> ) . Here R is

the radial function and a,b and c are constants depending on

temperature and the anisotropy parameter fi of the dipole

tensor. 6 being a model parameter it can be used to represent

different defects and defect models. For isotropic defect <5 =

1 and U = 0 for all values of <j> , but for anisotropic defects

(5 / 1) U = 0 defines cones separating regions of attractive

and repulsive interaction. These cone angles depend on

temperature weakly for interaction between self-interstitials

in magnesium and zinc.

An attempt was made to examine the stability of defect

superlattice. It was possible to show that no superlattice is

stable only under the dipole interaction. Further work is in

progress to incorporate the higher order elastic interactions

in order to explain certain impurity superlattices in metals.

2.16 INTERNAL FRICTION STUDIES ON COLD-WORKED AND AGED 316

STAINLESS STEEL

(B. Purniah and S. Srinivasan)

As an extension of the work on Ni-C, it was sought to see

if a similar dislocation-point defect interaction peak could

be seen in cold worked 316 stainless steel samples. Since it

is known that the grain boundary relaxation occurs at the

temperatures at which the dislocation point defect peak

occurs, a thorough study to observe the grain size dependence

of internal friction was performed. Samples having grain

sizes between 10 and 400 yin were obtained by heating in a

vacuum furnace at temperatures between 1000 and 1300°C for

various times. The samples were quenched by passing helium
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gas into the furnace to prevent carbide precipitation. Figure

2.16.1 shows the internal friction curves in SS 316 for

various grain sizes. It is evident that there is a monotonic

increase in the internal friction with no hint of a peak till

600°C. This could possibly be due to the low value of

stacking fault energy in SS 316 (15 erg/cm2 ) which is not

sufficient to give rise to a measurable grain boundivry

relaxation [1]. Experiments on 19?; cold-worked samples do not

show any peak indicating that the mechanism for the

dislocation-point defect relaxation may not hold in this case.

The effect of M 23 C.6 carbide precipitation on the

background internal friction was studied by aging the samples

at 600, 700 and 800°C for different times prior to taking the

internal friction readings. The samples aged at 700°C showed

a larger background internal friction which increased as the

aging time was increased (Fig. 2.16. 2). It appears that this

increase may be due to the precipitation on the grain boundary

dislocations. However, it is to be noted that the effects

appear at aging times less than that required to appear in

x-ray diffraction, thus indicating that this technique can

provide a more sensitive tool to plot the time temperature

transformation curves.

[1J J.N. Cordea and J.W. Spretnak, Trans. Met. Soc. ASME 236,

1685 (1966)

2.17 ESTIMATION OF STRAIN DIPOLE TENSOR DUE TO INTERSTITIALS

IN HEXAGONAL CLOSE PACKED METALS

(B. Purniah, S. Srinivasan and K. Krishan)

The presence of an interstitial in an otherwise perfect

lattice causes an elastic distortion among the surrounding

atoms. A measure of this distortion is the strain dipole

tensor [1] which is defined as the strain per unit

concentration of defects. This quantity can be experimentally



= 65 =

obtained using techniques like internal friction and diffuse

x-ray scattering [2]. Theoretical estimation of the strain

dipole tensor A or of the stress dipole tensor P, has been

attempted for a few cubic metals. In the present

investigation, the stress dipole tensor P is evaluated for the

hep metals Zr and Hf due to interstitials carbon and oxygen in

the octahedral position (which has the largest void radius).

The estimation is done by the computer simulation method which

requires the specification of the host-host and host-impurity

interatomic potentials.

The host-host interatomic potential has been obtained by

relating the elastic constants to the derivatives of the

interatomic potential ij>(r), using the homogenous deformation

technique [3J. The expressions, evaluated upto fourth

neighbours, along with the known elastic constants and vacancy

formation energy are spline fitted to a quintic polynomial.

The short range part is approximated by a Born-Mayer

repulsion. The potentials derived in this manner for various

hep metals are shown in Fig.2.17.1 [4].

The host-impurity potential was chosen to be a cubic

polynomial having a value equal to zero and zero slope at the

cut off distance. The three coefficients of the potential are

determined from the impurity migration energy, activation

volume and impurity-vacancy binding energy.- While the

migration energy has been obtained from diffusion data, the

activation volume has been set to zero. The absence of

sufficient data for the impurity-vacancy binding energy has

been overcome by truncating the potential at a distance equal

to the lattice constant. These conditions were matched by a

trial and error process of running the migration and

activation volume calculations for a variety of potentials.

The potentials for Zr-0 and Zr-C are shown in Fig.2.17.2.

The migration and activation volume calculations have

been performed using a spherical crystallite containing 500
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atoms. Of these the central 234 atoms were allowed to relax

keeping the other atoms fixed. The results of the calculation

are shown in Table 2.17.1 below. Ef and Vf refer to the

formation energy and volume respectively. The calculated

migration energy E is shown along with the experimental

value.

Table 2.17.1 Summary of results

Interstitial E l V

CeV)

E jr(expt) DipOie tensor (eV)
m c

(eV) (eV) = P 22 33

c
0

0

[1

in

in

in

j

Zr

Zr

II f

A.S.

1,

2.

• 3 .

.38

.98

.30

Nowick

0.

-0.

0.

and

04 8

002

0

B.S

1

1

2

.48

.94

.16

1.

2.

2.

Berry,

48

04

26

1.

-0.

0.

.472

.049

.001

Anelastic

1.

-0.

0.

Relaxation

395

046

001

in

Crystalline Solids (Academic Press, New York, 197 2)

[2] R. Khanna, Ph.D. Thesis, University of Madras, 1982

[3] R.A. Johnson, Phys. Rev. B6_, 2094 (1972)

[4] B. Purniah, S, Srinivasan and K. Krishan, Nucl. Physics S

Sol. State Phys.(India) 2 3C, 742 (1980)

[5] B. Purniah, S. Srinivasan and K. Krishan, Proc. V Int.

Conf. on Point Defects and Defect Interaction in Metals,

eds. J. Takamura, M. Doyama and M. Kiritani (Univ. of

Tokyo Press, Tokyo, 1982), p.322.

2.18 INTERNAL FRICTION IN COLD-WORKED NICKEL CARBON ALLOYS

(B. Purniah and Radha Ranganathan)

Cold-worked bcc metals containing interstitially

dissolved impurities like carbon or nitrogen are known to

exhibit an internal friction peak between room temperature and

500 °C (for frequencies of about 1 Hz) known as the

Snoek-Koster (SK) relaxation. The various models proposed
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restrict the observance of the peak to only bcc metals.

However, Seeger [1] proposed a different model which opened up

the possibility of observing a similar peak for fee metals.

This work reports the experimental observation of the

cold-work peak for the first time in fee Ni-C alloys.

Experiments were done on four Ni wire samples containing 32,

122, 234 and 319 at ppm of carbon. The wires were cold-worked

using a hand operated wire drawing machine. Internal friction

measurements were made in a microprocessor based inverted

torsion pendulum apparatus operating between room temperature

and 600°C. Internal friction measurements of Ni-122 at ppm

carbon for 7% and 30% cold-work are shown in Fig. 2.18.1. The

absence of the peak for a 1100°C anneal (also shown in

Fig.2.18.1) confirms the fact that dislocations are

responsible for the relaxation. The effect of carbon content

is shown in Fig.2.18.2. The peak height appears to saturate

as a function of carbon content. The activation energy of the

process has been estimated by the peak shift method to be 1.7

+; 0.1 eV for all the samples. The value obtained 'Using

Seeger' s theory is 1.63 eV which agrees very well with the

experimental value.

[1J A. Seeger, Phys. Stat. Sol. (a) 5_5, 457 (1979)

2.19 STRUCTURE, DEFECTS AND PROPERTIES OF METALLIC GLASSES*

(K. Krishan)

A new approach is presented for the structural model for

metallic glasses. The approach is based on the double well

potential minima or AHV centres proposed by Anderson et al [1]

which are assumed to be a basic feature of the amorphous

state. It is shown by numerical calculations using a

long-range interatomic pair potential that an AHV center can

be formed by the distortion of a local crystalline atomic

arrangement. For specific calculations an hep stacking for

neighbours is assumed but other arrangements like fee or bcc
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could also be considered. The anharmonic displacement fields

(ADF) produced by such a distortion give rise to such centers

but involves a coupling with the more distant (fourth)

neighbours. By invoking a local symmetry condition and

distant-neighbour ADF coupling it is shown that a continuously

random interpenetrating network is an appropriate model for

metallic glasses. This, in a sense, is an extension of the

continuous random network model recently proposed by Gaskell.

Defects in this model are identified as sites where two

networks lock by sharing an atom and such sites are called

configuration locks. At configuration locks the excess volume

is locked but can be thermally dissociated to give rise to

holes which arc responsible for diffusion in glass. This

provides an explanation for the duality picture for the excess

volume suggested by Cahn [2], Based on this structural model

a qualitative explanation of the pair distribution function,

structural relaxation, transport properties, ideal glass,

crystallization and glass transition temperature is given. A

significant feature of the model is that it unifies a number

of concepts associated with the glassy state and provides a

consistent picture which can be used for quantitative studies

for structure, defects and properties of metallic glasses.

The approach may also provide a link with other systems like

spin glasses and oxide glasses.

[1] P.W. Anderson, B.I. Halperin and C M . Verma, Phil. Mag.

25_, 1 (1972)

[2] R.W. Cahn, C.R. 21 Colloque de Metallurgie Speciale, Saclay

(1978)

* J. Non Cryst. Solids 53, 83 (1982)

2.20 CALCULATION OF RADIATION-INDUCED INSTABILITY IN

CONCENTRATED ALLOYS*

(K. Krishan and C. Abromeit+)

Long-range concentration fluctuation (spinodal-type
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decomposition) with a wavelength of 45 A has been reported [1]

by Wagner, Poerschke and Wollenberger in a concentrated Cu-Ni

alloy during electron irradiation. The differences from

therrnodynamic models in the kinetics of this decomposition

have prompted the present investigation of an

irradiation-induced process. The system is treated as a

dissipative structure in which a small bias in the

vacancy-interstitial recombination reaction and irradiation

mixing effect in enriched zones of the alloy produces fluxes

of interstitials leading to growth and shrinkage of such

zones. The system is modelled in a mean-field treatment as a

homogeneous lossy medium with a nonlinear coupling of the

defect concentrations and an averaged parameter characterising

these zones. A linear stability analysis shows that an

instability can develop in such a solid solution leading to

concentration fluctuations. The model yields a temperature

and dose-independent wavelength which is not inconsistent with

experimental observations.

[1] W. Wagner, R. Poerschke and H. Wollenberger, J. Phys. F:

Met. Phys. 12, 405 (1982)

* J. Phys. F: Met. Phys. 1_4_, 1103 (1984)

+ Hahn-Meitner Institut fur Kernforschung, Berlin, F.R.G.

2.21 INFLUENCE OF IRRADIATION ON THE SPINODAL DECOMPOSITION OF

A CONCENTRATED ALLOY*

(C. Abromeit+ and K. Krishan)

The compositional changes in a concentrated alloy under

irradiation are discussed. In particular the case when the

irradiation is used as a tool to determine spinodal

decomposition kinetics in alloys is considered where thermal

diffusion is too small to measure. The effects of defect

concentration supersaturation on free energy changes.
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irradiation enhanced diffusion, and direct processes like

displacement mixing could directly be incorporated in the

amplification factor a(k ) used by Cahn in the theory of

spinodal decomposition. They result in an enhancement of a(k2)

and a shift of the critical wavelength to larger values.

Defect reactions like defect production, diffusion and

recombination are treated by a linear stability analysis in

the sinkless case. The question of irradiation induced

homogeneous decomposition has been specifically examined for

these processes. No phase instability due to irradiation is

induced, but the thermodynamic decomposition kinetics is

modified.

* Acta Metall. 21' 1 5 1 5 (1986)

•+ Hahn-Meitner Institut fur Kernforschung, Berlin, F.R.G.



3. LOW TEMPERATURE STUDIES

3.1 BETA PHASE INSTABILITY IN NbTi ALLOYS

(Y. Hariharan, A.L.E. Terrance* and T.S. Radhakrishnan)

The transition metal alloys rich in titanium quenchd in

the bcc .B chase exhibit a variety of phase transformations

[1]. A particularly interesting feature is the is tabili I:y of

the system to athermal a transformation driven by tho

softening of the (2/3)<lll> longitudinal phonons [2], and

having its precursor effects in the form of dynamical <o

fluctuations at temperatures much above the actual B -u

transformation. Presence of such fluctuations load to an

anomalous increase in the resistivity of these alloys, and

also affects superconducting properties such as upper critical

field. Measurement of low temperature resistivity,

superconducting transition temperature, and upper critical

field H c 2 (T) have been performed on the alloys Nb-65 at% Ti,

Nb-73 at% Ti, Nb-84 atS Ti and Nb-84 at% Ti with 1 at% N to

understand the role of the p-phase instability. All the

samples except Nb-84 at% Ti were single phase bcc at room

temperature and were unstable to athermal ,,,-transf ormation.

The as-quenched Nb-84 atl Ti showed a mixture of orthorhombic

a" and the retained c. Addition of 1 at% N to this alloy

suppressed the "transformation" and retained the alloy in the

.&-phase with a concommitant instability.

Figure 3.1.1 shows the plots of temperature dependence of

resistivity for these alloys. For Nb-84 at% Ti, which had

undergone a martensitic transformation to <o " , resistivity

showed a normal decrease with temperature with p-, „„. / P300K =

0.5, a value typical for solid solution alloys. Resistivity

of Nb-65 at% Ti and Nb-73 at! Ti also showed a linear p vs T

behaviour but with much reduced positive values of d^/dT; the

value of d p/dT for Nb-73 at? Ti was lower than that for Nb-65
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at% Ti. When Nb-84 at% Ti is retai.ned in the nietastable

B-phase by the addition of 1 at?. N , resistivity behaviour

shows a negative dp /dT in the temperature range 80-300 K ;

below 80 K, resistivity shows the decrease with temperature.

The negative dp/JT for this alloy as also the unusually small

positive values of dp /dT for Nb-65 at% Ti and Nb-73 at* Ti

have been interpreted as direct manifestations of the inherent

instability of the B-phase to a thermal (u-transf orrna t ion . For

the nitrided Nb-84 at" Ti alloy B -« transformation presumably

take? place around 80 K. Nb-73 at% Ti shows a small slope

change at 35 K which can again be interpreted as due to the

formation of u-precipitates. For the Nb-65 atl Ti alloy, we

expect the B - to transformation to occur at even lower

temperatures.

The value of the low temperature normal state resistivity

p for the nitrided Nb-8 4 at% Ti is higher by a factor of two

when compared with unnitrided Nb-84 at?. Ti. Combined with its

higher T c, this could result in a higher value of HC2 • The

measured values of dH c2 /dT for the nitrided Nb-84 atl Ti has

indeed been found to be about 60 u higher than for the

unnitrided Nb-84 atl Ti.

[1] D.C. Larbalestier, Nb-Ti Alloy Superconductors - Present

Status and Potential for Improvement in Advances in

Cryogenic Engineering Materials, eds. A.F. Clark and R.P.

Reed (Plenum, New York, 1980) Vol.126, p.10

[2] S.L. Sass, J. Less Common. Mat. 28, 157 (1972)

* Materials Development Laboratory, 1'CCAR.

3.2 ANOMALOUS RESISTIVITY IN NbTi ALLOYS

(Y., Hariharan, M.P.. Janawadknr and T.S. Radhakrishnan)

The unusually small values of dP/dT for the Nb-65 at% Ti

and Nb-73 at! Ti as also the negative value of dp/dT in the
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nitrided Nb-84 at% Ti have been interpreted as direct

manifestation of the inherent instability of the quenched

B-phase. When the instability is relieved by a martensitic

transformation to <*" phase, as occurs in the ununitrided Nb-84

at% Ti, the resistivity decreases with decrease in

temperature. The measured resistivity of the unnitrided Nb-84

at% Ti can thus be taken to be representative of the "normal"

temperature dependent resistivity in these alloys. The

"anomalous" contribution to the resistivity of Nb-65 at% Ti,

Nb-73 at% Ti and the nitrided Nb-84 at% Ti can then be

obtained by subtracting the measured resistivity of Nb-84 af£

Ti. The source for this "anomalous" increase in resistivity

has been sought in the dynamical u-fluctuations taking place

in the metastable co-phase. The athermal u-transformation is

believed to be driven by the softening of the (2/3) <111>

longtudinal phonons. This envisages displacements such that a

pair of planes normal to <111> direction move towards each

other leaving every third plane unmoved. Fluctuations in the

positions of these planes between the parent 3 - and the

product u-phases therefore occur; these have been deduced to
— 7have a long lifetime of 10 sec [1]. The resulting

scattering of conduction electrons can be pictured as that

from scattering centres with an internal degree of freedom.

The situation is analogous to the one encountered in metallic

glasses, and leads one to expect an anomalous contribution

Ap(T) given by [2]

A P (T> = c In (T2 + A 2 ).

The inferred anomalous resistivity for Nb-65 at% Ti, Nb-73 at%

Ti and nitrided Nb-84 at% Ti has therefore been fitted'to the

formula

Ap(l) = A + c In (T2 + A2 ) ,

where A is a temperature independent parameter. The fit (see

Fig.3.2.1) turns out to be excellent in all the three alloys

vindicating the correctness of the underlying ideas.
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[1] W. Lin, H. Splat and B.W. Batterman, Phys. Rev. B13, 5158

(1976)

[2] R.W. Cochrane, R. Harris, J.O. Strom-Olsen and M.J.

Zuckermann, Phys. Rev. Lett. 35, 676 (1975)

3.3 CRITICAL FIELD STUDIES IN Nb-65 at% Ti ALLOY

(Y. Hariharan, V. Sankara Sastry, M.P. Janawadkar and

T.S. Radhakrishnan)

Nb-Ti alloys used commercially have a composition which

is titanium-rich although the superconducting transition

temperature T c peaks towards the niobium rich compositions

[1J. This is on account of the increased values of the normal

state resistivity P and hence the upper critical field HC2

of the titanium rich alloys. To investigate the effect of

various thermomechanical treatments on P and H „,
n cZ

measurements have been performed on Nb-65 at% Ti alloy as a

function of thermomechanical treatments.

Measurements of normal state resistivity and

superconducting transition temperature in presence of external

magnetic fields of upto 5 T were performed in an exchange gas

cryostat. Values of dHc2/dT at T c were obtained from the

initial slopes of H c 2 -T curves. As shown in Fig.3.3.1 a plot

of dfJc2/dT at T c vs p clearly reveals a linear correlation

between the two. It appears that short term heat treatments

at 400°C lead to increase in the values of p upto 100 v& cm
n

whereas cold-working followed by prolonged annealing at 400°C

appear to yield lower values of p . These changes .occur on

account of the decomposition of the metastable p-phase.

Measurements of Pn on single filaments taken from

commercially processed NbTi wire having the same composition

have yielded lower values of P = 5 0 \iu cm. It is thus

clear that the heat treatments which are used commercially to

optimise Jc do not necessarily result in the best values of

H „ attainable in these alloys.
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[1] D.L. Larbalestier, in 'Superconductor Materials: Science,

Metallurgy, Fabrication and Applications', eds. S. Foner

and B.B. Schwartz (Plenum, New York, 1980) p.133

3.4 ALPHA PARTICLE DAMAGE TO SUPERCONDUCTIVITY IN Nb -jSn

(U. De, V. Sankara Sastry, Y. Hariharan and

T.S. Radhakrishnan)

It is well known that the superconducting transition

temperature T c degrades in most A15 superconductors on

radiation damage by fast neutrons or charged particles. In

order to understand the mechanism for the degradation of 'l'c ,

the following experiments were performed:

1, A chemical vapour-deposited Nb 3 Sn layer on Hastelloy

substrate was irradiated by alpha beam at the VEC Centre,

Calcutta. The target holder was water cooled. The results

are compared in Table 3.4.1 with those obtained by Poate et

al [1].

