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CONTRIBUTIONS OF RESEARCH REACTORS 
IN SCIENCE AND TECHNOLOGY 

N. M. BUTT & J. BASHIR 

Pakistan Institute of Nuclear Science & Technology 
P. O. Nilore, Islamabad 

ABSTRACT 

In the present paper, after defining a research reactor, its basic constituents, 
types of reactors, their distribution in the world, some typical examples of their uses 
are given. Particular emphasis in placed on the contribution of PARR-I (Pakistan 
Research Reactor-I), the 5MW Swimming Pool Research reactor which first became 
critical at the Pakistan Institute of Nuclear Science and Technology (PINSTECH) in 
Dec. 1965 and attained its full power ir. June 1966. This was and still is the major 
research facility at PINSTECH for research and development. 
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1.0 INTRODUCTION 
Throughout history, only a few single events have materially altered the 

course of civilization. Among these was the completion and successful operation of 
the first nuclear reactor, an accomplishment that has been compared to the 
investigation of steam engine or the manufacture of the first automobile in its impact 
on the future and its significance for social change. 

Fabrication of the first reactor in 1942 the so called Fermi reactor or more 
commonly known as CP-1 (Chicago Pile-I) made it possible to release and use the 
huge forces locked in the heart if atoms which became evident soon after the 
discovery of nuclear fission by Hahn & Strassman in 1938. With the success of CP-
I, plans were immediately formulated to build much larger systems. The earliest of 
these was the Clinton Pile (or X-Pile, later known as the Oak Ridge Graphite 
Reactor). Since then hundreds of other reactors have been built, which, over the 
years have become more sophisticated, more ingenious and more powerful. Most of 
these reactors are built for the generation of electric power (classified as "Power 
Reactors"), but some of the reactors built are used in pursuit of knowledge, normally 
referred as the "Research Reactors" and are basically the intense source of thermal 
neutrons, which are used for variety of such research which has played a key role in 
development of nuclear technology. 

Today reactor-originated research spreads over a broad spectrum of advanced 
science and technology and serves nations on every continent. Some researchers 
gather information on radiation produced defects in metals while others study effects 
of radiations on humans, or treatment of malignant tumors and so on. 

Research reactors are also used for production of radioactive isotopes for 
scientific experimentation and industrial processing, for irradiation of food products, 
for mutation breeding for new plants and animal species, and solving countless 
problems in fission chemistry, geology, mineralogy, material and other sciences. 

There are more than 300 research reactors operating around the world (IAEA 
1991). Many thousands of scientists and technicians have been and are being trained 
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on these reactors in government, in industry, and in universities. At dozens of 
universities a research reactor is a focal point for advanced study in nuclear science 
and engineering and for radiation research. 

In the present paper, after defining a research reactor, its basic constituents, 
types of reactors, their distribution in the world, some typical examples of their uses 
are given. Particular emphasis in placed on the contribution of PARR-I (Pakistan 
Research Reactor-I), the 5MW Swimming Pool Research reactor which first became 
critical at the Pakistan Institute of Nuclear Science and Technology (PINSTECH) in 
Dec. 1965 and attained its full power in June 1966. This was and still is the major 
research facility at PINSTECH for research and development. 

2.0 RESEARCH REACTORS 
One of the prime functions of a research reactor is to produce an intense 

source of thermal neutrons, which have properties making them extremely useful in 
research. The early neutron sources were those comprising an alpha emitter in 
intimate contact with beryllium. Modern version of these sources using plutonium-
238 yield a typical neutron flux of 5 x 1 0 m neutrons cm -2 sec-'. Van de Graaff 
generators used in the production of neutrons typically yield fewer than 103 neutrons 
cm-2 sec-l. Electron linear accelerators yield about 1014 neutrons cm-2 sec-i. Fission 
reactors, however, marked a major step forward, typically providing experimental 
fluxes of 1015 neutrons cm-2 sec-L Nuclear reactors are thus the primary source of 
neutrons. Accordingly a Research Reactor is defined as one which is designed to 
provide a source of neutrons and/or gamma radiation for research into basic or 
applied physics, biology, or chemistry, or to aid in the investigation of the effects 
of radiation on any type of material. A distinguishing feature in a research reactor is 
the incorporation of many beam holes to allow neutrons and gamma rays to leave the 
reactor core (Fig. 1). Generally, the reactor has a provision for certain types of 
isotope production. In a "Power Reactor", one that is built to produce electricity, or 
deigned to make use of heat, high temperatures in the core are necessary. Steam or 
pressurized water is neated in the core to 500 F ( 240 C) or higher, and higher the 
temperature the more efficient the reactor is. In a research reactor, however, a 
coolant is seldom raised to boiling point. The temperature is kept as constant as 
possible (" 20-45 C) because most experiments must be done under controlled 
conditions. The most important factor in the research reactor is the thermal neutron 
flux that is available for the experimental purposes. Typical thermal neutron flux for 
the low and medium power reactor is "1012 n cm-2 sec-l, whereas for the high power 
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reactors it is "1015 n cm-2 sec-i. 
Apart from power and research reactors, there are two more types of 

reactors. One is the Production Reactor, and the other Experimental Reactor. The 
production reactor is designed to produce elements and isotopes not usually found in 
nature. The most frequently produced element is plutonium, which can later be used 
as fuel in other reactors or in nuclear weapons. The experimental reactors are to test 
the design of new type of reactors and seldom are used for any external research. 
Experimental reactors usually try out new designs for reactors. 