Table 3.4.1 Degradation of superconducting transition

temperature of N

Present

work

Ref.[1]

a Energy

(MeV)

13.6

13.6

2

2

Fluence

(1016/cm2)

15.6

18.2

2.8

3.2

dea*

(eV)

2.19

2.55

2.19

2.55

rp ( XS \
Tco ( K ;

13.48

13.78

18.1

18.1

TC(K)

12.28

11.2

12.1

11.1

* d e a is damage energy/lattice atom discussed in Ref. [2 ]
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The main result is that when the initial transition

temperature T is low the degradation of T is small in

contrast to the case when T is high.
co r

2. A multifilamentary wire of overall diameter 0.4 nun

consisting of 3000 filaments of thickness 3 \im produced by

the bronze route was irradiated by 45 MeV alpha beam at the

VEC Centre, Calcutta. A liquid nitrogen cooled target

holder was used. After irradiation, the filaments were

separated by etching in UNO, . The single filaments have

undergone damage to different extents, depending upon their

location in the direction of the beam. Techniques have

been developed co ueasure the Tc of a single Nb3Sn filament

resistively. An aggregate of 20 filaments together was

used to study the lattice parameter in an x-ray

diffractometer.

The highlight of this experiment was the production of a

wide spectrum of damage from the threshold to a high value in

individual filaments as a function of depth in the beam

direction. The T after irradiation as a function of depth is

shown in Fig.3.4.1.

The shortcoming of this experiment was the inability to

produce filaments that are completely reacted to form Nb3Sn.

In the bronze technique, it is difficult to avoid unreacted

regions of Nb. This has been seen in x-ray diffraction. The

original objective of studying the resistivity vs temperature

for the filaments in the varying extent of damage was thus not

realised.

[1] J.M. Poate, R.C. Dynes, L.R. Testardi and R.H. Hamond,

Superconductivity in d and f Band Metals,ed. D.H.Douglass

(Plenum, New York, 19 7S)

[2] U. De, R. Khanna, Y. Hariharan, V.Sankara Sastry, T.S.

Radhakrishnan and D. Ghosh, Proc. Indo-Soviet Conf. on Low

Temperature Physics, ed. R. Srinivasan, Bangalore, 1984
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RESISTANCE ( ARBITRARY UNITS )

Fig.3.4.1 Superconducting transitions of Nb^Sn: curves u
(unirradiated} and r (irradiated (1.79 x 10 1 7

a/cm')) correspond to CVD layer samples. Plots
I, II, I J.I are for single filaments isolated from
increasing depths of an a-irradiated multifila-
mentary wire.
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3.5 SUPERCONDUCTIVITY AND STRUCTURAL INSTABILITY IN

(M.P. Janawadkar, V. Sankara Sastry, Y. Hariharan and

T.S. Radhakriohnan)

At ambient pressures, EuMog S3 is not found to undergo a

superconducting transition down to 17 mK, although its

isostructural counterpart PbMogSg shows a high T » 14 K.

This absence of superconductivity at ambient pressure is

attributed to a structural transformation froiu a rhombohedral

metallic phase to a triclinic semiconducting phase occuring at

~ 110 K as the sample is cooled. Studies reported in the

literature on EuMogSg show divergent and conflicting results

[1,2,3].

We have carried out a systematic study of the

temperature dependence of electrical resistivity of EuMogSg in

the pressure range 0-70 kbar. The pressure p was generated in

a Bridgman anvil apparatus: p.essure locked at room

temperature was actually monitored by measuring the

superconducting transition temperature of a lead manometer

located in the same pressure assembly.

Figures 3.5.1 and 3.5.2 show plots of normalized

resistivity p(T)/ p(300) against temperature. The

semiconductor like behaviour, observed at ambient pressure,

persists upto a pressure of 31 kbar. From 36 to 70 kbar, p (T)

progressively shows a metallic behaviour in the temperature

range 30-300 K, v/hile being semiconductor like below 30 K.

Further, upto a pressure of 39 kbar, a small drop in

resistivity is observed as the temperature is decreased below

10 K leading to a maximum in the P-T curve. Based on the

current dependence of the resistance and on its behaviour in a

magnetic field, this drop is attributed to a superconducting

transition. It is also seen that dT /dp is -3.9xJ.0~ K/bar

leading to a T depression to below 1.2 K at 51 kbar.
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The experimental data indicate that the application of

pressure inhibits structural transformation, thereby promoting

superconductivity. The incomplete superconducting transition,

the magnetoresistance behaviour and the persistence of

semiconductor like behaviour at all pressures indicate that at

high quasi-hydrostatic pressures EuMOgSg contains an admixture

of two phases - a rhombohedral metallic phase and a triclinic

semiconducting phase. This could imply the existence of

strong anisotropy effects in this compound.

[1] C.W. Chu, S.Z. Huang, C.1I. Lin, R.W. Meng, M.K. Wu and

P.H. Schmidt, Phys. Rev. Lett. _46, 276 (1981)

[2] R.N. Shelton and A.R. Moodenbaugh, Phys. Rev. B24, 2863

(1981)

[3] R.W. McCallum, W.A. Kalabach,

T.S. Radhakrishnan, F. Pobell, R.N. Shelton and P.

Klavine, Sol. Stat. Commun. 4°, 819 (1982)

3.6 LOW TEMPERATURE MEASUREMENT WITH GERMANIUM THERMOMETERS

USING A PULSED TECHNIQUE

(S. Kalavathi, L. Pathak*, V. Sankara Sastry and T.S.

Radhakrishnan)

A conventional technique to measure low temperatures

using the germanium resistance thermometer (GRT) has been to

employ a dc constant current source to feed a known value of

dc current in the thermometer element and measure the

postential difference generated across it by a microvoltmeter

of sufficient sensitivity. To avoid self heating in the

thermometer, the value of the current employed has to be

restricted to a low enough value so as to limit the potential

drop across the GRT to between 1 and 10 raV. Accurate

measurement of temperature with CRTs usually requires the

resistance to be measured to four significant digits, and it

becomes necessary ot have a sensitivity of less than 1 |iV.
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The proposed technique of using a pulsing circuit to pulse the

output of the dc constant current source allows amplification

of such low level signals to be carried out with relative

ease; an ordinary 4-'i digit DPM with a resolution of 100 |iV can

then be employed to measure resistance of the GRT to

sufficient precision. By reducing the duty cycle, the

technique also allows higher values of current to be employed

than are permissible in the usual dc measurement, without the

undesirable self heating effects.

* Electronics and Instrumentation Laboratory,1GCAR.



4. X-RAY STUDIES

4.1 GLANCING ANGLE X-RAY DIFFRACTION INVESTIGATIONS OF

SUB-SURFACE DAMAGE IN He-IRRADIATED NICKEL*

(Rita Khanna, R.V. Nandedkar, G.V.N. Rao and A.K. Tyagi)

Glancing angle (-s°-2°) x-ray diffraction technique has

been used for the first time for investigating sub-surface

damage in helium irradiated nickel. The damage, confined near

the surface region to a few thousand A, comprises of

displacement type and implanted species. As x-ray penetration

depth (for 99% absorption) can be continuously varied as a

function of angle of incidence and x-ray wavelength, accurate

lattice parameter measurements (back-reflection) can be used

to obtain cumulative information regarding long and

short-r^nge strain fields of defects. High purity nickel

foils (3 mm dia, 1 mm thick) were irradiated at room

temperature with 100 keV helium ions to fluence levels in the
17 1 D p

range of 10 - 10 He/cm . In nickel, the projected range

of these ions is about 0.25 Mm. CrK and CuK x-rays

incident at 1° can respectively probe 0.6 wn and 2.0 jam

depths. The results are; (a) for dose levels upto 5 x 10 1 7

He/cm , a rather large decrease in lattice parameter

(0.006-0.015 A) was observed with CrKQ . With CuKa , strain

fields ranging from -0.015 A to +0.035 A were observed

indicating the presence of two different defect species of

opposite nature in the specimen, and (b) for higher doses,

lattice expansion (0.004-0.015 A) was observed both with CrK

and CuK . However a structural transformation, indicated by

the appearance of a new line (d = 1.253 A) was observed with

CrK a . As only a limited region of reciprocal space can be

explored with the present set up, detailed investigations of

the phase transformation are being carried out using

transmission electron microscopy.

a

* Proc. 7th Int. Conf. on Ion Beam Analysis, Berlin, F.R.G.,

July 1985.
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4.2 CO-EXISTENCE OF MULTIPLE-ORDER QUASICRYSTALS IN Al-Fe*

(Rita Khanna and R.V. Nandedkar)

Recent transmission electron microscopy measurements of

Schechtman et al [1] on rapidly quenched aluminium-transition

metal (Mn, Fe, Cr) alloys indicate sharp diffraction peaks

with icosahedral point symmetry. This result has stimulated a

lot of theoretical activity and structure modelling.

We have carried out a detailed x-ray diffraction study on

rapidly quenched A182 FG18 alloy. The diffraction pattern

contained no lines due to free Al, Fe or their well known

alloy phases. Following Bancel et al [2], the observed

diffraction pattern was indexed for an icosahedral phase using

six of the twelve vectors pointing to the vertices of an

icosahderon. One also requires a length scale Q m the

reciprocal space. With the choice of Q* as 1.623 A ,

twentythree diffraction peaks of the observed data were found

to match very well with calculated 'd' spacings. Another

twentytwo peaks were still left unindexed. This second set

could however be completely indexed to another icosahedral

phase by choosing hQ* as the length scale.

This result indicates the presence of two icosahedral

lattices in Al-Fe with their lattice parameters in the ratio

1:2. At present the source of these two sets of diffraction

data is not clear. Irradiation experiments are currently

underway to probe the lattice structure through strain field

measurements.

[i] D. Schechtman, I. Blech, D. Gratias and J.W. Cahn, Phys.

Rev. Lett. _53_, 1951 (1984)

[2] P.A. Bancel, P.A. Ileiney, P.W. Stephers, A.J. Goldman and

P.M. Horn, Phys. Rev. Lett. 54, 2422 (1985)

Scripta Metall. 20, 395 (198G;



4.3 SEPARATION OF THERMAL COMPONENT IN DIFFUSE SCATTERING FROM

DISORDERED BINARY ALLOYS*

(Rita Khanna)

In a disordered alloy, the experimentally observed

diffuse x-ray intensity contains contributions from the

short-range order, thermal vibrations and static displacements

due to anti-site size effect. These contributions are

pei-iodic in nature and each has different symmetry in

reciprocal space. The data analysis method due to Borie and

Sparks (BS) [1] uses this fact to separate various

contributions. However, they are not able to separate

contributions due to thermal diffuse scattering (TDS) and

second order static displacement scattering. We have

developed a new data analysis scheme to separate the thermal

component and also to evaluate its effects on other forms of

diffuse scattering. Representing atomic positions r*m as r"m =
Rm + u m + 6m where, Rm , u m and 5m are the average lattice

vector, static and dynamic displacements respectively, x-ray

scattering intensity can be split into two sums. The first

sum represents the Bragg intensity plus first order TDS. The

second sum contains terms due to short-range order and due to

static displacements. The long-range behaviour is then

obtained by using the asymmetry of diffuse scattering around

superlattice reflections in conjunction with BS analysis.

Once evaluated, TDS contribution can be subtracted and the

remaining diffuse scattering can be reanalysed using BS

method. The coefficients thus obtained will have

contributions only from static displacements.

[1] B. Borie and C.J. Sparks, Acta Cryst. A27, 198 (1971)

Phys. Stat. Sol.(a) 84, 95 (1984)



4.4 SOLIDIFICATION OF ARGON BUBBLES IN NICKEL*

(Rita Khanna, A.K. Tyagi, R.V. Nandedkar and G.V.N. Rao)

Inert gases implanted into a solid precipitate out in the

form of small bubbles. These bubbles have extremely high

pressure which may lead to solidification of gas at room

temperature in the matrix. We have studied solidification of

argon in high purity nickel after 100 keV argon implantation

to doses 1 x 10 - 1 x 10' Ar/cm . The technique used to

probe solidification is glancing angle x-ray diffraction [1].

Eight diffraction lines were recorded and could be indexed to

an fee structure. The lattice parameter of solid argon in

nickel was found to be 0.41620 _+ 0.0011 nm.

With the measured value of the lattice parameter of solid

argon in nickel, the pressure in the bubbles was calculated

using Ronchi equation of state [2]. This Ronchi pressure ("

50 GPa) was found to be much higher than the pressure (~ 14

GPa) required for bubble growth by dislocation loop punching

mechanism. It was concluded that the Ronchi pressure does not

seem to be the correct representation of pressure of the argon

bubbles in nickel. Since only data upto a maximum of 18 GPa

has till now been fitted to the Ronchi equation of state, the

present discrepancy raises doubt about the validity of this

equation at very high pressures.

[1] Rita Khanna, R.V. Nandedkar, G.V.N. Rao and A.K. Tyagi, in

Proc. 7th Int. Conf. on Ion Beam Analysis, Berlin, July

1985

[2] C. Ronchi, J. Nucl. Mater. 16, 314 (1981)

* Scripta Metall. 20, 181 (1986)



5. HIGH PRESSURE STUDIES

5.1 EVIDENCE FOR A CHANGE IN THE FERMI SURFACE ACROSS THE

MAGNETIC TRANSITION

(Mohammad Yousuf, P.Ch. Sahu and K. Govinda Rajan)

The insitu electrical resistivity of nickel and iron were

measured at high pressure and temperature upto 50 kbar and

1300 K, respectively. It is observed that in nickel.

(Fig.5.1.la), the pressure coefficient of the electrical

resistivity (PCR) changes sign and magnitude across the

magnetic transition temperature. On the other hand, the PCR

of iron (Fig.5.1.1b) is almost independent of temperature.

Anomalous behaviour of the PCR of nickel can be explained

qualitatively by assuming that the band structure changes on

crossing the magnetic transition, thereby providing

experimental evidence to Mott's conjecture that there is a

significant Fermi surface change across the magnetic

transition. As a consequence of the Fermi surface change near

the Curie temperature and the fact that the exchange splitting

energy is small in nickel, it is possible to invoke the

exchange version of Baber scattering which is proportional to

J and pressure

transition [1].

J and pressure, leading to a positive PCR above the magnetic

[1] Mohammad Yousuf, P.Ch. Sahu and K. Govinda Rajan, Phys.

Rev. B: Condensed Matter Phys. _34_ (1986)

5.2 PRESSURE-INDUCED DEFECT RECOVERY IN STAINLESS STEEL

(P.Ch. Sahu, Mohammad Yousuf, V.S. Raghunathan* and

K. Govinda Rajan)

Recently attention has been focussed on. the recovery of

defects under pressure. For example, UC indicates squeezing

of point defects upto 60 kbar and is a strong function of



Fig.5.1.1 Resistivity of (a) Ni and (b) Fe at high pressure and high temperature.
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Fig.5.2.3 Transmission electron micrograph of cold-worked
SS with tangled dislocation structure.

Fig.5.2.4 Polygonized dislocation structure in SS
above 20 kbar.
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stoichometry. n-irradiated molybdenum exhibits the stage III

recovery at 90°C for an applied pressure of 40 kbar. At

atmospheric pressure, this occurs at 150°C. Two structural

relaxation stages in mer.glas 2826 were brought down to room

temperature with pressures of 40 and 60 kbars respectively.

Spurred by the above results, high pressure electrical

resistivity experiments on highly cold-worked stainless steel

(AISI 316) were performed. At 20 kbar a resistivity minimum

with an associated relaxation time of 500 s indicated a

recovery process in thê  material. This is shown in Fig.5.2.1.

This result v/as corroborated by TEM and microhardness

experiments on post pressure samples. Figure 5.2.2 shows the

recovery of 316 SS at 20 kbar. In fact the TEM results are

more interesting: cold-worked SS is endowed with a tangled

dislocation structure (Fig.5.2.3) which beyond 20 kbar is

found to transform into a well defined polygonized dislocation

structure (Fig.5.2.4). We propose that the recovery process

is activated through enhanced vacancy concentration caused by

deformation and the pressure induced vacancy-dislocation

interaction. Consequently the pressure assisted dislocation

mobility leads to polygonization [1].

[1] Mohammad Yousuf, P.Ch. Sahu, V.S. Raghunathan and K.

Govinda Rajan, J. Mat. Sci. 21, 1956 (1986)

*Metallurgy Programme, IGCAR.

5.3 PRESSURE-INDUCED STRUCTURAL RELAXATION IN AMORPHOUS

METALS*

(K. Govinda Rajan and Mohammad Yousuf)

From many detailed studies on alloys, rapidly quenched

from the melt, the following picture emerges: (a) these alloys

are never fully stabilized and (b) subsequent annealing, which

does not cause crystallization induces changes in the
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structure which results in dens.ification. The effect of this

kind of structural relaxation in a number of physical and

mechanical properties in liquid quenched metals has been well

examined. The nature of the influence of structural

relaxation on the physical properties is believed to be

connected to the increased topological short range order in

the amorphous system.

The first observations of pressure induced structural

relaxation in the amorphous system Fe4Q Ni4n
 pl4 Bg were

reported from this Laboratory*. This alloy was found to

undergo at room temperature two stages of structural

relaxation at around 40 and 60 kbar respectively. Electrical

resistivity and x-ray diffraction were used to monitor the

relaxation, and the results point out that pressure stabilizes

the liquid-like features in a rapidly quenched amorphous

alloy.

In Fig. 5.3.1, the steady state electrical resistivity of

the alloy is shown as a function of pressure, along with the

observed relaxation time. The XRD obtained from the sample is

similar to what is shown in Fig.5.3.2a. The various features

of the XRD curve analysed (see Figs. 5.3.2b through d) show

the marked changes observed near the pressures at which

structural relaxation occurs.

* J. Mat- Sci. Lett. 3, 149 (1984

5.4 BEHAVIOUR OF COLD-WORKED THORIUM AND URANIUM UNDER HIGH

PRESSURE*

(P.Ch. Sahu, K. Govinda Rajan and Mohammad Yousuf)

A study of the influence of high pressure on the

behaviour of defects affords useful information which can be

used deligently to infer the mechanisms that operate in defect

interactions at normal pressure. An aspect on which very



o
X

COLO-WORKED URANIUM

40 60 80

PRESSURE (kbar)

100

Fig..5.4.1 Reduced resistivity ratio R = (P^-P.)/p. as
LA A

(>„ and p are resisti-a function of pressure.

vities of the cold-worked and annealed samples,
respectively.



= 9 9 =

little work has been so far done concerns dislocations. The

influence of hydrostatic pressure on the mobility of

dislocations was considered to be nil as it was argued that

shear stresses are necessary for the creation and mobility of

dislocations. Careful measurements on highly cold-worked

thorium and uranium showed clearly that certain characteristic

pressure-induced recovery phenomena occurring in these metals

can only be accounted for by postulating a dislocation

rearrangement. Electrical resistivity, transmission electron

microscopy and differential scanning calorimetry measurements

were performed. Figure 5.4.1 shows the decay of electrical

resistance with pressure in uranium, and indicates the

completion of a stage near 20 kbar. It is believed that the

excess vacancies created during the cold-working are made

mobile under high pressure, and thus aid the dislocation

rearrangement.

* Proc. Workshop on Actinides under Pressure, EITU, Karlsruhe,

F.R.G. (1983)

5.5 EFFECT OF MAGNETIC TRANSITION ON THE LATTICE EXPANSION OF

NICKEL

(Mohammad Yousuf, P.Ch. Sahu, K. Govinda Rajan,

H.K. Jajoo* and S. Rajagopalan*)

Nickel undergoes a ferromagnetic to paramagnetic

transition at T c ~ 62 9 K. It has been reported that Ni

expands on becoming paramagnetic leading to an anomaly in the

lattice expansion. In a magnetic metal like Ni, the thermal

expansion coefficient 8 consists of two parts: B(T) =

Bm(T),where 0p(T) is the lattice part and 0m(T) is the magnetic

part. By using appropriate theories, the magnetic

contribution B
m(T) can be separated from the experimentally

determined B ( T ) .

The lattice expansion in a nominally pure (99.999%)

nickel has been measured to within E = |(T-T_/T_)| = 10~ . A
1 L̂  \^
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vertical geometry x-ray powder diffractometer with a high

temperature attachment was used which gives temperature

stability of +_ 0.5 K and lattice parameter accuracy upto

jfO.OOOl A. The measured lattice parameter along with the

magnetic part of the thermal expansion coefficient B
m(

T) a r e

plotted in the Fig.5.5.1. The Bm(T) vs T curve clearly shows

a x-type anomaly around T c ~ 62 9 K. The B
m(T) was fitted to

the equation:

+ ±
+ ± _ a ~ ± X ±
6~(T) "-= A e (1 + E e ) + B
m

where '+' refers to T > T c and '-' refers to T < T c regions.

Renormalization group theory predicts X~~ = 0.50. In our

analysis, the best fit was obtained for X~ = 0.51 in the

temperature range 628 K - 614 K (T < Tc) and 630 K - 639 K (T

> T c ) . The critical parameters obtained for T c = 629.8 K are

a~= -0.097 + 0.006, a+ = -0.107 ± 0.006, A~/A+ = 1.21, E /E

0.5 and B~/B+ = 1.29.

The origin of the anomalous expansion of Ni at Tc during

magnetic transition is considered to be due to band structure

effects [1]. Mott conjuctured that during the magnetic

transition, the Fermi surface in Ni undergoes a change. Our

high pressure-high temperature resistivity study on Ni and the

recent perturbed angular correlation measurements corroborate

this.

[1] Mohammad Yousuf, P.Ch. Sahu, H.K. Jajoo, S. Rajagopalan

and K. Govinda Rajan, J. Phys. F 1£, 373 (1986)

* Radiochemistry Programme, IGCAR.
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6- SPECTROSCOPIC STUDIES

6.1 LIGHT SCATTERING CROSS-SECTION FOR DEFECTS IN IONIC

CRYSTALS

(A.K. Arora, R. Kesavamoorthy and D. Sahoo)

Mills' calculation [1] of Rayleigh light scattering from

isovalent impurities in an insulating crystal has been

genaralised so as to be applicable to aliovalent impurities,

vacancies and their complexes in an ionic crystal of NaCl

structure. The host crystal has been modeller" as an isotropic

elastic continuum and three contributions to dielectric

inhomogeneiti.es are included: (i) the change in electronic

polarisability at the defect site due to the defect, (ii) the

elastic strain field around the defect due to ionic size

mismatch, and (iii) the strain field arising due to effective

charge on the defect. Evidently., the third mechanism is the

additional feature of our model. We find that the u

dependence of scattering cross-section a is still preserved.

The magnitude of a i^ influenced by the interplay between the

mechanisms considered. In most systems the net effect of

mechanisms (ii) and (iii) is to reduce o by destructive

interference. Estimates of o for a number of typical

impurities in NaCl and KBr show that the contribution due to

(iii) exceeds that due to (ii) considerably. In the case of

an impurity-vacancy dipole, the Coulomb effects of the

constituents cancel each other. The recent observation that

Fe in KBr scatters much more strongly than Rb in KBr is

explained on the basis of the present model [2].

Homogeneously distributed point defects alone cannot

account for the observed intensities. The dependence of the

scattered intensity from alkali halide crystals on the

orientation of the crystallographic axes relative to the

incident and the scattering direction suggests the existence

of cylindrical scattering objects in the crystal [3]. We
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calculate the light scattering width of an infinite perfect

dislocation in an insulating crystal using the classical

electromagnetic theory. In most of the dielectric crystals

the contribution of the strain field to light scattering,

which is inversely proportional to the wavelength of light, is

much more than due to the core contribution [4], The

estimated turbidity associated with the light scattering by

dislocations in alkali halide crystals is of the same order as

observed experimentally for pure crystals.

In ionic crystals edge dislocations are charged and are

surrounded by point defects forming charge clouds of opposite

sign. Interpretation of light scattering results in terms of

decorated dislocation is controversial. We calculate the

light scattering from decorated dislocation using Greens

function technique. The calculations [5] show that the

decoration does not significantly change the light scattering

from dislocations and it is the strain field of the

dislocation that contributes most to light scattering. In the

light of our calculation the recent light scattering data [3]

are explained as follows: the strain field of dislocation

alone is sufficient to explain the data and one does not have

to assume the presence of dielectric cylinders of arbitrary

diameters and lengths formed by the decorating impurities.

The origin of the light scattering peak in region II of ionic

conductivity in NaCl:Pb++ crystals may lie in stress-assisted

precipitation but not on decoration of dislocations.

A phenomenological model for the aggregation of

impurity-vacancy dipoles in alkali halide crystals doped with

divalent impurities is worked out and applied to isochronal

annealing behaviour. The growth kinetics turn out to be first

order. An expression for unaggregated dipole fraction is

obtained which depends on time and temperature. The reported

isochronal annealing behaiour in NaCl:Sr is analysed on the

basis of the present model. The experimental isochronal
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annealing results are closer to the present model [6] than

that of the dimer-trimer model.

[1] D.L. Mills, J. Appl. Phys. 51., 5864 (1980)

[2] A.K. Arora, R. Kesavamoorthy and D. Sahoo, J. Phys. C:

Solid State Phys. 1J5, 4591 (1982)

[3] C.A. Plint and W.A. Sibley, J. Chem. Phys. £2, 1378 (1965)

[4] D. Sahoo, A.K. Arora and R. Kesavamoorthy, J. Phys. C:

Solid State Phys. 16_, 1687 (1983)

[5] R. Kesavamoorthy and A.K. Arora, J. Phys. C: Solid State

Phys. 16_, 2611 (1983)

[6J A.K. Arora, Phys. Stat. Sol. (a) _8_5, 491 (1984)

6.2 STRUCTURE AND ELASTIC PROPERTIES OF COLLOIDAL SUSPENSIONS

(R. Kesavamoorthy, A.K. Arora and B.V.R. Tata)

Aqueous suspension of polystyrene spheres are known to

develop liquid or crystalline order depending on the screened

Coulomb interaction between the charged spheres [1J. The

strength of the interaction can easily be tailored by changing

the ionic purity of the suspensions. This makes them ideally

suitable for studying various aspects of cooperative behaviour

under well controlled conditions. Since the particle

separation is of the order of wavelength of light, light

scattering can be used to study the structure of the ordered

suspensions [2]. To measure the average polarised light

scattering intensity at different scattering angles, a new

set-up with prisms and polariser on a rotating arm was made

here to vary the scattering angle from 10° to 170° keeping the

plane of polarisation of the incident beam fixed [3]. Angle

dependent polarised light scattering measurements in these

suspensions at different height were taken as a function of

time. Since the particles are denser than water, the

concentration of particles increases gradually with depth due

to gravitational force and the elastic restoring force of the

colloidal suspension. Equating these two forces under

equilibrium, the elastic constant of the liquid like ordered
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suspension was determined. The time scales involved in

gravitational equilibrium and deicnisation equilibrium were

measured. Time evolution and concentration dependence of bulk

modulus of the suspension were determined, (see Fig.6.2.1 and

6.2.2) .

In atomic systems, the peak in the liquid structure

factor of the liquid and the Bragg peak in the crystal are

used to estimate the particle concentration. When this

procedure is followed for the colloidal suspension, the

concentration turns out [4] to be nearly 1.5 times larger than

the actual concentration. The reason for this disagreement

was analysed and it is understood partly. When colloidal

crystals of two different diameters are mixed together they

form colloidal glass [5]. The measured elastic constants of

these glasses are not explained satisfactorily in the

literature. The deformation potential method of Johnson [6]

for crystal was extended for glasses. Using these expressions

the elastic constants of colloidal glasses were well

explained.

[1] P. Pieranski, Contemp. Phys. _2_4, 25 (1983)

[2] F. Gruner and W.P. Lebmann, J. Phys. A:Math. Gen. 15_, 2847

(1982)

[3] A.K. Arora, J. Phys. E: Sci. Instrum. 1/7, 1119 (1984)

[4] A.K. Arora and R. Kesavamoorthy, Solid State Commun. 54,

1047 (1985)

[5] H.M. Lindsay and P.M. Chaikin, J. Chem. Phys. 7_6' 3 7 7 4

(1982)

[6] R.A. Johnson, Phys. Rev. B6, 2094 (1972)

6.3 EFFECT OF SPECTROMETER RESOLUTION ON ABSORPTION SPECTRA

(A.K. Arora and R. Kesavamoorthy)

It is known that a spectrum gets distorted due to finite

resolution of the spectrometer. There have been many attempts
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[1] to estimate the extent of distortion caused by

spectrometer resolution function (SRF) and to recover the true

spectrum from the experimentally observed spectrum and the

known SRF. Empirical relations have been suggested [2] to

estimate the true FWHM of a Raman line from the observed

spectrum. The situation with absorption spectrum is more

complex as the observed FWHM (2 r ) depends not only on true

FWHM (2 r ) and spectrometer resolution ( r ) but also on the

peak absorption. Similarly the observed peak absorption

depends on r, i; and true peak absorption (A). No attempt has

so far been made to estimate r and A. We investigated the

effect of a triangular SRF on r and A of a Lorentzian

absorption spectrum by numerical convolution over the most

useful range of r'/r and A. We explained [3] qualitatively

the observed features . We obtained coupled empirical

relations between the parameters. The usefulness of the

relations has been demonstrated by applying them to IR

absorption spectrum of C-H stretching band of CHCI3.

[1] K. Tanabe and J. Hiraishi, Spectrochim Acta 36A, 341

(1980)

[2] A.K. Arora and V. Umadevi, Appl. Spectros. 3J5' 424 (1982)

[3] A.K. Arora and R. Kesavamoor thy, Appl. Spectros. _3_6f 49

(1982)

6.4 ESTIMATION OF PLASMA FREQUENCY FROM IR REFLECTIVITY IN

DOPED GaAs

(B.V.R. Tata and A.K. Arora)

Infrared (IR) reflectivity measurement is an important

technique for obtaining free carrier parameters like plasma

frequency w , lifetime T , concentration and effective mass in

doped semiconductors. The methods available in the literature

neglected the LO-phonon-plasmon coupling and hence are

applicable only when the coupling is small. In the presence

of the above interaction there is no accurate' method to
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estimatew from IR reflectivity except the detailed nonlinear

least square fitting. We have obtained [1J an analytic

expression for 10 in terms of the frequencies of the

reflectivity minimum ( wRj) from the classical dispersion

relation. This needs the dielectric constant, e ( to ) at
R • R

a) and the lifetime T . Empirical relations for estimating
e (w ) and a graphical method for estimating T are suggested.
R R

This method is a general one and can be applied to other

semiconductors. As an example, it is used for estimating ">

of doped GaAs samples using the reflectivity spectra available

in the literature.

[1] B.V.R. Tata and A.K. Arora, Infrared Phys. 2_4, 547 (1984)

6.5 DEFECT KINETICS IN NaCl:Pb++ BY LIGHT SCATTERING ULTRA

VIOLET ABSORPTION AND ULTRAMICROSCOPY

(A.K. Arora, R. Kesavamoorthy, A.K. Seed, G. Venkataraman,

R. Krishnaswamy and D. Sahoo)

Defects like point defects, dislocations and precipitates

in insulating crystals (being the dielectric inhomogeneities)

scatter light, and hence the shape, size and type of defects

can be studied using Rayleigh light scattering and

ultramicroscopy. In alkali halides the solubilities of

divalent cation impurities is very low at room temperature and

is strongly temperature dependent. If the impurity

concentration is higher than the solubility at the temperature

of interest, then the excess impurities form precipitates when

the thermodynamic equilibrium is reached.

We have made an extensive study of formation and

dissolution behaviour of precipitates in NaCl:Pb single

crystals by light scattering and ultramicroscopy [1J.

Measurements during isochronal annealing indicate the

existence of two types of precipitates in as-grown crystals.



= 109 =

Isochronal annealing after suitable thermal and

thermomechanical treatments shows that type I precipitates are

due to homogeneous nucleation while the type II precipitates

which are aligned along crystallographic directions, have

their origin in stress assisted precipitation. This was

corroborated by ultramicroscopy. The Rayleigh intensity R

during isochronal annealing of as-grown, homogenised and

thermomechanically treated NaCl with 170 ppm of PbCl2 is shown

in Fig.6.5.1.

Isothermal annealing has been employed to study the

dissolution kinetics. The teir.perature dependence of kinetic

rate constant has been used to obtain the activation enthalpy

for the first time by light scattering. Figure 6.5.2 shows

the Rayleigh ratio R(t) as a function of time of aging for

crystals of different doping levels and initial conditions.

It is worth emphasising that our method of obtaining the

enthalpy of solution does not require crystals of different

doping levels in contrast to the ionic conductivity method.

Ultraviolet absorption measurements [2] during isochronal

annealing of homogenised and as-grown single crystals show two

distinct stages where number density of free impurities

reduces. The low temperature stage has been attributed to

aggregation of impurity-vacancy dipoles whereas the stage

appearing at higher temperature is assigned to the

precipitation process.

[1] A.K. Arora, R. Kesavamoorthy, A.K. Sood, G. Venkataraman,

R. Krishnaswamy and D. Sahoo, J. Phys. Chem. Solids _45_, 69

(1984)

[2] A.K. Arora, R. Kesavamoorthy and A.K. Sood, Solid State.

Commun. 49, 871 (1984)
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Fig.6.5.1 The Rayleigh intensity R measured with respect to the
Rayleigh intensity from benzene Rfc, during isochronal
annealing of (a) as-grown,(b) homogenised and (c)
thermomechanically treated NaClrPb"^ .Doping level is
170 ppm. The curve marked H+S+A is isochronal anneal-
ing curve after aging the strained crystal at 705 K
for 18 hrs.
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Fig.6.5.2 Dissolution kinetics for crystals of different doping
levels and initial conditions. Ta: aging temperature.
Crystals A and C are aged at T , while B is aged at

a temperature away from T ,. Solid, lines are least
square fitted curves.
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6.6 INFRARED STUDIES ON ION IRRADIATED QUARTZ

(A.K. Sood, V. L'madevi, R. Kesavamoorthy and

G. Venkataraman)

Alpha and fused quartz have been bombarded with low

energy (100 keV) D , He and Ar ions, and the damage produced

is studied by observing the changes in the infrared spectrum.

Besides bulk reflectivity, the attenuated total reflection

spectrum has also been investigated, the latter with a view to

obtaining the surface polariton frequencies. It is observed

that for the same fluence, the changes following D

irradiation are much higher compared to that for Ar

irradiation. The variation of the surface polariton frequency

in a-quartz with the damage energy deposited has the same

trend as observed earlier for refractive index. Some

annealing studies have also been performed in the case of

argon-irradiated samples. These studies indicate that whereas

in fused quartz the damaged layer recovers completely, in

a-quartz there is a residual amorphization even after

annealing. A two-layer model is proposed which gives a

reasonable simulation of the observed infrared properties [1].

[1] A.K. Sood, V. Umadevi, R. Kesavamoorthy and G.

Venkataraman, Pramana 23, 573 (1984)

6.7 BRILLOUIN AND RAMAN STUDY OF ACOUSTIC AND OPTIC PHONON

SOFTENING IN ULTRAHEAVILY DOPED n-TYPE Si

(A.K. Sood, G. Contreras+ and M. Cardona+)

The presence of free carriers in multivalley

semiconductors results in a decrease of the elastic constants

and associated strains that destroy the symmetry of the

valleys. The Raman phonon frequency also decreases due to the

electron-phonon interaction. The shift of the acoustic and

Raman frequency can be understood as the real part of the

quantum-mechanical phonon self energy in the coupled
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free-carriers-phonon system. Earlier measurements of the

changes in the elastic constants and optic phonon frequencies

with doping were performed [1/2] in sample with carrier

concentration ^ 7 x 10 cm , the thermal solid solubility

limit. We did the Brillouin and Raman experiments on samples

prepared by a recent technique of ion implantation followed by

laser annealing. Single crystals of Si were implanted with

phosphorous and arsenic with 190 and 100 keV respectively.

The implanted samples were annealed with multiple pulses of an

excimer laser at a power density of 1.2 J/cm . This new

technique can give doping upto 5 x 10 cm

The softening of elastic constants Cn and C^4 were

determined from Brillouin scattering measurements performed

using five-pass Fabry Perot interferometer using Ar laser of

5145 A. From the increase in the line widths of the Brillouin

lines with doping, the optical absorption coefficients for

A. =5145 A are determined as a function of doping. The

experimental results are interpreted in terms of the

calculated self energies of phonons interacting with free

electrons.

[1] A.K. Sood and M. Cardona, Solid State Commun. 4_9,

(1984)

[2] G. Contreras, A.K. Sood, M. Cardona and A Compann, Solid

State Commun. 49, 303 (1984)

+ Max-Planck Instiut fur Festkorperforschung, Stuttgart,

F.R.G.

6.8 CONFINED OPTICAL PHONONS AND INTERFACE VIBRATIONAL MODES

IN GaAs-AlAs SUPERLATTICES

(A.K. Sood, J. Menendez+, M. Cardona+ and K. Ploog+)

The new periodicity in the superlattice affects the

acoustic and optic phonon branches of a semiconductor
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superlattice in qualitatively different ways. The additional

periodicity of the superlattice (SL) gives rise to the new

Brillouin zone folding of the 'effective' acoustic phonon

branch whereas the optic phonons can be confined if the optic

mode frequencies of the constituent, material do not overlap.

The latter situation arises in GaAs-AlAs superlattices.

Resonance Raman experiments were done on short-period

GaAs-AlAs superlattices. Our results showed that the confined

longitudinal-optic Raman phonons created via either

deformation-potential or Frohlich electron-phonon interaction

are different [1]. Phonons belonging to the A^ irreducible

representation (of point group D->rf) dominate in resonance,

while By phonons are significant in the off-resonance case.

The dispersion curves of longitudinal and transverse optic

phonons in GaAs were mapped from the observed data in the

superlattice (for details see [1]).

Interface phonons propagating parallel and perpendicular

to the superlattice axis were observed by Raman scattering in

the superlattices [2J. The results were analysed in terms of

an electrostatic continuum model [2].

Second order Raman scattering from the confined

longitudinal optic and interface modes was also observed in

the superlattices [3],

[1] A.K. Sood, J. Menendez, M. Cardona and K. Ploog, Phys.

Rev. Lett. _54_, 2111 (1985)

[2] A.K. Sood, J. Menendez, M. Cardona and K. Ploog, Phys.

Rev. Lett. _5_4, 2115 (1985)

[3] A.K. Sood, J. Menendez, M. Cardona and K. Ploog, Phys.

Rev. B32, 1412 (1985)

+ Max-Planck Institut fur Festkorperforschung, Stuttgart,

F.R.G.
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6.9 RAMAN SCATTERING FROM THE CHARGE DENSITY WAVE STATE OF TaS3

: ELECTRIC FIELD DEPENDENCE

(A.K. Sood and G. Gruner+)

The dynamics of the charge-density wave (CDW) state, a

coupled electron-phonon system, has been studied by Raman

scattering as a function of the applied electric field [1J.

The motivation behind these experiments was to explore the

effect of the sliding CDW on optical phonons when the applied

electric field exceeds the threshold (E ) for non-ohmic

conduction. It was observed that the Raman pnonon frequency

decreases significantly (~ 1-2%) when the field exceeds E c.

Several mechanisms were considered to explain the phonon

softening in the current-carrying state. I\ complete

understanding of the problem is still lacking.

[1J A.K. Socd and G. Gruner, Phys. Rev. B32, 2711 (1985)

+ University of California, Los Angeles, U.S.A.

6.10 RAMAN SCATTERING BY INTERVALLEY CARRIER-DENSITY

FLUCTUATIONS IN n-TYPE Si AND Ge

(A.K. Sood, G. Contreras+ and M. Cardona+)

Metals and heavily doped (degenerate) semiconductors can

scatter light either through single-particle or collective

excitations of free carriers. The single-particle excitations

correspond to charge-density fluctuations and as such, they

are screened at low frequencies in a self-consistent manner by

carriers themselves. However, in multivalley semiconductors

like Si and Ge, the density fluctuations induced in the

various equivalent valleys are out of phase and hence are not

collectively screened by the system of carriers. Light

scattering by these single-particle excitations appears as a
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Lorentzian tail near the exciting laser frequency extending

upto 500 cm" . Raman experiments were done for a wide range

of electron concentrations, temperatures and laser frequencies

in n-Si [1] and as a function of uniaxial stress in n-Ge [2],

The results indicated that both nonlocal intravalley diffusion

and local intervalley scattering contribute to light

scattering.

[1] G. Contreras, A.K. Sood and M. Cardona, Phys. Rev. B3 2,

924 (1985)

[2] G. Contreras, A.K. Sood and M. Cardona, Phys. Rev. B3 2,

930 (1985)

+ Max-Planck Institut fur Festkorperforschung, Stuttgart,

F.R.G.

6.11 HIGH PRESSURE RAMAN STUDY OF THE OPTIC-PHONON MODES IN

BeO

(A.K. Sood, G.A. Kourouklis+, H.D. Hochheimer+ and

A. Jayaraman+)

The shift with pressure of the transverse

optic-phonon-mode frequencies in BeO has been measured up to

20 GPa at 25 K by Raman scattering, using a diamond anvil cell

[1]. The mode Gruneisen parameters have been determined from

the pressure data and are compared with the systematics

observed in III-V and other II-VI compounds. The total energy

calculations of Chang and Cohen predict a pressure-induced

transition from wurtzite tc NaCl-type phase at about 20 GPa.

Unfortunately the pressure limit in these experiments was

inadequate to demonstrate this transition, for it stopped just

near the pr dieted transition pressure, which would almost

surely require considerable overpressure.

[1] G.A. Kourouklis, A.K. Sood, II.D. Hochheimer and A.

Jayaraman, Phys. Rev. D31, 8322 (1985)

+ Max-Planck Institut fur Festkorperforschung, Stuttgart,

F.R.G.



7. THEORTICAL STUDES

7.1 ELASTIC CONTINUUM THEORIES OF LATTICE DEFECTS : A REVIEW

(D. Sahoo)

The presently available elastic continuum theories of

lattice defects are reviewed. After introducing a few

elementary concepts and the basic equations of elasticity, the

Eshelby's theory of misfitting inclusions and inhomogencities

are outlined. Kovacs' result that any lattice defect can be

described by a surface distribution of elastic dipoles is

described. The generalization of the isotropic continuum

approach to a nonlocal model is discussed. Kroners1 theory

(where a defect is viewed as a lack of strain compa.tabili ty)

in the medium and the elastic field equations (formulated in a

way analogous to Maxwell's field equations of magnetostatics)

are described. The concept of the dislocation density tensor

is introduced and the utility of higher-order dislocation

density correlation tensor is discussed. The beautiful theory

of the affine differential geometry of stationary lattice

defects developed by Kondo and Kroner is outlined. Kosevich's

attempt to include dynamics in the elastic field equations is

described. Wadati's quantum field theory of extended objects

is mentioned briefly. Some potential areas of research are

identified.

7.2 MELTING IN TWO DIMENSIONS - THE CURRENT STATUS

(G. Venkataraman and D. Sahoo)

This work is a critical review of the problem of melting

in two dimensional systems. As shown by Landau and Peierls,

two dimensional systems lack long-range order (LRO) since th^

mean-square fluctuations of the distance between two atoms

diverges logarithmically with the system size. The X-Y model

of spins in two dimension (2D) also exhibits absence of LRO.



= 118 =

The work of Stanley and Kaplan [1] which showed that the

suceptibility of a 2D planer magnet diverges at a particular

temperature, suggested that a phase transition can occur even

without the onset of order. In a classic work, Kosterlitz and

Thouless [2] proposed the idea that such a phase transition is

accompanied by a change of "topolcgical order". If the order

parameter of X-Y model is denoted by V = |S| exp (ie ) (S is

the spin variable and e its relative orientation with respect

to some axis) and a correlation function C(r) = < T (o)f (r)>

is defined between two spatial points, then they showed that

below a certain temperature T . C(r) has a power-law behaviour

wiiereas above that point, it decays exponentially.

Topological defects like vortices (dislocations) play an

important role. At low temperatures, only vortex-pairs can

exist and above T , these pairs break up. Next, Halperin and

Nelson [3] argued that besides translational correlations

considered by Kosterlitz and Thouless, orientational

correlations also play an important role. They showed that

rotational defects called disclinations are also important.

At low temperatures, dislocation-pairs can be viewed as

disclination quadrupoles. At the melting temperature,

dislocations unbind, but the system enters into an anisotropic

phase known as a hexatic phase and at a still higher

temperature, the disclicanations unbind from dislocations to

give an isotropic phase. The search for hexatic phase and

continuous transitions predicted by Nelson and Halperin has

led to considerable activity in computer simulation as well as

laboratory experiments. Other alternative viewpoints in the

current literature are then briefly examined.

[1] H.E. Stanley and T.A. Kaplan, Phys. Rev. Lett. ±T_, 913

(1966)

[2] J.M. Kosterlitz and D.J. Thculess, J. Phys. C6, Il81,

(1973)

[3] B.I. Halperin and D.R. Nelson, Phys. Rev. Lett. _41, 121

(1978); 41, 519(E) (1978)
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7.3 HETERODYNE CORRELATION OF SCATTERED LIGHT FROM A Sr

-DOPED NaCl CRYSTAL

(D. Sahoo)

Experiments using photon correlation techniques for the

study of dynamic processes have been mostly confined to

fluids, polymer solutions etc. Motivated by the fact that the

aggregation kinetics of impurities in the system NaCl:Sr++ is

well understood, a study was made to test the feasibility of

performing a heterodyne light scattering correlation

spectroscopy experiment on this system. The aggregation unit

is the impurity (Sr++ ) cation vacancy complex, Aj_ . These

monomers aggregate according to the reactions

Al + A 2 ^ A2

k2
A2 + A l = f A3

K2

The kinetic equations for these proceses are

dCj. 2 ~ k2C1C2 + 2k!C2 + k2 C3;

2

l - kl. C2 " k2 cl c2 + k2 C3'-

k2 C3 ;

where C±, C2 and C3 are concentrations of monomers, dimers and

trimers respectively. The equilibrium concentrations C^,

are:

kl _ cl<*> . k2 _ C l M C2c*

Dubiel et al [1] have earlier used

kl = k 2 = k10

kl = 3k10 exp(-(H + H2)/kT);
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k'2 = 7k10 exp(-(H + H3)/kT);

where k is the Boltzmann constant, T the temperature and H the

activation enthalpy of dipole migration, H~ , H, the

association enthalpies of dimers and trimers and k-̂ Q the

pre-exponential factor. Here C = C-, + 2C2 + 3Cr,r where CQ is

the impurity concentration. The values corresponding to 250

ppm Sr + + impurity are: k10 = 5 x 10 1J- h"1, H = 0.70 eV, H2 =

0.40 eV and H3 = 0.60 eV. The heterodyne correlation function

is

S(q,t) = Re T.3 dj, a. <<5C* (q,o) 6C . (q, t) >

where a-the polarizability of A^ and 6C-[ are concentration

fluctuations and the spectrum

S(q,<o) = ~ R e S(q, s = iu )
IT

where S(q,s) is the Laplace transform of S(q,t). The

claculation of S(q,t) and S(q,ui) has been performed at three

temperatures 800, 600 and 500 K.

These functions have the form

2 3S(q,t) = a, I R̂ . exp(skt),

al 3 -s R.
S(q,a>) = - I K

IT k=l
s, 2

The time required for S(q,t) to reach 1/e of its initial value

is roughly 5 ms at 800 K, well within the range of

accessibility of experiment. The spectrum has a central peak

for w < 8 Hz arising due to diffusion and a shoulder around

100 Hz due to reactions.

[1] M. Dubiel, G. Beg and F. Frohlich, Phys. Stat. Sol.(b) _8£,

595 (1978)
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7.4 LIGHT SCATTERING FROM NONEQUILIBRIUM FLUIDS

(D. Sahoo and A.K. Sood)

The Rayleigh-Brillouin light scattering spectrum from a

Newtonian fluid undergoing a plane Couette flow was calculated

[1-3J in the framework of the Landau-Lif shitz method of

fluctuating hydrodynamics. The fluid is enclosed between two

parallel plates defined by planes y = 0 and y = L ; the upper

plate is made to move with a constant velocity U such that the

fluid is acted on by a steady shear velocity field v° = iiy<saX

( a= x, y, z ; \i = U/L) . The steady state values of the

density (p), temperature (T), pressure (P) and specific

entropy (s) are all constants to the order M . The fluid

dynamics equations, linearised around the steady state and

transformed to the (k , u ) Fourier space have the form

= Rj_ (1)

where i, 1 label p , vx , v v, vz and T, the superscript zero

refers to the steady state, the column vectors <5a and ft (the

random force) are 6a = col.(<Sp, 6v a, <5 T) and R = col.
(0'~i "Ju V -ikpJ

B
Y ~ ̂ xy K

The only nonvanishing elements of K and M are

M
P P

 = kx' Ma8 = kx Po 6aP ' MTT = k

where ns is the shear viscosity and Co, the specific heat.

Equation (1) is inverted by using the Green function matrix G°

= (H°)~. The physically measurable intensity spectrum I(q,»)

is related to the structure factor S (k , •» ) where the

latter is defined as < 6 P <5 P ' > = S s(k+k') 6 (u+oi') and the
pp + +

former is related to S via the form factor F(q - k ):
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I(q ,w) =jdk F(q - k ) Spp(k,w) F(q - k)

The main emphasis of this work is to show the subtle nature of

manipulation in dealing with the form factor. The final

expression is

-- nkx
ky

2DV. k
2

[«2 - a,2 (k)]2 + ( UDVK )

where D is the longtudinal kinematic viscosity, w(k) = Co k
A

and k „, denotes unit wave vector in the a-direction.

Another problem [4] which has been considered deals with

scattering from a steady Poiseuille-Couette flow of a

nonequilibrium fluid. Here the velocity profile is v£" = 6^

[(A/L)y - (B/L 2)^], A = U + 4vo, B = 4vo = -(8p/8x) (L2/2y).

The new feature here is the presence of a pressure gradient

(ap/3.x). The final result sis

0 0 0

Hk,a) = i°(k,u>)[l-2(A/L)kxk ui Dvk x + 8kxB(l/L) «

xfl<*2 -- <u2(k)](l-kxky) + (D vk
2) 2] xj,

where x = [ (w -u (k)J + (uD k ) ]

The predicted corrections are too small to be measured

experimentally.

We also show that the prediction of Garcia-Colin and

Velasco [5] regarding the modification of the Rayleigh line in

the case of Couette flow is incorrect.

[1] D. Sahoo and A.K. Sood, Phys. Lett. 93A, 476 (1983)

[2] D. Sahoo and A.K. Sood, Phys. Lett. 95A, 491 (1983)

[3] D. Sahoo and A.K. Sood, Phys. Rev. A3_0, 2802 (1984)

[4] D. Sahoo, Pramana 23_, 69 (1984)

[5] L.S. Garcia-Colin and R.M. Velasco, Phys. Rev. A26, 2187

(1982)
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7.5 STOCHASTIC MODEL OF MUON DIFFUSION IN THE PRESENCE OF

TRAPS: NONSECULAR EFFECTS ON SPIN DEPOLARIZATION

(S. Dattagupta and E. Purniah)

The measurement of muon spin depolarization can be

effectively employed in the study of trap inhibited diffusion

of light interstitials (\i+ , H etc.) in metals. A stochastic

model is presented for calculating the depolarization of the

positive muon when it undergoes jump diffusion in the presence

of trapping impurities. The theory, restricted to low

concentration of traps, is applicable to relaxation studies in

both the transverse and zero magnetic fields. In the

transverse geometry, the dipolar interaction between the u

and the surrounding nuclear spins can be treated classically,

and the analysis is simpler. The results obtained are shown

to be identical to those derived before in a 'two state1

model, widely used in interpreting various experimental

studies on trap inhibited diffusion of light interstitials.

The zero field technique is more versatile but is also more

complicated to analyse as it involves nonsecular terms in the

dipolar interaction. Assuming that the local dipolar fields

are isotropic with their magnitudes distributed in a Gaussian

manner, tractable results are obtained for the Laplace

transform of the zero field relaxation function. However,

comparison with experimental data needs inversion of the

transform and a scheme to handle this numerical problem is

described. Results are presented using realistic parameters

[1] in Figs. 7.5.1 and 7.5.2.

[1] K.W. Kehr, G. Honig and D. Richter, Z. Phys. B _32, 49

(1978)
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7.6 CREEP IN CRYSTALS WITH DIAMOND STRUCTURE

(G. Ananthakrishna)

This work is an extension of our earlier work [1] where

we have given a statistical basis for dislocation dynamics and

applied it to LiF. In this case, the situation corresponds to

the average velocity V = <v> decreasing linearly with

increasing density of dislocations N = fp (v,t)dv. However,

for most material V ~ (a - hN^ ) m where a is the applied

stress, h is a constant and m is an exponent. Although, we do

not attempt to obtain this general form (i.e. for all m) we

derive this law for the case m = 1 applicable to materials

like Si, Ge etc. The starting point is a slightly altered

equation than used in [1J:

-£(v,t) = 7^ [- Bv + f - q Tv ] P(v,t)

u V h 3P
-(a- Ov)p(v,t)- -̂ r /p(v-v1,t)[p(v',t)+ N 7v' (v',t)]dv'

N'S J

The first three terms are the usual terms in the traditional

Fokker-Planck equation. The a term corresponds to stopping of

dislocations at obstacles, 0v is the production of

dislocations due to cross glide, the u term corresponds to

dislocations interacting with each other with the associated

change in velocities being represented by the h term. Both

these terms are dependent on the distance between'dislocations

in substances like Si and Ge and hence the factor N . Using

the above equation, both K and V can be determined. A new

creep law is derived which fits the experimental results very

well. The fact that V ~ N also follows. The theory also

predicts the earlier known result [2] that the creep rate c

~ a . A scaled creep law is also derived which shows a

universal behaviour for all temperatures and applied stress,

again consistent with experiments [3,1].

[1] G. Ananthakrishna and D. Sahoo, J. Phys. D 1_4, 699 (1981)

[2] H. Alexander and P. Haasen, Solid State Physics Vol.22,

eds. F. Seitz, D. Turnbull and H. Ehrenreich (Academic

Press, New York, 1968) p.27
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1279 (1961)

[4] G. Ananthakrishna, J. Phys. D 15, 77 (1982)

7.7 SOLUTION OF FOKKER-PLANCK EQUATION USING TROTTER'S FORMULA

(M.C. Valsakumar)

Fokker-Planck equations (FPE) with nonlinear drift terms

are rarely amenable to closed form solutions. The noteworthy

methods of exact solution of FPE are the eigenfunction method

[1] and the path integral formulation [2]. Both these

methods, for their application, demand the FPE be first set in

its self adjoint form. We have shown [3,4] that a path

integral solution to the FPE can be obtained without setting

it in its self adjoint form. The method makes explicit use of

the Trotter's product formula [5J.

This method probably gives the simplest way of solving

the Ornstein-Uhlenbeck process. For a general drift term, we

get £.n integral representation of the solution process which

is easily amenable to approximations. First order

approximation gives the scaling solution [6] which has been

demonstrated to be of remarkable success in the treatment of

diffusion from intrinsically unstable states in a bistable

potential.

[1] N.G. van Karcpen, J. Stat. Phys. r7, 71 (1977)

[2] R. Graham, Z, Phys. B26, 281 (1977)

[3] M.C. Valsakumar, in Stochastic Processes: Formalism and

Applications, Lecture Notes in Physics, No.184, eds. G.S.

Agarwal and S. Dattagupta, (Springer-Verlag,- Berlin, 1983)

p.112

[4] M.C. Valsakumar, J. Stat. Phys, 32_, 545 (1983)

[5] H.F. Trotter, Proc. Am. Math. Soc. 21' 2 1 1 (1967)

[6] M. Suzuki, Adv. Chem. Phys. 46, 195 (1981)



= 127 =

7.8 A STOCHASTIC THEORY FOR CLUSTERING OF QUENCHED-IN

VACANCIES - TEMPERATURE DEPENDENCE OF CLUSTER DENSITY

(G. Ananthakrishna)

In continuation cf our earlier efforts to understand

various aspects of clustering we investigate the physical

mechanism leading to saturation of density of vacancy loops in

quenched aluminium and the density of stacking fault

tetrahedra in quenched gold for ] o\v aging temperatures. This

is done by constructing a simple model. The analysis shown

that the plateau region arises dv.e to the fact that the number

of absorption sites of a cluster is larger than the nunber of

emission sites. The temperature dependence of the average

number of vacancies in a cluster and the single vacancy

concentration in equilibrium with the clusters are also

determined. A plot of temperature dependence cf average

cluster density is shown in Fig.7.8.1. The agreement is seen

to be good [1,2,3] .

[1] G. Ananthakrishna, Pramana \2_, 527,543,565,581 (1979)

[2] G. Ananthakrisbna, Pramana 1_9_, 633 (1982)

[3] M. Kiritani, J. Phys. Soc. Jape.n 19, 618 (1973)

7.9 REPEATED YIELD DROP PHENOMENON AS A COOPERATIVE EFFECT

(G. Ananthakrishna and M.C. Valsakumar)

Repeated yielding (RY) has been recognised as some kind

of an instability. Other manifestations appear as steps on

creep curve and on stress-strain curve in a constant stress

rate experiment. There are many phenomenological treatments

of which Cottrell's model and its extensions are among the

well established ones. However there lias been no attempts to

use this mechanism together with other dislocation mechanisms

to show that the temporal behaviour of RY naturally follows.

We outline a model which reproduces many experimentally
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observed features apart from showing how the temporal

behaviour emerges as a consequence of cooperative behaviour of

defects.

We first consider the situation where steps are observed

on creep curves. The model consists of three types of

dislocations and some transformations between them (as has

been described in the earlier report). The model incorporates

the essential spirit of Ccttrell's idea. The allowed

transformations then lead to a coupled set of nonlinear

differential equations for the rate of change of densities..

For a range of values of rate constants, it is shown that

these equations admit a class of periodic solutions called

limit cycles which are characteristic of nonlinear systems.

These solutions immediately lead to jumps on the creep curve.

Thus nonlinearity plays an essential rolp in our theory. The

model predicts that there is a temperature range over which

these jumps appear. Using standard method of analysis of

nonlinear systems, approximate closed form solutions for limit

cycles and the steps en the creep curves are obtained [1,2].

These results are shown to be consistent with the experiments

on zinc.

The model is extended to the constant strain rate case by

coupling the above three equations to the machine equation.

The temporal ordering of RY is shown to follow naturally from

the model [1,3]. The model further exhibits several important

features typical of RY such as bounds on strain rate e ,

bounds on concentration of solute atcms, the negative strain

rate dependence of the flow stress (see Fig.7.91), the

dependence of amplitude on strain rate and strain etc.

The model also exhibits chaotic flow which finds some

support from experiments. The model exhibits a sequence cf

period doubling bifurcations with an exponent value same as

for the quadratic map [4,5]. Figures 7.9.2 and 7.9.3 show

plots of stress versus strain for period 8 T and well within
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the chaotic regime. The drive parameter which causes the

bifurcation sequence is the strain rate. A plot of the

strange cttractor projected on the stres-mobile dislocation

density plane is also shown in Fig.7.9.4. Also shown in

Fig.7.9.5 is the associated cne-dimensional map.

Next, by adding noise terms to these equations, we

analyse the fluctuations during the onset of RY using methods

of nonlinear Langevin equations. The methods we use are the

Monte Carlo and the- Gaussian decoupling methods. It is shown

that as the strain rate approaches the critical strain rate,

as a precursor to the transition, the variance not only

diverges, it also shows the periodic nature cf fluctuations.

Fluctuations within the periodic phase (RY) are also

investigated. Thus the present series of investigations

methods show that RY is another example of dissipative

structure.

[1] G. Ananthakrishna, Bull. Mater. Sci. 6_, 665 (1984) and

references therein

[2] M.C. Valsakumar and G. Ananthakrishna, J. Phys. D ]_6, 1055

(1983)

[3] G. Ananthakrishna and M.C. Valsakumar, J. Phys. D 1^, L171

(1983)

[4] M.J. Feigenbaum, J. Stat. Phys. 1_9, 25 (1978)

[5] G. Ananthakrishna and M.C. Valsakumar, Phys. Lett. A95, 69

(1983)

[6] G. Ananthakrishna, Nucl. Phys. & Solid State Phys. (India)

23A, 402 (1983)

7.10 APPROXIMATION METHODS FOR THE SOLUTION OF NONLINEAR

LANGEVIN EQUATIONS

(M.C. Valsakumar, G. Ananthakrishna, K.P.N. Murthy* and

R. Indira*)

Nonlinear Langevin equations (NLE) arise when modelling

many physical systems [1]. Closed form solutions of these NLE
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are seldom possible and hence one resorts to approximations.

There is no approximation scheme which is uniformly good for

the solution of all NLE. The reason for the absence of such a

method is that qualitatively very different scenarios of

fluctuations are possible, depending upon the type of

nonlinearity (nature of the potential) and the initial

conditions.

The simplest case arises when the potential permits a

single globally stable, steady state. Then the fluctuations

in the macroscopic quantity (driven process) remain small for

all times (we have assumed the smallness of the driving random

forces in physical systems [2]). The average behaviour of the

system can be well studied using the deterministic laws.

Similar situation obtains for the case of diffusion in a

bistable potential too, provided the initial state of the

system is 'sufficiently' far from the unstable equilibrium

state (extensive regime [3]). The fluctuations (in the

macroscopic variables) are usually obtained by using the

system size expansion [2] and the statistical linearization

[4], We have developed [5,6,7] a Gaussian decoupling scheme

which gives the best description of fluctuations within the

scope of linearization.

Another important scenario is obtained when the system in

a bistable potential is suddenly set at or very near the

unstable equilibrium state (intrinsically unstable state [3]).

Fluctuations are small initially. There is a fluctuation

enhancement in the intermediate time domain, which is

responsible for the formation of macroscopic order [3],

Asymptotically the fluctuations regress to the equilibrium

values around each of the stable steady states. There have

been several more or less equivalent methods to handle this

situation. These methods will collectively be referred to as

the scaling theory. We have obtained [8] a formal path

integral solution of the equivalent Fokker-Planck equation,

and then the scaling theory as a first order approximation.
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The scaling theory, which has been in use in one dimension

only, has been extended [9] to arbitrary dimensions by

elaborating on the method of nonlinear transformations due to

de Pasquale and Tombesi [10]. We have shown that the scaling

solution can be obtained in closed form, if we know the

solution of the corresponding deterministic problem in closed

form.

The scaling theory is successful in giving a fairly

correct description of fluctuations in the initial and the

intermediate time regimes. The asymptotic fluctuations cannot

be handled in the ambit of scaling theory. There have been

attempts by Suzuki [3] and Dekker [11] to include the

asymptotic fluctuations. We have demonstrated [9] the

equivalence of Suzuki's adhoc treatment with Dekker's

systematic• evaluation of the master equation (done in

one-dimension). We t ave indicated the way to incorporate

asymptotic fluctuations for the problem in arbitrary

dimensions.

The intrinsic fluctuations are often modelled as Gaussian

white noise sources. This allows considerable mathematical

simplicity. However, in reality, the fluctuations may have a

finite correlation time. For externally driven systems, the

driving noise could be non-Gaussian, as well. We have argued

[9] that the scaling theory should be valid for any

distribution of the noise, so long as the strength of the

noise is small.

Most of the results were compared with Monte Carlo

simulation [5,6] of the Langevin equation, which is

numerically an exact procedure. Some of the results (when the

driving noise is Gaussian and white) were compared with the

corresponding quantities obtained using the numerical solution

[6] of the associated Fokker-Planck equation.

Another important case we have analysed [12] is where the

system undergoes a phase transistion. The interest is in
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determining the strength cc of the noise below which the

system is ordered, the nature of the phase transition

(continuous or discontinuous), the critical exponent

associated with the order parameter, etc. The fact that the

fluctuations are small cannot necessarily form the basis for

the determination of e . Approximation methods do not seem

to have been well developed for this situation. A canonical

example of problems in the category is the model of a

collection of anharmonic oscillators interacting through a

mean field potential [13,14]. We have reexamined [12] this

model. We have shown that the cumulant expansion method

employed by Desai and Zwanzig [13] cannot give a good account

of critical parameters. We have proposed an interpolation

scheme which reproduces well the critical parameters. The

dynamics also is obtained extremely well.

[1] N.G. van Kampen, Phys. Rep. 2_4, 171 (1976)
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7.11 INFLUENCE OF SCATTERING ANISOTROPY ON OPTIMAL EXPONENTIAL

BIASING IN MONTE CARLO RADIATION TRANSPORT: A CORRELATED

RANDOM WALK MODEL

. (G. Ananthakrishna and K.P.N. Murthy*)

The aim of the study is to determine the exact nature of

the influence of scattering anisotropy on optimal biasing

parameter in radiation transport. Anisotropy of scattering

introduces a correlation between the adjacent steps in the

corresponding random walk model. Therefore, radiation

transport has been modelled as a correlated random walk model

on a line segment. Basically this means that the random

walker remembers the direction from which he reaches a site.

This allows us to study the variation of optimal exponential

biasing parameter b, with the degree of anisotropy a . If p

is the scattering probability, then all these three variables

are related through the equation

Ps[a + {b
2(2.a - 1) + (1 - a)2}^ ]+ b2- 1 = 0

This means that the scattering anisotropy significantly

influences the optimal exponential biasing parameter. The

limiting cases of a = % and straight ahead approximations also

follow from the above result [1].

An approximation that z u • •, x • >, T (where P^_I = + 1

representing forward and backward directions, x. is the

displacement and T is the shield thickness in steps) has been

used in arriving at the above expression. This implies that

all possible walks have been wieghted with equal probability.

This approximation can be improved by taking x^ = 1. The

resultant expression is found to be in excellent agreement

with Monte Carlo studies.

[1] G. Ananthakrishna and K.P.N. Murthy, Ann. Nucl. Energy 12,

195 (1985)

* Reactor Physics Section, IGCAR
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7.12 MODELS FOR SUBDIFFUSIVE BEHAVIOUR AND 1/f NOISE

(G. Ananthakrishna, M.C. Valsakumar and T.M. John*)

The fact that classical random walk models can give rise

to subdiffusive behaviour is a recent result [1,2]. The

present note is an attempt to understand why such a behaviour

arises. We start with a Monte Carlo study of a random walk on

a two-dimensional random network. First a random network is

generated. The form of transition rates chosen is T- • = v
2 2

[exp-kr- • /R ] where v is an attempt frequency, r- • is the

distance between the i t n and j tl:i sites, RQ is a measure of

mean distance between the points and k is a measure of

sharpness of the distribution. For large values of k, we find

that <r > ~ ta, a < 1 and a(k) continuously decreases as a

function of k. Basically the model demonstrates that static

random nature of local traps gives rise to the subdiffusive

behaviour.

In order to understand the static disorder, we have

devised an analytical model. We start with one dimensional

discrete time random walk modelled by the equation

m

with

Prob(g) = a 6g^() + B ( « g / 1

<g(s) g(s')> = 6
5 o

The model is exactly solvable and gives rise to 1/f noise.

Several variants of this model where the randomness is not

completely frozen, giving rise to apparent subdiffusive

behaviour have also been studied [3,4].

[1] B. Derrida, J. Stat. Phys. 3_1, 433 (1983)

[2] E. Marinari, G. Parisi, D. Ruelle and P. Windey, Phys.

Rev. Lett. 50, 1223 (1983)
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(1985)

[4] M.C- Valsakumar and G. Ananthakrishna, Phys. Lett. 112A,

43 (1985)

Reactor Physics Section IGCAR.

7.13 MONTE CARLO STUDY OF PERCOLATION OF RANDOM DISCS IN TWO

DIMENSIONS: VARIABLE RANGE INTERACTION

(G. Amarendra and G. Ananthakrishna)

There have been a number of studies on percolation in two

dimensional continuum systems [1]. From these studies it is

now known that continuum percolation belongs to the same

universality class as that of lattice systems. In the case of

lattice systems it has been demonstrated [2] that change of

the range of interaction has no effect on the critical

behaviour. Here we report a similar study on two dimensional

random disc system. The simulation is carried out by placing

N discs randomly on a square of size L x L (corresponding to a

unit concentration). Two sites falling within a range R

(measured in units of r = L//TTN) are considered connected.

For the given value of p, the value of R is slowly increased

so as to determine the threshold value Rc at which the

percolating path exists. Roughly forty samples are used to

obtain the mean value of R . R~(p) has been obtained for six

different values of p = 1.0 to 0.4, i.e., in increasing order
2 —1

of dilution. (Rc ) is found to vary linearly with p similar

to lattice result of Hoshen et al [3]. The critical area

fraction A c is also found to be the same at all dilutions with

a mean value of 0.687 +_ 0.0178 (N = 900 and L = 1.5). The

number of samples M used for evaluating the critical exponents

B and Y are different for different values of p (M = 15 + M

= 40 for p + 0.4). The second moment zs2 n (n is the

normalized number of clusters with sites belonging to the

percolating cluster P m a x ) has been analyzed as a function of
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e, = 1 - (R2/R2 ) and e-, = 1 - (A/A,,). For all values of p,
1 c z ^

we find that the value of the exponent T is constant at 2.35 +_

0.13. The value of exponent 3 is 0.14 _+ 0.03 for different

values of p. The values of 6 and T are found to be the same

when analyzed as a function of q or ^2 [4].

[1] I. Balberg and N. Binenbaum, Phys. Rev. B28, 3799 (1983)

[2] J. Kertesz and T. Vicsek, Z. Phys. B45, 345 (1982)

[3] J. Hoshen, R. Kopelman and E.M. Monberg, J. Stat. Phys.

1£, 219 (1978)

[4] G. Amarendra and G. Ananthakrishna, Solid State Comraun.

58, 873 (1986)

7.14 DIFFRACTION FROM A QUASI-CRYSTALLINE CHAIN

(M.C. Valsakumar and Vijay Kumar)

The recently. discovered icosahedral phase [1] of

condensed matter is believed to be explained in terms of

Penrose tiling in three dimensions [2]. In order to establish

the correspondence, it is essential to calculate the

diffraction patterns of multicomponent Penrose lattices (since

the experimentally studied systems are multicomponent). Such

a calculation is also a prerequisite for the analysis of the

electronic and vibrational properties of these systems. The

calculation of diffraction patterns of these systems have so

far been restricted to one component only. We have considered

this problem in this paper and restrict ourselves to one

dimension.

We have presented a general formalism for diffraction

from a one-dimensional quasi-periodic chain with arbitrary

length scales and sequences. This is achieved by a

generalisation of an existing procedure [3]. The notion of
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subquasi-lattices is introduced and the effect of different

basis on different sites is studied. The relevance of this

work for the study of vibrational and electronic spectra of

the chain is discussed. Some general remarks are made about

the spectral properties of the chain.

[1] D. Shechtman, I. Blech, D. Gratias and J.W. Cairn, Phys.

Rev. Lett. 5^3,1951 (1984)

[2] D. Levine and P.J. Steinhardt, Phys. Rev. Lett. J3_3, 2477

(1984)

[3] R.K.P. Zia and W.J. Dallas, J. Phys. A18, L341 (1985)

7.15 QUANTISATION OP DISSIPATIVE SYSTEMS

(M.C. Valsakumar and H. Dekker*)

Quantisation of dissipative systems continues to be a

tantalizing issue [1]. Most of the theories in this context

violates the algebraic requirements of quantum mechanics, due

to the inexact treatment of the bath and the subsystem. Exact

treatment is impossible and hence approximate theories are

imperative. We set the basic requirement of such a theory to

be the preservation of the uncertainty principle and would

like to examine the existing theories in this perspective.

We have reformulated [2] Dekker's theory of quantisation

in complex variables in terms of a Hamiltonian theory. The

interesting point is that the existence of appropriate complex

variables is not always guaranteed, but such a problem does

not arise in the present formulation. We have then argued [2]

that an additional constraint is to be put on the quantum

fluctuations in order to preserve the uncertainty principle.

This is not satisfied [2,3] in the usually quoted equation to

be satisfied by the Wigner distribution function. We have

explicitly determined [3] the constraint on the quantum

mechanical diffusion constants for a damped quantum mechanical
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harmonic oscillator. This condition is unique in Dekker's

theory.

We have also analyzed Kanai's method [4] of quantisation.

We have shown that [2] the phase space description of quantum

mechanics provides computational simplification, when this

method is employed. The phase space distribution function can

be obtained as the solution of the corresponding classical

Langevin equations in canonical variables, irrespective of the

statistical properties of the noise. The above result is

exact for systems described by a quadratic Lagrangian, and

approximate for the general case.

[1] H. Dekker, Phys. Rep. _80_, 1 (1981)

[2] M.C. Valsakumar, Pramana _22_, 489 (1984)
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7.16 TWO-STATE RANDOM WALK MODEL OF LATTICE DIFFUSION

(V. Balakrishnan+ and G. Venkataraman)

Diffusion with interruptions (arising from localized

oscillations, or traps, or mixing between jump diffusion and

fluid-like diffusion, etc.) is a very general phenomenon. Its

manifestations range from superionic conductance to the

behaviour of hydrogen in metals. Based on a continuous-time

random walk approach, we present a comprehensive two-state

random walk model for the diffusion of a particle on a

lattice, incorporating arbitrary holding-time distributions

for both localized residence at the sites and inter-site

flights, and also the correct first-waiting-time

distributions. A synthesis is thus achieved [1J of the two

extremes of jump diffusion (zero flight time) and fluid-like
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diffusion (zero residence time). Various earlier models

emerge as special cases of our theory. Among the noteworthy

results obtained are: closed-form solutions (in d dimensions,

and with arbitrary directional bias) for temporlly

uncorrelated jump diffusion and for the 'fluid diffusion1

counterpart; a compact, general formula for the mean square

displacement; the effects of a continuous spectrum of time

scales in the holding-time distributions, etc.

Next, we consider the problem of a particle executing a

random walk interspered with localized oscillations during its

halts (e.g., at lattice sites). Earlier approaches proceed

via approximation schemes for the solution of the

Fokker-Planck equation for diffusion in a periodic potential.

In contrast, we visualize a two-state random walk in velocity

space with the particle alternating between a state of flight

and one of localized oscillation. Using simple, physically

plausible inputs for the primary quantities characterising the

random walk, we employ the powerful continuous-time random

walk formalism to derive [2] convenient and tractable

closed-form expressions for all the objects of interest: the

velocity auto-correlation, generalized diffusion constant,

dynamic mobility, mean square displacement, dynamic structure

factor (in the Gaussian approximation), etc. The interplay of

the three characteristic times in the problem (the mean

residence and flight times, and the period of the 'local

mode1) is elucidated. The emergence of a number of striking

features of oscillatory diffusion (e.g., the local mode peak

in the dynamic mobility and structure factor, and tne

transition between the oscillatory and diffusive regimes) is

demonstrated.

[1] V. Balakrishnan and G. Venkataraman, Pramana JL6_, 109

(1981)

[2] V. Balakrishnan and G. Venkataraman, Pramana 1_6_, 437

(1981)

+ Department of Physics, IIT, Madras 600 036.
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7.17 SYMMETRY AND IMPERFECTIONS

(G. Venkataraman)

The importance of the study of defects in crystalline

solids is well known to scientists interested in physical and

mechanical properties. Defects also exist in other ordered

systems such as superfluids, superconductor and mesomorphic

states.

A natural direction for research, therefore, is to get a

unified picture of the types of defects possible in various

ordered ystems, their stability, aggregation etc. Work in

this direction requires the use of algebraic topology. Such

an abstraction becomes inevitable if one has to deal with

complex systems like liquid crystals. Moreover, this language

succinctly brings out the relation between symmetry and

imperfections. Apart from the types of defects possible, the

nature of defect entanglement also fall out as a natural

consequence of the study of homotopy groups of the order

parameter space. These novel concepts have been presented

[1,2] to the general physics and metallurgy community with the

view of eliciting their participation in this

yet-to-be-understood area of condensed matter.

Since the concept of defects is essential in

understanding material properties of ordered systems, the

logical follow-up would be to seek for defects in amorphous

systems. The possibility of topological defects in disordered

systems, explicit speculation on the liquid-glass transition,

the concept of frustration and, ideas regarding gauge theory

for amorphous systems have been reviewed [1].

In order to provoke the metallurgists to a different

point of view, Spaepen's simulation work on the collapse of a

hole in a-system, Cahn's conjecture for diffusion in metallic

glass, the Anderson-Kalperin-Varma (AHV) idea of phonon
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assisted tunnelling and diffusion in the light of AHV

mechanism have also been discussed [1J.

[1] G. Venkataraman, Trans. Ind. Inst. of Metals 3A_, 177

(1981)

[2] G. Venkataraman, Current Science _5_4, 1 (1985)

7.18 SIMULATION STUDIES ON SERRATED YIELDING

(K. Neelakantan+ and G. Venkataraman)

A model for serrated yielding [1] based on the negative

resistance characteristics of materials has been developed

[2], It has been shown that, as in the case of various

biological and chemical oscillators, serrations occur when the

lead line intersects the material characteristic curve in an

unstable region. When compared with electrical, chemical and

biological systems, there is an important difference in the

present case - the material characteristic itself evolves or

becomes 'dressed' during deformation.

The electrical equivalent of the machine equation has.

been used to build an analogue computer to simulate the

material behaviour. Various tensile test conditions have been

simulated and the corresponding yield patterns obtained. The

analogy provides a simple understanding of the occurence of

serrations in certain bands of strain rate and temperature.

The above model, though adequate to explain the gross

features of serrated yielding, is insufficient to explain

other observed details such as the irregularity in the yield

drop. Therefore a refined model that takes into account

fluctuations in the dislocation density and dislocation

velocity was developed [3], This also accounts for spatial

inhomogeneity in the material. Simulations using this model

were also carried out on a digital computer. Various
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archetypes of serrated yielding responses (:..e., types A, B, C

and D) were successfully simulated.

[1] E.O. Hall, Yield Point Phenomena in Metals and Alloys

(Plenum, New York, 1970)

[2] K. Neelakantan and G. Venkataraman, Acta Metall. 3_1, 77

(1983)

[3] K. Neelakantan, Bull. Mat. Sci. 8, 209 (1986)

+ Electronics & Instrumentation Laboratory, IGCAR.

7.19 PHASE TRANSITIONS OF A FEEDBACK AMPLIFIER

(K. Neelakantan+ and G. Venkataraman)

It has been shown that an amplifier with positive

feedback exhibits nonequilibrium phase transitions. The

potential function for the feedback amplifier with a nonlinear

gain has been calculated. The phase transition behaviour of

such an amplifier has been experimentally studied [1]. The

results have been interpreted using the language of

catastrophe theory [2]. Zero, first and second order

transitions have been demonstrated by driving the system along

suitable trajectories in control parameter space of input

voltage and feedback factor. The cusp and the spinodal have

been mapped out in this case.

Fluctuations in the order parameter have been

investigated in detail. The relationship between the

amplitude of fluctuations and the system response time in the

case of a first order phase transition has been established.

Quench experiments analogous to those in condensed matter

physics have also been carried out with similar results.

[1] K. Neelakantan and G. Venkataraman, Pramana _22, 387 (1984)

[2] R. Gilmore, Catastrophe Theory for Scientists and

Engineers (John Wiley, New York, 19 81)

+ Electronics & Instrumentation Laboratory, IGCAR.



8. CRYSTAL GROWTH & MATERIALS PREPARATION

8.1 CONSTRUCTION OF AN ELECTRON BEAM ZONE MELTING FURNACE

(S.K. Khanna, M. Sekar, K. Govinda Rajan, V. Sankara

Sastry, V. Muralidharan and K. Vijayabhaskar)

The method of zone melting is well known and is widely

used in the refining and crystal growth of refractory metals

and semiconductors. In the vertical sample geometry, a small

zone of the sample is melted and is held stable against

gravity. The mother zone is traversed along the sample length

resulting in sample purification. Heating can be done by a

variety of means and the electron beam heating offers many

advantages in terms of control of heating power, stability and

efficiency. The ambient vacuum provides the added advantage

in materials refinement.

An electron beam zone melting furnace has been designed

for refinement and crystal growth. As shown schematically in

the Fig.8.1.1, the vacuum vessel houses a specimen rod and a

filament assembly. Standard lead-screw arrangement is used

for transporting the filament assembly. Two modes of filament

design are possible; the directly heated mode in which the

filament sees the specimen (and consequently contaminates it),

and the indirectly heated mode in which the filament is

shielded from the sample and the electrons are focussed on the

specimen by means of a separate electrode. Both variations

have been tried.

The specimen, the grid and the filament are powered with

necessary voltages from well-stabilized sources, while the

stepper motor provides the necessary drive and control.

Systematic studies on the factors affecting the zone

stability, and hence the crystalline perfection are being

done.
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Fig.8.1.1 Schematic view of the electron beam zone refiner.
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8.2 GROWTH AND CHARACTERIZATION OF METAL SINGLE CRYSTALS

(S.K. Khanna and K. Govinda Rajan)

Single crystals of metals such as copper, nickel and

cobalt have been grown from the melt by the Czochralski

method. The growth in all these cases was carried out in an

argon atmosphere at a pressure of 5 bars. It is observed that

the atmosphere plays an important role in the production of

good quality crystals [1,2]. The growth rate was maintained

at 0.01-0.02 cm/min. Laue pictures confirmed the crystals to

be single crystals and strain free (Fig.8.2.1).

As-grown crystals were characterized by metallographic

techniques. These were cut and polished mechanically and

finally etched to remove the surface damage. The etch pits

corresponding to the dislocations were identified and the

dislocation density was determined to be 10^ dislocations/cm^ .

In addition to the dislocation density determination

striations were also studied in nickel. These were found to

be parallel to the solid-liquid interface and were not

periodic over the entire length of the crystal. The spacing

between two striations was - 3 urn. The striations originate

mainly due to the thermal convection in the melt. Since the

crystal is extremely soft, a slight hydrostatic pressure

prevents generation of dislocations due to thermal stresses at

the interface and thus improves the quality of the crystal.

Figure 8.2.2 shows the photograph of copper crystals grown as

above.

[1] S.K. Khanna, M. Sekar, A. Michael David, K. Govinda Rajan

and P. Bhaskar Rao, Pramana _2_6, 151 (1986)

[2] S.K. Khanna and K. Govinda Rajan, Bull. Mater. Sci. (1986)
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Fig.8.2.1 Lau back-reflection pattern from copper single crystals
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Fig.8.2.2 Photograph of copper single crystals.
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8i3 THERMAL PROFILE ESTIMATION IN COPPER SINGLE CRYSTALS GROWN

BY CZOCHRALSKI METHOD

(S.K. Khanna, K. Govinda Rajan and P. Bhaskar Rao*)

In Czochralski method the shape of the crystal and its

perfection are determined by the growth parameters. A sudden

change in melt temperature by just 2-3 degrees for a copper

crystal of 8 mm diameter has been found to change the crystal

diameter by 10% . A model has been developed to estimate the

thermal profile in a crystal grown from the melt by

Czochralski method. In this model, the crystal of irregular

diameter is divided into N slices of thickness A Z . The

radius/ surrounding temperature and material constants are

assumed to be constant over each slice but may differ from the

one slice to the next. Solution is then found for one

dimensional differential equation set up for heat transfer,

which takes into account the heat transport due to radiation

and convection. The results indicate that the crystal neck

(see Fig.8.3.la) influences substantially the temperature

distribution in the crystal. Figure 8.3.1b shows the axial

temperature distribution in copper single crystals. Such

calculations • form the basis for subsequent automatic diameter

control and computer aided crystal growth.

* Reactor Physics Section, IGCAR.

8.4 GROWTH OF CRYSTALS

(R. Krishnaswamy, M. Rajalakshmi, Padma Gopalan and C.

Haridass*)

Several crystals were grown using the facilities

developed [1,2] in this Laboratory. Using Holden's method,

ammonium dihydrogen phosphate, potassium dihydrogen phosphate

and mixed crystals of potash alum with chrome alum in various

percentages were grown to a maximum size of 45 mm in length as
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a regular octahedron. This was used for Raman spectroscopy

studies [3,4], Complex langbenite (K^Mg 2(SO4 ) ^ ) crystal

growth gave some problems as the langbenite was invariably

associated with iconite (K2 Mg 2^s®4^24^2®) and/or schonite

(K2Mgp(SO4)26H2O). A suitable dehydrant (MgCl ) helped in

growing iconite as well as small needle shaped crystals of

langbenite. X-ray diffraction pattern was used for

characterization. Chemical method of determining I£ and Mg led

to ambiguous results, since K_ and Mg_ concentration range is

small in all the three cases.

Crystals of Al and Al-Zn alloy were grown in zone

leveller using a flux and a degasifier for achieving good

porosity in the molten ingot. Bi and Zn were grown in

Bridgman furnace in a vacuum-sealed crucible. Crystals of

Ag-Al alloy in various percentages of Al presented problems in

homogenization and in chemical characterization. The

homogenization problem was solved by a suitable technical

improvement in the homogenizer. The characterization problem

was solved using atomic absorption spectroscopy and x-ray

diffraction method. These crystals are used in x-ray studies.

[1] R. Krishnaswa-fiy, Nucl. Phys. & Solid State Phys. (India)

21C, 791 (1978)

[2] R. Krishnaswamy and P. Kuppusami, Nucl. Phys. & Solid

State Phys. (India) 23C, 916 (1980)

[3] R. Kesavamoorthy and R. Krishnaswamy, Phys. Stat. Sol.(b)

108, 307 (1981)

[4] R. Krishnaswamy, Bull. Mater. Sci.3(3), 288 (1981)

* School of Physics, Madurai Kamciraj University, Madurai

625021.



9. DEVELOPMENAL ACTIVITIES

9.1 DEVELOPMENT OF HELIUM IMPLANTATION FACILITY FOR VEC

EXPERIMENTS

(B. Viswanathan, G. Amarendra and K.P. Gopinathan)

Bombardment by helium ions of energy 5 to 50 MeV is well

suited for the study of the properties of helium in the bulk

state and the damage caused to materials. Positron annihilation

technique (PAT) can be addressed with high sensitivity and

precision to fundamental questions en helium-vacancy trapping,

intrinsic helium mobility, nucleation and growth of helium

bubbles etc. An irradiation chamber for implantation of

a-particles from VEC was designed and fabricated to meet the

specific requirements of post-irradiation PAT experiments^

Figure 9.1.1 shows a sectional view of the implantation

chamber aligned to the beam line at VEC, Calcutta. A degrader

wheel containing various Al foils is used in the beam path

before the target to enable homogeneous helium implantation

over several microns depth in the specimens. The wheel kept

in vacuum, is rotated by a low speed motor and is controlled

remotely. The rotation of the wheel brings different foils of

varying thicknesses in the beam path periodically so that the

beam energy is degraded continuously from, say, 40 MeV to a

few MeV on the target. The foil thicknesses employed have

been obtained from the standard stopping power calculations.

The degrader wheel can also be kept static, allowing a-bcara

of a chosen energy, if helium is to be deposited at a given

depth. Figure 9.1.2a shows the details of the actual,

irradiation arrangement at VEC. Figure 9.1.2b shows the

details of the target assembly, where four metallic samples

mounted on a copper block are efficiently cooled by LCW water

at ~ 200 psi. A Faraday Cup and an electron guard ring at a

retarding potential enable helium charge collection and

measurement at the target, with secondary electron
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suppression. The parameters monitored on-line during alpha

irradiation are the helium dose, irradiation temperature and

the profile of the beam in the X and Y directions normal to

the beam axis. The implantation chamber was successfully

operated at the beam line at VEC and tested for homogeneous

and heterogeneous helium deposition. The irradiated specimens

(Ni) were examined for defect recovery in post-irradiation

positron annihilation experiments. Figure 9.1.2c shows the

strong overlap of positron implantation profile with the

helium profile in the irradiated specimens). The annihilation

line shape, monitored as a function of isochronal annealing

temperature, showed clearly the stages corresponding to

vacancy clustering, dislocation loop annealing and formation

of helium bubbles in nickel. The above irradiation chamber

can also be used for other experiments, where homogenous

helium implantation is required.

9.2 A SINGLE BOARD COMPUTER FOR CONTROL AND DATA ACQUISITION

IN TWO PHOTON ANGULAR CORRELATION EXPERIMENTS

(D. Vasumathi, A. Bharathi and K. Neelakantan*)

An INTEL 8085 based single board computer has been made

for the control and data acquisition from a long-slit angular

correlation set-up. The experiment consists of measuring the

coincidence counts versus the angle between the stationary and

moveable detectors.

The microcomputer provides a control pulse for initiating

stepper motor movement, a gate pulse of preset width for three

6 digit sealers, reads the sealer values into RAM and collects

the data for various angles constituting a scan.

The microcomputer consists of an 8085 with 2 K Bytes of

RAM (2114), 4 K Bytes of EPROM (2716) and an 8155 Port besides

buffers and interface circuitry (see Fig.9.2.1). The moveable

detector position is set by a custom-made stepper motor
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controller. A simple interface logic provides for

sequentially reading 2 digits of the sealers at a time through

a parallel PORT.

The system is connected to a teletype through 20 mA

current loop lilies. The experimental parameters are fed to

the system through the teletype. The system software

activates the stepper motor through a PORT line. The end of

the motor movement pulse is sensed using the RST 7.5 input

using a RIM instruction. The gate pulse for the sealers is

activated using another PORT line. The sealer values are

stored in RAM. At the end of the scan, the system waits for a

control character from the teletype, before transferring the

data to the teletype in a neat format.

Further improvements to the present microprocessor based

automation system are envisaged, such as carrying out the

motor control through software, and coupling this sytem to a

MICRO-II personal computer for data processing.

Electronics & Instrumentation Laboratory, IGCAR

9.3 A MEDIUM FREQUENCY CAPACITANCE TRANSDUCER

(R.Mallika and B. Purniah)

A capacitance transducer has been built for medium

frequency internal friction experiments. The transducer can

detect changes in capacitance of the order of 10""'* pF which
— R

corresponds to a strain amplitude of 10 . The block diagram

of the transducer is shown in Fig. 9.3. la. The capacitances C-̂

and C2 are formed between the oscillating sample and the fixed

capacitor plates (Fig.9.3.lb). The output of the 100 KHz

oscillator is phase split using the op amp A^ and fed to the

two capacitors C-. and C2 - The current output at the point A

is proportional to the difference (C1-C5). The capacitance C-̂

is used as a coarse balance control to offset any mismatch in
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C JL a n d C 2 to begin with. The combination of R^, R~r
 R T

provides an electronic fine balance control which is needed

because of the small difference in capacitance involved. The

current at the point A is converted to a voltage by op amp A2*

Amplifier A-̂  provides the gain/sensitivity control to select

various ranges (>10~ pF,>10~ pF and >10 pF). The signal is

next passed through an active bandpass filter with a Q of 8 to

filter out other noise frequencies. The filter is realised

using a Burr-Brown UAF25 active filter chip. The signal is

then precision rectified and finally passed through a second

order low pass filter to yield a ripple-free dc output.

9.4 MEDIUM FREQUENCY INTERNAL FRICTION APPARATUS

(S. Srinivasan and B. Purniah)

A medium frequency internal friction apparatus, which

operates in the frequency range of 20 Hz to 50 Hz and

temperature range between 90 K and room temperature, has been

built. The apparatus uses samples in the form of foils of

length 50 mm x width 5 mm and thickness from 50^ m to 1 mm.

Electrostatic drive and detection are used to measure the

strain amplitudes which are 10™ or lower. A schematic diagram

of the apparatus with liquid nitrogen cryostat is shown in

Fig.9.4.1. The annular space between the liquid nitrogen

chamber and the outer vacuum jacket is evacuated to 10 torr

using a combination of sputter-ion and sorption pumps to avoid

vibrations. A vibration isolation platform has been designed

and fabricated for mounting the internal friction apparatus.

Figure 9.4.2 shows a photograph of the platform. The circular

platform is supported on three pneumatic isolator leg

assemblies obtained commercially. The stability of the system

has been ensured by making the centre of gravity of the system

lower than the point of support.
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Fig.9.4.1 Schematic diagram of internal friction apparatus.



rig. 9.4.2 Photograph of the apparatus with the vibration
isolation platform.

Fig.9.5.1 Photograph of the insulating column structure of
the 2 MV tandem accelerator.
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9.5 DEVELOPMENT OF ACCELERATORS AND ASSOCIATED SYSTEMS

(N.S. Thampi, S. Panchapakesan, K.G.M. Nair,

R. Dhandapani, V. Bhaskaran and P. Magudapathy)

The setting up of a particle irradiation facility (PIF)

started a few years ago, is nearing completion. The facility,

when completed, will house a 150 kV Sames Model J-15 neutron

generator, a 2 MV locally developed tandem accelerator and a

400 kV heavy ion accelerator. These accelerators are to serve

as irradiation sources for simulation of radiation damage, ion

implantation and surface studies in materials. This facility

will be used for investigating materials using modern

techniques like Rutherford backscattering, channeling, PIXE,

microbeam analysis, etc.

The J-15 model neutron generator is currently being used

as a 150 kV accelerator for gaseous ions. It will be shifted

to a new location in PIF building and converted back to the

neutron mode at a later date. Thereafter it will be available

for fast neutron work such as activation analysis using 14 MeV

neutrons within the flux limit available.

The mechanical assembly of the tandem accelerator is

almost complete and presently the high voltage systems are

undergoing test runs. The insulating column structure (see

Fig.9.5.1), high voltage dome, column resistors, charging belt

and associated systems have all been installed and tested.

The accelerating tubes have been assembled and will be

installed in position after the high voltage tests are'

completed. The insulating gas handling system consisting of a

compressor, dryer, circulator, storage tank etc. with nitrogen

and carbon dioxide as the gas mixture, • has also been

commissioned. Analysing magnets, beam viewers, beam

deflectors etc. are also ready. The beam lines and the vacuum

systems have been fabricated and tested and are ready for

installation. Controls are presently at a temporary location
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and will be shifted later to the final location in the control

room. Civil works for the additional space is in progress and

is expected to be ready by end of 1.986. The tandem

accelerator is expected to be ready for preliminary

experimental work by the middle of 1987. Initially a negative

helium ion source will be coupled to the accelerator.

A 400 kv heavy ion accelerator is also being installed in
«

the PIF building. For this, the major components like ion

source, analysing magnet, accelerating tube, high voltage

power supply etc. have already been procured. Insulating

supports, structural assembly and high voltage terminal have

been fabricated. Erection work of the equipment will commence

once the alteration in the civil work is completed by end of

1986. This accelerator will provide a mass analysed average

beam intensity of 25 jiA with all 'normally' ionisable species.

Further this system is being assembled with UHV compatibility

and will be provided with a 3 port switching magnet. The

accelerator is expected to be ready by the end of 1987.

9.6 A 12 TESLA SUPERCONDUCTING MAGNET SYSTEM

(M.P. Janawadkar, Y. Hariharan and T.S. Radhakrishnan)

A superconducting magnet system has been acquired to

extend the range of accessible magnetic fields to 12 Tesla.

The magnet has a clear bore of 30.5 mm, and can produce a

magnetic field of 12 Tesla at a current of 84.74 Amperes. The

magnetic field is homogeneous to within 0.2% over a 20 mm

diameter spherical volume around the magnet centre. The

magnet power supply has a capability to drive upto 120 Amperes

of current at a voltage level of 6 V. The current is stable

to within 20 ppm over an extended duration of time. The

current through the magnet can also be swept linearly in both

the increasing and the decreasing directions at any

preselectable sweep time between 10 sec and 10 sec. The set

current can be accurately read either from a front panel DPM
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with a resolution of 0.1 Amp., or can be inferred by

monitoring the DVM output provided for this purpose.

An exchange gas type of insert has been fabricated to

enable measurements of critical fields of superconductors,

magnetoresistance etc. to be carried out at temperatures above

4.2 K and magnetic fields upto 12 Tesla. The insert is shown

in Fig. 9.6.1.

9.7 CRYOSTAT FOR MEASUREMENT OF CRITICAL FIELD H c 2 OF A

SUPERCONDUCTOR

(Y. Hariharan, M.P. Janawadkar and T.S. Radhakrishnan)

An exchange gas type cryostat has been adapted to enable

measurement of the temperature dependence of the upper

critical field H 2 of a superconductor. The sample can be

mounted on a high conductivity copper sample holder which

carries a germanium and an Allan Bradley 47 ohm carbon

resistance thermometers for temperature measurement as also a

carbon sensor and a nichrome heater for temperature control.

The sample holder is surrounded by an exchange gas chamber,

whose tail end goes inside a 30 mm bore 6 Tesla

superconducting magnet, in such a way as to position the

sample at the magnet centre.

Since the germanium resistance thermometer has a large

magnetoresistance, the Allan Bradley 47 ohm carbon resistor is

calibrated in the required temperature range against the

germanium resistance thermometer in zero external field. R-T

characteristics of the Allan Bradley carbon thermometer can be

well represented by the equation [1]

In R
= A + B In R + C(ln R) 2.

T

An interpolation table could thus be constructed for the
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carbon thermometer by standard least squares fitting

procedure. The magnetic field corrections to the resistance

of the carbon thermometer at different values of temperature

and magnetic field have been estimated from the published data

of Neuringer and Rubin [2],

The resistance of the carbon sensor used for temperature

control varies with external magnetic field; hence it is not

possible to maintain the temperature constant and vary the

magnetic field. Instead, the external magnetic field is held

constant and the temperature is varied to record the

superconducting transition. The value of the applied magnetic

field will then equal HC2 of the • specimen at the

superconducting transition temperature when the resistance of

the specimen rises to half the normal state value. Thus, by

measuring Tc of the specimen in different values of applied

magnetic field, the temperature dependence of ^C2
 c a n ^ e

obtained.

The apparatus has been routinely used in the measurement

of upper critical fields of Nb-Ti alloys.

[1] A.C. Anderson, in "Temperature, Its Measurement and

Control in Science Industry", ed. H.H. Plumb (Instrument

Society of America, Pittsburgh, 1972) Vol.4, Part 2, p.773

[2] L.J. Neuringer and L.G. Rubin, ibid, p.1085.

9.8 FABRICATION OF A He-Cd LASER

(A.K. Arora, R. Kesavamoorthy, B.V.R. Tata, M. Thangavelu

and A.K. Sood)

A He-Cd laser was fabricated to be used as an exciting

source for light scattering experiments. The plasma tube is

about 1.5 metres long and has a cold cathode made of nuclear
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grade aluminium. The mechanical components like the optical

bench and tube holders, the gas filling system etc. were

fabricated here. A power supply (8 kV, 200 mA) was made at

VEC Centre, Calcutta. A heater to heat up cadmium in the

plasma tube upto - 220°C and the associated temperature

controller were also fabricated and incorporated in the

system. The laser power is about 20 mW. This is lower than

the expected power of 100 mW. The reason lies perhaps in the

poor quality of laser mirrors which were fabricated and coated

by a local firm. By using good quality mirrors, the power is

expected to be increased. Modifications are also being

introduced in the gas filling system for efficient processing

of the plasma tube to increase the laser power.

9.9 A NEW SET-UP FOR MEASURING ANGLE RESOLVED POLARISED LIGHT

SCATTERING

(A.K. Arora)

Angle resolved light scattering is an important technique

which gives valuable information about the average shape and

size of scatterers. The technique is commonly applied to

polymer solutions and aerosols as well as to defects in

dielectric crystals. Recently this technique has been

employed to obtain static and dynamic structure factors of a

colloidal suspension having crystalline as well as liquid-like

order. Most of the experimental set-ups for measuring

angle-resolved light scattering need to rotate the detector,

which is usually a PMT or an optic fibre head followed by a

PMT [1], to scan the scattering angle. Normally rotating the

PMT along with its bulky housing for cooling may not always be

easy. A new, simple and compact set-up for measuring

polarised angle-resolved light scattering which does not

require the PMT to be rotated is designed and fabricated in

this Laboratory. In this set-up the incident laser beam is

rotated by means of mirrors mounted on a rotating arm. A
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fixed incident polarisation (either vertical or horizontal) is

achieved by simultaneously rotating a half-wave quartz

retardation plate by half of the scattering angle (see

Fig.9.9.1).

[1] A.J. Hurd, N.A, Clark, R.C. Mockler and W.J. O'Sullivan,

Phys. Rev. A26, 2869 (1982)

9.10 DEVELOPMENT OF A FAR INFRARED FOURIER TRANSFORM

SPECTROMETER

(B.V.R. Tata, A.K. Arora, R. Kesavamoorthy and A.K. Sood)

A Fourier transform spectrometer was designed and is

being built for the spectral range of 200 to 10 cm"-1- . This

will complement the spectral range of 4000 cm to 180 cm

available in the Perkin-Elmer infrared spectrophotometer model

580. The Fourier transform spectrometer is built around a

Michelson interferometer. The mechanical parts like the

translation stage, the mirror and beam splitter holder and the

spectrometer housing to withstand vacuum were all built

locally and tested for their performances. As a source, the

locally available Philips mercury lamp without its outer glass

jacket was tested. The other parts like beam splitter and

filters were also assembled locally. The associated

electronics based on an 8085 microprocessor was made by the

Electronics and Instrumentation Laboratory. At present the

Fourier transform of the recorded interferogram is done by

feeding the data manually to the computer. It is planned to

attach a microcomputer to have on-line Fourier transformation

and data analysis. A typical interferogram and its transform

for the beam splitter are shown in Fig.9.10.1.

9.11 AN IN-SITU HOMOGENIZER

(R. Krishnaswamy and P. Kuppusami)

A homogenizer is needed for uniform doping and alloying
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before crystal growth in Bridgman furnace. With this aim a

homogenizer with variable jerk length and with practically no

lateral shake to increase efficiency was designed and built

locally [1,2]. Without the homogenizer, the dopant level

showed a spatial variation from 88 to 487 ppm in Pb++ doped

NaCl. With the use of the homogenizer (at the melting point),

the dopant level improved to 150 +_ 20 ppm over the entire

length of the specimen. The dopant concentration was

estimated using chemical and atomic absorption spectrometric

methods. The instrument (Fig. 9.11.1) is in good working

condition.

[1] R. Krishnaswamy and P. Kuppusami, Nucl. Phys. & Solid

State Phys.(India) ,916 (1981)

[2] R. Krishnaswamy, Bull. Mater. Sci. 3, 281 (1981)

9.12 A ZONE LEVELLER

(R. Krishnaswa •)

A zone-leveller for crystal growth with an additional

capability of zone-refining has been designed and fabricated

(Fig.9.12.1) . It has a forward variable speed of 2-10 cm/hr

and a fast reversal of 10 cm/min. A constant torque provision

to keep the speed constant irrespective of the load is also

provided. Details are leported elsewhere [1].

Crystals of Al and Al-Zn 12 mm diameter x 40 mn: long were

grown in the zone-leveller and were characterised by

conventional means. The apparatus can also be converted to a

zone-refiner for refining and preparation of pure materials.

Another advantage of this unit is ' that it is more efficient

for doping, resulting in more uniform doping than by

conventional methods [2].

[1] R. Krishnaswamy, Bull. Mater. Sci. 3_' 2 8 8 (

[2] R. Krishnaswamy, Solid State Phys. (India) 26C, 513 (1984)
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9.13 MOLECULAR DYNAMICS SIMULATION

(V. Sridhar)

Molecular dynamics (MD) programme [1] for a system of N

interacting particles under periodic boundary condition and

constant density condition has been developed. Scliofield' s

[2] algorithm has been used to give an advantage in

computational speed. Bit manipulations have been resorted to,

to reduce the memory requirement (4.5 sec/step for N = 500 and

45 K words of memory). This programme has been tested for

properties of liquid argon. The programme is so structured

that with minor alteration it can be used to study systems

interacting with different potentials. Modifications of the

programme to allow for a change in shape and size of the cell

is under progress. This would allow one to study the system

under general external conditions of stress and is therefore

more suited to the simulation of tensile testing.

A two dimensional version of the MD programme with a

provision to carry out constant pressure simulation has been

carried out. This programme is being utilised to "resolve"

the controversy regarding 2D melting.

MD programme for a surface of constant negative curvature

has also been developed and tested, for (i) a free particle

motion on the geodesic and (ii) two-particle head-on

collision. Simulation of an N particle system with reflecting

boundary condition is under progress.

[1] A. Rahman, Phys. Rev. 136, A405 (1964)

[2] P. Schofield, Comp. Phys. Comm. 5, 17 (1973)
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9.14 A HIGH PRESSURE-HIGH TEMPERATURE CELL FOR ELECTRICAL

RESISTIVITY STUDIES*

(Mohammad Yousuf, P.Ch. Sahu and K. Govinda Rajan)

For solid state studies under high pressure, the opposed

anvil technique is the simplest and most versatile.

Introduction of heating adds complication. A well

characterised 2 sample, 8-lead electrical resistivity cell was

developed to study the effect of pressure and temperature on

the electrical resistivity of metals and alloys.

The details of the cell are shown in Fig.9.14.1. An

internally heated graphite furnace completely encloses the

samples. Temperature is measured by Pt + Pt 13% Rh

thermocouples. The maximum temperature difference from the

centre to periphery is ~ 5°C. The rise time for each

temperature step is less than 2 minutes. The effect of

temperature on the sample pressure in our cell was found to be

1 kbar/100°C.

The cell can generate 100 kbar and 1200°C. Pressure

calibration is done by using the well known polymorphic

changes in Bi. The power required to raise the cell

temperature to 1200°C is about 1.6 kW.

* Pramana 24, 825 (1985).
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S. Kalavathi, L. Pathak, V. Sankara Sactry and

T.S. Radhakrishnan

Solid State Phys. (India) 28C, 320 (1985)
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10.3 Books Published

1. "Positron Annihilation Spectroscopy"

Edited by V. Devanathan and K.P. Gopinathan

University of Madras, 1982.

2. "Positron Annihilation"

Edited by P.C. Jain, R.M. Singru and K.P. Gopinathan

World Scientific Publishing Co., Singapore, 1985.



10.4 SEMINARS/LECTURES

Date Speaker

23.1.81 Dr. Kanwar Krishan

29.1.81 Dr. K. Govinda Rajan

6.2.81 Kum. V. Umadevi

12.2.81 Dr. K. Iyakutty
Dept. of Nuclear
Physics, University
of Madras

19.2.81 Prof. I. Van Landuyt
State University of
Antwerp, Belgium

26.2.81 Kum. A. Bharathi

5.3.81 Dr. G. Venkataraman

9.3.81 Shri M.C. Valsakumar

12.3.81 Smt. Rita Khanna

16.3.81 Dr. G. Venkataraman
&

18.3.81

19.3.81 Dr. S. Dattagupta

25.3.81 Shri M.C. Valsakumar

26.3.81 Shri K.G.M. Nair

30.3.81 Prof. H. Wollenberger
Hahn-Meitner Institut
fur Kernforschung
Berlin, F.R.G.

Physics of Metallic Glasses:
Structure, Defects and
Properties.

Phenomenon of Adhesion:
Some Recent Developments.

Vibrational Properties of
Disordered Solids.

Band Structure Calculations
in Metals and Application
to Positron Annihilation.

Electron Diffraction in
Electron Microscopy - 4
Powerful Analysis Technique,

Positron Annihilation
Studies of Defects in
GaAs and Ni.

Growth of Physics Research
and Development in India.

Some Aspects of the Theory
of Superconductivity.

X-ray Diffuse Scattering
Studies in Zinc.

Symmetry Breaking and
Topological Classification
of Defects.

Multi-critical Points in
Equilibrium and non-
equilibrium Phase
Transitions.

Ginzburg-Landau Theory.

Modification of Material
Properties by Ion Beams.

Diffusion and Segregation
in Irradiated Alloys.
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9.4.81 Shri M.P. Janawadkar

16.4.81 Dr. K. Govinda Rajan &
Dr. R. Krishnaswamy

23.4.81 Shri M.C. Valsakumar

30.4.81 Shri A.K. Sood

7.5.81 Shri C.S. Pasupathy
NPD, BARC

8.5.81 Dr. B.A.Dasannacharya
NPD, BARC

4.6.81 Dr. P.Bhattacharya
TIFR, Bombay

11.6.81 Dr. S. Ganesan

25.6.81 Kum. R. Radha

2.7.81 Shri R. Kesavamoorthy

9.7.81 Shri C.B. Rao

16.7.81 Shri Y. Hariharan

23.7.81 Shri Mohammad Yousuf

30.7.81 Dr. P.R. Subramanian
Dept. of Nuclear
Physics, University
of Madras

6.8.81 Dr. G. Ananthakrishna

18.8.81 Dr. B.K. Sharma
Rajasthan University,
Jaipur

Magnetic Interactions in
Chevrel Phase Superconductors,

Highlights of the Indo-US
Workshop on 'Preparation and
Characterization of
Materials', Bangalore,
February 1981.

Applications of BCS Theory.

Vibrational Relaxation in
Condensed Media.

On a U Fuelled Neutron
Source Reactor at RRC.

Neutron Scattering from
Molecular Solids.

Are Superfluids Really
'Super1 ?

Reactor Physics Aspects of
Fast Reactor Safety.

Strain Ordering in bcc
Crystals - Anelastic Effects.

Surface Enhanced Raman
Scattering (SERS).

Laser Holography: NDT
Applications.

Microstructure Supercon-
ductivity Correlations in
Ti-rich Alloys.

Relaxation in Metallic
Glasses.

Emission of Light Nuclear
Clusters in Heavy Ion
Collisions.

Temperature Dependence in
Quenched Systems.

Compton Profile and X-ray
Spectroscopic Studies in
Transition Metal Compounds,
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20.8.81 Shri B. Purniah

27.8.81 Shri A.K. Arora

10.9.81 Dr. R.V. Nandedkar

15.9.81 Dr. M. Srinivasan
Nt.P.D., BARC, Bombay

17.9.81 Dr. S. Dattagupta

28.9.81 Dr.S.N. Chintalapudi
VEC, Calcutta

29.9.81 Shri V.Sankara Sastry

1.10.81 Dr. K.P. Gopinabhan

Pseudopotentials and Their
Application in Defect
Calculations.

Light Scattering by Point
Defects in Dielectric
Crystals.

Highlights of RQ4.

Recent Developments in
Fusion.

Anelasticity due to
Randomly Quenched Inter
stitials in bcc Metals.

Present Status of Variable
Energy Cyclotron at
Calcutta.

EXAFS - An X-ray Absorption
Technique for Structure
Determination.

Mossbauer Studies of
Metallic Glasses.

29.10.81 Dr. G. Venkataraman

1.11.81 Dr. R. Bullough
AERE, Harwell, U.K.

5.11.81 Dr. K. Govinda Rajan
Mohammad Yousuf

12.11.81 Shri R. Kesavamoorthy

26.11.81 Dr. D. Sahoo

10.12.81 Dr. C. Abromeit
Hahn-Meitner Institut
fur Kernforschung,
Berlin, F.R.G.

22.12.81 MSL Members

Phonons in Molecular
Crystals.

Radiation Damage Problems
in Reactor Materials.

Highlights of the Inter-
national School on
'Synthesis Energy
Conversion and Storate1

at NPL, New Delhi.

Crystal Field splitting
of Cr^+ in Mixed Alum.

Feasibility of a Light
Beating Experiment in a
NaCl Crystal.

Models of Stability of
Precipitates under
Irradiation.

Papers for the DAE Silver
Jubilee Symposium on Nuclear
Physics & Solid State
Physics, Bombay (Dec. 1981).
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5.1.82

6.1.82

11.1.82

16.1.82

30.1.82

1.2.82

5.2.82

11.2.82

4.3.82

9.3.82

25.3.82

4.5.82

10.6.82

Prof.B. Venkataraman
TIFR, Bombay

Prof. I.K. Igaki
Dept. of Materials
Science, Tohoku
University,Sendai,Japan

Dr. Basil Rose
AERE, Harwell, U.K.

Dr. E.H. Brandt
Max-Planck Institut
fur Metallforschung,
Stuttgart, F.R.G.

Kum. A. Hema
TIFR, Bombay

Dr. Bikash Sinha
NPD, BARC, Bombay

Dr. R.W. Siegel
Argonne National
Laboratory, U.S.A.

Dr. M.L. Bansal
NPD, BARC, Bombay

Dr. A. Jayaraman
Bell Laboratories, USA.

Time Resolved ESR Studies
in Free Radicals.

Preparation and Stoichio-
metric Control of II-VI
Compounds.

The 'Oklo' Phenomenon:
Natural Fission
Reactor 2000 Million
Years Ago.

Helical Instabilities of
the Flux Line Lattice in
Type II Superconductors
in the Presence of
Longitudinal Currents.

Principles of Interactive
Computer Graphics.

High Energy Heavy Ion
Collision and Abnormal
Matter.

Atomic Mechamisms of
Diffusion in Metals.

Raman Study of Phase
Transitions.

Recent Trends in Ultra
High Pressure Research.

Prof.T.R.Anantharaman Atomic Arrangements in
Institute of Technology Metallic Glasses -
Banaras Hindu University, Achievements and Failures,
Varanasi

Dr. B. Viswanathan

Dr. D. Sahoo

Dr. K.P. Gopinathan

Positron Annihilation in
Helium Irradiated SS 316
and Recent Trends with
Positron Beams.

Light Scattering from a
Fluid in Non-equilibrium
Steady State.

Current Trends in
Positron Annihilation
Research.
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24.6.82 Dr. U. De

7.7.82 Dr. C.R. Praharaj
Institute of Physics
Bhubaneswar

14.7.82 Shri R.V. Subba Rao

21.7.82 Dr. K. Govinda Rajan
Shri Y. Hariharan
Shri Mohammad Yousuf

28.7.82 Shri K.P.N. Murthy

4.8.82 Shri R. Kesavamoorthy

25.8.82 Dr. D. Ghosh
VEC, Calcutta

26.8.82 Dr. A.S. Divatia
VEC, Calcutta

30.8.82 Shri P.Ch. Sahu

.9.82 Shri B. Purniah

15.9.82 Prof. S. Berko
Brandeis University
Massachusetts, USA.

16.9.82 Prof. S. Berko
Brandeis University
Massachusetts, USA.

20.9.82 Shri S.M. Sharraa
Neutron Physics Divn.,
BARC, Bombay.

Radiation Damage and other
Solid State Studies in
Perturbed Angular Correla-
tion and Distribution.

Bands in Nuclelr at High
Spins.

Surface Analytical
Techniques in Materials
Characterization.

Highlights of the National
Instrumentation Symposium
- Focal Theme - Science &
Technology of High
Pressures - Bangalore.

Statistical Linearization
of Non-linear Langevin
Type Stochastic Differen-
tial Equations.

Light Scattering from
Decorated Dislocations in
Alkali Halide Crystals.

Helium Recovery from
Thermal Springs.

Operation and Utilization of
VEC at Calcutta.

Hydrostatic Pressure
Vessels for High Pressure
Studies.

Internal Friction in
Metallic and Non-metallic
Glasses.

The Production of Slow
Positron Beams and their
use in Fundamental
Positronium Physics.

Two Dimensional Angular
Correlation of Annihi_ .
tion Radiation Measurements
in Metals.

Charge Density Waves in
Alkali Metals.
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29.9.82 Dr. S.K. Khanna
I.I.T., Madras

6.10.82 Dr. Kanwar Krishan

6.10.82 Dr. R.V. Nandedkar

13.10.82 Dr. A. Narayanasamy
Dept.of Nuclear Physics
University of Madras
Madras

20.10.82 Dr. G. Ananthakrishna

29.10.82 Shri B. Purniah

29.10.82 Dr. G. Ananthakrishna

3.11.82 Dr. R. Krishnaswamy

10.11.82 Dr. N. Ravi
University of Hyderabad

17.11.82 Dr. T.S. Radhakrishnan

24.11.82 Dr. B. Viswanathan

8.12.82 Dr. Kanwar Krishan

20.12.82 M.S.L. Members

Ultrasonic Studies of
Ferroelectric TGS and
TGSe Crystals.

Problems and Concepts on
Helium Precipitation and
Some Results from Very
High Energy ( • 600 MeV)
Light Ion Irradiation.

Recent Developments in
Helium Diffusion by Low
Energy (< 1000 eV) Light
Ion Irradiation.

Mossbauer Studies on
Cu-Mn Ferrites.

Everything You Wanted to
Know About Strange
Attractors.

Internal Friction in
Hydrogen-charged Cold-
worked Stainless Steel.

About the Physics Nobel
Prize of 1981-82.

On the Programmable Mode
of Mixed Crystal Growth
for Desired Stoichiometry.

Hyperfine Interactions by
Mossbauer Spectroscopy.

Mossbauer Effect in
Irradiated PdFe57.

'Helium in Metals' -
Trends and Problems: High-
lights of a Recently held
International Symposium
at Julich, FRG (1982).

Irradiation Induced
Instability in a Concen-
trated Solid Solution
(Spinodal Type Decomposi-
tion ) .

Papers for the DAE
Symposium on Nuclear
Physics & Solid State
Physics, Varanasi,
December 1982.
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21.12.82 Prof. W. Heinz
KFK, Karlsruhe, F.R.G.

29.12.82 Shri G. Amarendra

1.1.83

5.1.83 &
10.1.83

Prof. E.R. Dobbs
University of London
U.K.

Shri A.K. Tyagi

19.1.83 Smt. A. Bharathi

Overview of R & D Activi-
ties in KFK, Karlsruhe,FRG.

Co-existence of Supercon-
ductivity and Magnetism.

Superfluid IIelium-3: An
Introduction by an
Experimentalist.

Helium Irradiation of
Metallic Glasses: Surface
and Sub-surface Damage.

Fine Structure Measurements
of Positronium.

19.1.83 Shri V. Sridhar

20.1.83 Dr. K. Usha Deniz
NPD, BARC, Bombay

27.1.83 Dr. A.K. Sood

2.2.83 Dr. B.K. Mukherjee
Royal Military College
of Canada, Canada

16.2.83 Shri M.C. Valsakumar

23.2.83 Dr.T.S. Radhakrishnan

24.2.83 Dr. V. Devarajan
Institut fur
Kristallographic and
Petrographic,Hannover,
FRG.

2.3.83 Shri A.K. Arora

9.3.83 Shri B. Purniah

10.3.83 Prof. S.P. Pandya
Physical Research
Laboratory,Ahmedabad

16.3.83 Shri N.S. Thampi

On the Search for Frac-
tionally Charged Particles

To be or Not to be
Ordered Claims in
Membranes.

Raman Scattering from
Glasses.

Intermediate State in
Superconductors.

Study of a Class of
Nonlinear Stochastic
Processes.

Superconductivity in
Metal-hydrogen Systems.

Phase Transitions in
Lead Phosphate - Arsenate
Crystals.

Study of Precipitation in
Na:Pb2+ by Light Scatter-
ing and Ultramicroscopy.

Experimental Verification
of Equivalence Principle.

Nuclear Structure Theory.

Applications of Low Energy
Ion Accelerators.
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23.3.83 Shri K.P.N. Murthy

30.3.83 Shri B.K. Panigrahi

6.4.83 Shri C.S. Sundar

13.4.83 Shri M.C. Valsakumar

20.4.83 Shri M.C. Valsakumar

26.4.83 Shri M.P. Janawadkar

4.5.83

6.7.83

Dr. D. Sahoo

13.5.83 Dr. K. Govinda Rajan

20.5.83 Dr. B.S. Shivaram
North Western
University, USA.

25.5.83 Shri K. Varatharajan

8.6.83 Shri M.C. Valsakumar

15.6.83 Dr. U. De

16.6.83 Dr. S. Ramesh
Penn State University
USA

Shri V. Sridhar

11.7.83 Shri Y. Hariharan

Quantum Statistics for
Distinguishable Particles.

Enhancement of Creep by
Irradiation.

Positron Annihilation
Studies of the Annealing
Behaviour of Defects in
Nickel and Gold.

On Quantum Diffusion I.

On Quantum Diffusion II.

Superconductivity and
Structural Instability in
EuMo,So at High Pressures.

The Statistical Inter-
pretation of Quantum
Mechanics.

Highlights of the Workshop
on 'Actinides Under
Pressure1, Karlsruhe, FRG
(1983).

Probing Superfluid He
with Zero Sound.

Behaviour of Precipitates
Under Irradiation.

Ergodic Theory and Its
Relevance to Statistical
Mechanics.

Particle Irradiation and
Superconductivity - A
Review of Some Experiments.

Two-dimensional Cooperative
Phenomena - Solid He -
Helium II Interface.

Molecular Dynamics -
Methods and Applications.

Stabilization of Super-
conducting Magnet.

20.7.83 Shri A.K. Arora Colloidal Crystals.
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25.7.83 Dr. U. Poppe
KFK, Julich, F.R.G.

2 7.7.83 Shri Mohammad Yousuf

3.8.83 Shri V.Sankara Sastry

24.8.83 Dr. G. Venkataraman

31.8.83 Dr.Saraswati Venkataraman

7.9.83 Dr.R.S. Keshavamoorthy

14.9.83 Dr. P.K. Bhattacharya
NPD, BARC, Bombay

21.9.83 ShriK. Neelakantan

28.9.83 Shri K.P.N. Murthy

Phase Transitions and
Superconductivity in
Chevrel Phase Compounds.

Diamond Anvil Cell and
High Pressure Physical
Investigations.

Metallic Glasses at Low
Temperature•

Phase Transformations.

Microstructure Effects
and Spin Wave Scattering
in Yttrium Iron Garnet.

Triton as a Possible
Neutron Target.

Channelling Applications
and Measurements of Ion
Ranges.

Non-equilibrium Phase
Transition in a Simple
Feedback Amplifier.

Importance Sampling in
Monte Carlo Simulation.

5 .10.83 Shri G. Amarendra

12.10.83 Shri M.C. Valsakumar

19.10.83 Smt. A. Bharathi

26.10.83 Shri S. Srinivasan

2.11.83 Dr. D. Sahco

Mossbauer Effect Studies
of Magnetic Critical
Phenomena.

Phase Space Distribution
Functions for Quantum
Dissipative Systems.

Positron Annihilation
Study of Phase Separation
in Al-Zn Alloy.

Atomistic Studies of
Dislocations.

Applications of Hornotopy
Theory to Condensed
Matter Physics.
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4.1

11.
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.11.83
&

.11.83

.11.83

12.83

12.83

.12.83

.12.83

12.83

12.83

..84

1.84

1.84

Dr. T.S. Radhakrishnan

Shri B.V.Rao Tata

Smt.

Dr.

Dr.

MSL

Shri

, Rita Khanna

K. Govinda Rajan

P. Rodriguez

Members

Mohamirad Yousuf

Dr. B.R. Pamplin
University of Bath, UK.

Dr. S. Ramdas
University of Cambridge,
U.K.

Shri

Prof

K.G.M. Nair

. S.N. Behera

18.1.84

25.1.84

25.1.84

1.2.84

Institute of Physics,
Bhubaneswar.

Shri B. Purniah

Dr. B. Viswanathan

Shri Y. Hariharan

Dr. Kanwar Krishan

Techniques and Phenomena
at Ultra Low Temperatures

Infrared Reflectivity
Studies in GaAs.

Diffuse X-ray Scattering
from Disordered Alloys.

Crystal Growth from Melt.

Fracture, Structural
Design and Safety.

Papers for the DAE
Symposium held at Mysore
(December 1983) .

Metallic Hydrogen.

New Semiconducting
Compounds.

Structural Aspects of
Zeolites.

lor. Optics of Tandem
Accelerator.

Raman Scattering Studies
of Layered Compounds -
Some Theoretical Aspects.

Dislocation Pinning
Studied by Internal
Friction.

Report on the International
Symposium on Vacuum
Technology and Nuclear
Applications, Bombay
(1983) .

Report on the Indo-Soviet
Conference on Low
Temperature Physics,
Bangalore (1984).

Decomposition of a
Concentrated Alloy by
Irradiation.
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2.2.84 Prof. G. Czjzek
KFK, Karlsruhe
F. R. G.

8.2.84 Dr. S.K. Khanna

14.2.84 Dr. Rainer
Hahn-Meitner Institut
Berlin, F.R.G.

22.2.84 Kum. T. Mallika

29.2.84 Dr. R.V. Nandedkar

29.2.84 Shri D.V. Natarajan

7.3.84

21.3.84

Shri P.Ch. Sahu

16.3.84 Dr. V. Swair.inathan
Bell Laboratories,
U.S.A.

Shri C.S. Sundar

28.3.84 Shri A.K. Arora

5.4.84 Dr.- V.K. Tewary
Birla Institute of
Science & Technology,
Pilani

11.4.84 Shri V. Seetharaman

18.4.84 Dr.Bulbul Chakraborty

25.4.84 Dr. S. Ganesan

Structural Investigations
of Metallic Glasses by
Mcssbauer Spectroscopy.

Crystal Growth from Melt
and Characterization.

Study of Decomposition in
CuNiFe Alloys by Means of
Neutron Scattering,Field
Ion S Electron Microscopy.

Capacitance Transducer for
Internal Friction
Experi inents.

Irradiation-induced Phase
Transformation.

Helium Diffusion in
Metals.

Electrical Resistivity of
Transition Metals at
High Temperature and
High Pressure.

Application of Photo-
luminescence to the
Diagonostics of Semi-
conductor Laser Material
and Devices.

Seminar on Phase
Stability and Phase
Transformations - A Report.

Gravitational Compression
in Colloidal Suspensions.

Physics of Solar Cells.

Principles of Defect
Identification Using
Electron Microscopy.

Quantum Character of
Chemisorbed Hydrogen.

A Physicist's Problems
and Experiences in
Nuclear Data Processing,
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2.5.84 Dr.Partha Chowdhury

9.5.84 Shri M.C. Valsakumar

16.5.84 Dr. D. Sahoo

23.5.84 Dr. K.P. Gcpinathan

30.5.84 Dr. G. Venkataraman

6.6.84 Dr. R. Jagannathan
University of Hyderabad
Hyderabad

20.6.84 Dr. V.S. Raghunathan

26.6.84 Dr. K.R.P.M. Rao
NPD, BARC, Bombay

4.7.84 Shri R. Kesavamoorthy

11.7.84 Shri A.K. Tyagi

18.7.84 Shri G. Amarendra

24.7.84 Dr. Chandan Dasgupta
I.I.Sc.f Bangalore

8.8.84 Shri B.V. Rao Tata

14.8.84 Dr. G. Ananthakrishna
&

22.8.84

31.8.84 Shri B.K. Panigrahi

12.9.84 Shri D.V. Natarajan

In-beam Gamma-ray
Spectroscopy using Tandem
Accelerators.

Scaling Theory of
Fluctuations.

Gauge Invariar.ce and
Physics of Defects.

Laser Nuclear Spectroscopy,

Melting in Two Dimensions:
The Controversy and its
Resolution.

Mossbauer Study on
Glassy Systems.

STEM Studies - HSLA
Steels.

Industrial Applications
of Mossbauer Spectroscopy.

Applications of Far
Infrared Spectroscopy.

Helium Bubble and Blister
Formation in Metals and
Metallic Glasses.

Percolation in Disordered
Media.

Phase Transitions in
Superconductors and
Smectic Liquid Crystals.

Estimation of Plasma
Frequency using Infrared
Reflectivity in Doped GaAs,

Influence of Noise on
Chaos.

Low Temperature Deforma-
tion Behaviour of bcc
Metals.

Thermal Helium Desorption
Spectroscopy.
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19.9.84 Dr. C.P. Gopalraman
TPPED, BARC, Bombay

26.9.84 Shri Y. Hariharan

3.10.84 Shri C.S. Sundar

10.10.84 Shri K.P.N.Murthy

17.10.84 Dr. R.V. Nandedkar

24.10.84 Shri R.V. Subba Rao

31.10.84 Dr. Anil Kumar
I.I.Sc, Bangalore

7.11.84 Dr. R. Krishnaswamy

14.11.84 Shri N.S. Thampi

21.11.84 Dr. B.N. Singh
Riso National Laboratory,
Denmark.

Recent Advances in Auger
Electron Spectroscopy.

17th International Con-
ference on Low Temperature
Physics - A Report.

Defect Studies Using Low
Energy Positron Beams.

Cusiosities in 'Coupled
Random Walk'.

X-ray Microscopy.

Overview of Analytical
Techniques for Surface
Studies.

Tri-critical Phenomena in
Quasi-binary Mixtures of
Hydrocarbons, Studies by
Light Scattering.

Crystal Growth: Kinetics
and Characterization.

Irradiation Effects in
Oxide Glasses.

Evolution of Microstructure
During Irradiation.

28.11.84 Shri Girish Dixit

5.12.84 Dr. G. Venkataraman

12.12.84 Dr. K. Govinda Rajan

19.12.84 MSL Members

2.1.85 Shri S.K. Ray

9.1.85 Dr. Rita Khanna

Preparation and Characteri-
zation of Metallic Glasses
(Fe and Ni base).

Curved Space Approach
to the Structure of Glass.

Crystallization in the
Condensed State.

Papers for the DAE Solid
State Physics Symposium
(December 1984) .

Some Aspects of Deforma-
tion in fee Metals and
Alloys.

X-ray Research with
Synchrotron Radiation.
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10.1.85 Kum. V. Umadevi
University of Missouri
at Columbia, USA

15.1.85 Dr. M.J. Fluss
Lawrence Livermore Lab.,
U.S.A.

16.1.85 Prof. R.W. Siegel
Argonne National Lab.,
U.S.A.

18.1.85 Dr. H.E. Schaefer
Institute for
Theoretical & Applied
Physics, University of
Stuttgart, F.R.G.

28.1.85 Dr. S. Dattagupta
University of Hyderabad
Hyderabad

29.1.85 Dr. S. Dattagupta
University of Hyderabad
Hyderabad.

30.1.85 Prof. H. Stachowiak
Institute for Low Tempe-
rature & Structural
Research, Warsaw, Poland.

6.2.85 Dr. T.S. Radhakrishnan

13.2.85 Shri K. Neelakantan

19.2.85 Dr. Adam Kiss
Eotvos University
Budapest, Hungary

22.2.85 Smt. A. Bharathi &
Dr.T.S. Radhakrishnan

27.2.85 Dr. R. Sridhar
MATSCIENCE, Madras

6.3.85 Shri Mohammad Yousuf

12.3.85 Shri R.C. Sethi
VEC Centre, Calcutta

Raman Scattering from
Multiquantum Well
Structures in Semiconductors,

Surface Electron Momentum
Studies at Lawrence
Livermore.

Positron Annihilation
Spectroscopy of Defects
in Materials.

Thermal Equilibrium
Vacancies by Positron
Lifetime Spectroscopy.

Orientational Ordering in
Liquids - Possible
Scenario of Freezing.

Quantum Tunnelling in
Dissipative Systems.

Transport Properties of
of Inhomogeneous Media.

Tunnelling Studies in
Superconductors.

Limits of Computation-

Neutron Emission from

Heavy Ion Reactions.

A Report on the National
Seminar on Solid State
Physics held at Calcutta
in February 1985.

Spin Polarized Hydrogen

Resistivity of Nickel -
Band Structure Effects.

High Intensity Problems
in Cyclotrons.
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20.3.85 Dr. J = R. Matthews
AERE, Harwell,
U.K.

27.3.85 Dr. U. De

28.3.85 Dr. C. Abromeit
Hahn-Meitner Institute
Berlin, F.R.G.

10.4.85 Dr.K. Govinda Rajan

17.4.85 Dr. N. Ravi

24.4.85 Shri K. Varatharajan

30.4.85 Dr. S.K. Gupta
NPD, BARC, Bombay

8.5.85 Shri S. Venugopal

15.5.85 Dr. D.V. Gopinath

22.5.85 Prof. A.K. Bhatnagar
University of Hyderabad
Hyderabad

23.5.85 Prof. A.K. Bhatnagar
University of Hyderabad
Hyderabad

29.5.85 Dr. G. Venkataraman

5.6.85 Shri M.C. Valsakumar

19.6.85 Dr. A.K. Sood

26.6.85 Shri U.K. Sahu

3.7.85 Dr. T.M. John

Microstructural Evolution
in Materials Undergoing
Irradiation.

Film Preparation Techniques
and Some Superconducting
Applications.

Effect of Irradiation on
Spinodal Decomposition.

Electro- and Thermo-
migration in Metals.

Mossbauer Spectroscopy of
Some Ion Implanted
Semiconductors.

Influence of Lattice
Defects on Precipitate -
Distribution.

Deduction of Interatomic
Potentials from Low
Energy Heavy - Ion Range
Data.

Activities of the Fine
Techniques Workshop in MSL.

Finite Transform
Techniques for Transport
Problems.

Superconductivity in
Thin Films above T .

c

Transport Properties of
Iron-rich Metallic
Glasses.

Quasi-crystals.

Random Walk in Random
Environments.

Phonons in Semiconductor
GaAs-AlAs Superlattices.

Stress Affected Void
Swelling in Stainless Steel

Linear Boltzmann Transport
Equati.on as a Model for
Exponential Random Walk.



= 224 =

10.7.85 Dr. Vijay Kumar

17.7.85 Dr. P. Chaddah
NPD, BARC, Bombay

31.7.85 Shri C. Babu Rao

7.8.85 Dr. D. Sahoo

29.8.85 Dr. Vijay Kumar

4.9.85 Shri V.Sankara Sastry

18.9.85 Dr.V.S. Raghunathan

25.9.85 Shri G. Athithan

30.10.85 Shri N.S. Thampi &
colleagues

21.11.85 Prof. E.Z. Kurmaev
Institute of Metal
Physics, Sverdlovsk,
U.S.S.R.

26.11.85 Prof. Koptelov Edward
Institute of Nuclear
Research, USSR Academy
of Sciences, U.S.S.R.

3.12.85 Dr. David Dew Hughes
University of Oxford
U.K.

4.12.85 Prof. W. Buckel
Universitat Karlsruhe,
F.R.G.

12.12.85 Dr. R.V. Patil
PMD, BARC, Bombay

24.12.85 MSL Members

Surface Segregation and
Phase Transformation in
Alloys-I

Disorder in Superconductors,

Properties of Some
Peculiar Fractions.

Hyperbolic Geometry and
Glass Physics.

Surface Segregation and
Phase Transformations in
Alloys-II.

Specific Heat Measurement
at Low Temperatures.

Microstructure of Rapidly
Quenched Al-Mn Alloys.

Construction and Star
Mapping of the Polytope
{3,3,5}.

On the Effective Utiliza-
tion of the Fine
Techniques Laboratory of
MSL.

X-ray Emission Spectra and
Electronic Structure of
Superconducting
Compounds.

Moscow Meson Physics
Facility - New Possibili-
ties for Research in
Radiation Damage Phenomena.

Superconducting Nb^Si -
Search for High T .

Specific Heat Measurement
on Amorphous Metal Films
at Low Temperatures.

Direct Measurement of
Diffusion Coefficients
by SIMS.

Papers for the DAE Solid
State Physics Symposium,
Nagpur, December 1985.
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10.5 M.Sc. AND Ph.D. THESES

1. 'Raman and Infrared Study of Vibrational and Rotational

Relaxations'

A.K. Sood

Ph.D. Thesis, Indian Institute of Science, Bangalore, 1981

2. 'Diffuse X-ray Scattering from Interstitials in a General

Lattice1

Rita Khanna

Ph.D. Thesis, University of Madras, 1982

3. 'Positron Annihilation Studies of Defects in Metals and

Metallic Glasses'

C.S. Sundar

Ph.D. Thesis, University of Madras, 1982

4. 'Rayleigh Scattering from Defects in Insulating Crystals'

A.K. Arora

Ph.D. Thesis, University of Madras, 1982

5. 'Design of an Automated Internal Friction Apparatus and

Study of Dislocation Point Defect Interaction in fee

Metals'

B. Purniah

Ph.D. Thesis, University of Madras, 1985

6. 'Irradiation Creep and Void Growth in Pure Stainless

Steel '

U.K. Sahu

Ph.D. Thesis, University of Madras, 1985

7. 'Pressure as a Parameter in the Study of Electrical and

Defect Behaviour of Metals and Alloys'

Mohammad Yousuf

Ph.D. Thesis, Indian Institute of Science, Bangalore, 1985
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8. 'Surface Damage Effects in Metallic Glasses by Helium,

Hydrogen and Argon Ion Bombardment1

A.K. Tyagi

Ph.D. Thesis, Indian Institute of Technology, Delhi, 1985

9. Positron Angular Correlation Studies in Aluminium Zinc1

J. Jayapandian

M.Phil. Thesis, Bharathidasan University, 1985
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10.6 AWARDS

1. Sir C.V. Raman Award for research in Physical Sciences for

the year 1979 given to Dr. G. Venkataraman in 1982.

Av/ard created with the endowment made available by the Hari

Om Ashram Trust.

2. Jawaharlal Nehru Fellowship awarded to Dr. G. Venkataraman

in 1984 for his project on "Symmetry and Imperfections"

which aims to explore the manner in which fundamental

understanding of physics relating to symmetry and

imperfections can make an important contribution to the

mechanical properties of materials.

Duration : Two years (July 1984 to July 1986)



MATERIALS SCIENCE LABORATORY

G. Venkataraman (Dr) G*
D i r e c t o r , PIE Group

( P . Rodriguez (Dr) SG)+
Head, MSL

As on 31.12.1985

NUCLEAR LAB

K.P. Gopinathan (Dr)

B. Viswanathan (Dr)
C.S. Sundar (Dr)
A. Bharathi (Srat)
Partha Chowdhury (Dr)
G. Amarendra
D. Vasumathi (Kum)
J. Jayapandian
Padma Gopalan (Smt)

ACCELERATOR LAB

N.S. Thampi

K.G.M. Nair
A.K. Tyagi
S. Panchapakesan
R. Dhandapani
V. Bhaskaran
P. Magudapathy ,

FINE TECHNIQUES/DRG.OFFICE

K.V. Thomaskutty
S.S. Liaqat Ali Khan
R. Sadasivan Nair

N. Sankaran
K. Dasarathan
K.N. Sharma
S. Chinnaiyan
N. Chinnasamy
A. Jacob David Dhanaraj
M. Devanesan
T. Edwin
S. Palani

LOW TEMP. & X-RAY LAB

T.S. Radhakrishnan (Dr)

Y. Hariharan
M.P. Janawadkar
Udayan De (Dr)
T.S. Datta
S. Kalavathi (Kum)
K. Gnanasekar
R. Usharani (Smt)
R. Ganesan
M. Kuppuswamy

Rita Khanna (Dr)
V. Sankara Sastry
R. Baskaran
G.V.N. Rao
A. Thiruarul

MATERIALS PREPARATION &
HIGH PRESSURE LAB.

K. Govinda Rajan (Dr)

S.K. Khanna (Dr)
Mohammad Yousuf
P.Ch. Sahu
M. Sekar
A. P e n c h a l a Babu

CHEMISTRY & CRYSTAL GROWTH

R. Krishnaswamy (Dr)

M. R a j a l a k s h m i (Smt)

THEORETICAL STUDIES RADIATION DAMAGE STUDIES

D. Sahoo (Dr)

G. Ananthakrishna (Dr)
M.C. Valsakumar
Bulbul Chakraborty (Dr)
Vijay Kumar (Dr)
V. Sridhar

OPTICS LABORATORY

A.K. Sood (Dr)

A.K. Arora++

Kanwar Krishan (Dr)

R.V. Nandedkar (Dr)
B. Purniah
H.K. Sahu
B. Panigrahi
D.V. Natarajan
S. Srinivasan
K. Varatharajan
T. Mallika

OFFICE

hJ

w
R. Kesavamoorthy
B.V. Rao Tata
M. Thangavelu

P. Subba Rao
T.D. Sundarakshan
J . Gnanasekaran
P. Paneer
G. Kannabiran

On leave as Jawaharlal Nehru Fellow; + Holding charge during the absence of
Dr. G. Venkataraman; ++ On EOL abroad.