Several different research reactors designs have evolved from different 
adaptations of fuel, moderator, coolant and method of operation, and it is the design 
type which often is used to describe them. Currently there are about 300 operating 
research and test reactors worldwide. Fig. 2. gives the number of operational 
research reactors in IAEA member states whereas the Fig. 3. gives the number of 
research reactors according to their types. 

3.0 RESEARCH REACTOR UTILIZATION 
Almost from its discovery, the neutron was recognized to have unique 

properties and to be of singular interest for the structure (Michell & Powers 1936, 
Halban & Preiswerk 1936) and dynamics of matter (Weinstock 1944). Each increase 
in the neutron flux produced successively by the first reactors in the 1940s, the 
materials testing reactors of 1950s and the high flux reactors of 1960s and 1970s has 
led to some older results being superseded or extended as higher resolutions in 
energy and momentum transfer have been available. In the 1960s and 1970s it 
became worthwhile, for the first time to tackle the greater complexity of chemical, 
biological and materials technology problems through new types of instruments using 
higher fluxes. For example study of phonons in monoatomic crystals led to the study 
of molecular crystals and the mechanism of displacive phase transitions. Polymer 
colloidal solutions and magnetism gained new insights and through contrast variation 
(Jacrot 1976) the shape and manner of assembly of multi-unit biological species such 
as viruses and ribosomes were found. Today reactor originated research spreads over 
a broad spectrum of advanced science and technology such as condensed matter 
physics, agriculture, chemistry, biology, archeology, mining, art history, 
criminology, engineering, oil and mineral exploration. In the following paragraphs, a 
brief description of some of the applications of neutrons is presented. For further 
information on the utilization of reactors, reader is referred to Bromley (1982), 
Walker (1982), Fender (1986) and references therein. 
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3.1 Neutron Activation Analysis 
Neutron Activation Analysis (NAA) is an extraordinary powerful analytical 

technique based on the interaction of neutrons with isotopes of elements (de Soete et 
al 1972). Through capture or through other neutron induced reactions, radioactive 
isotopes are produced when samples are irradiated in a reactor. The radioactivity 
from the decay of the activated elements is a unique and highly sensitive fingerprint 
allowing determination of many of the elements composing the sample. Several 
techniques of NAA are in common use. Activation with reactor thermal neutrons and 
instrumental analysis of the energy distribution of decay gamma-rays at selected 
times after irradiation is the most commonly used technique. 

With Instrumental Neutron Activation Analysis (INAA), 20-30 elements at 
ppm level in sample sizes as small as 1-10 x 10-3 gm, (e.g., in studies of fly ash 
from the combustion of coal) can be analyzed simultaneously. Very high sensitivities 
for some elements using INAA are routinely achieved in trace element studies of the 
atmosphere e.g., Eu and Lu have been observed at concentrations of 10-15 gm/mm3 
in Antarctic air, while In, Lu and La are measured at the 10-" - 10'0 gm/m3 level 
in urban atmosphere (Glen 1984). 

The technique of Radiochemical Neutron Activation Analysis (RNAA) can be 
used to achieve extraordinary high sensitivities, e.g. with easily detected gold, 
sensitivities of < 106 atoms have been achieved, (Bedrisch 1983), whereas Prompt 
Gamma Neutron Activation Analysis (PGNAA) has been useful in the determination 
of elements which are marginal or impossible to determine by INAA or RNAA, 
including H, B, C, N, Si, S, Cd and Gd (Anderson et al 1984). Some elements such 
as B, C, and N cannot be detected by conventional NAA and PGNAA offers the 
possibility for analysis at concentrations of interest in many research reactors. 

The various forms of NAA offer very powerful analytical techniques well 
suited for trace analysis of most elements of periodic table. Furthermore, the 
technique has the advantages in many situations of being non-destructive and 
absolute. Table 1. gives the applications of NAA in various fields of science and 
technology. 

The R&D programme of NAA at PINSTECH is directed towards the 
development of procedures for the precise and accurate analysis of nuclear, 
geological, biological and environmental procedures. NAA has been used to 
determine uranium, thorium and zirconium in the ores, determination of rare earth 
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elements in nuclear grade uranium dioxide fuel and cladding materials, isotopic 
analysis of uranium, determination of trace elements in high purity materials, alloys 
and geochemical samples. Similarly accurate methods were developed for the 
determination of copper, gold, silver and other precious metals in the Sandik valley, 
Indus basin sand, sediments and ore deposits. Extensive work has also been done at 
PINSTECH in the precise determination of toxic trace elements in food and different 
organs of living species including human beings. NAA is a very power tool used in 
this laboratory. 

3.2 NEUTRON IRRADIA TION EFFECTS 
The ways in which neutrons modify condensed matter is a broad field in 

which reactor neutrons are often utilized. Fast neutrons produce defects or 
displacements cascades with unique distribution of sizes. These are homogeneously 
distributed through bulk samples as in actual nuclea. energy conversion systems. 
There is no ultimate substitute for neutron irradiations since simulation techniques 
are of limited value in reproducing all the effects of neutron interactions and that too 
in bulk samples. Neutron irradiations at low temperatures are necessary for the 
suppression of competing thermally driven processes which influence defect 
behaviour or phenomena such as creep. Neutron irradiation effect studies at 
temperatures of interest for nuclear energy conversion are as extensive as they are 
vital. Understanding and controlling the degradation of materials for fission and 
fusion reactors have been and remain a major worldwide effort. Table 2. provides 
the list of many of the research areas which are associated with the major approaches 
to nuclear energy conversion. 

3.3 APPLICATIONS OF RADIOISOTOPES 
Reactors are prolific sources of radioisotopes that can be used for many 

scientific studies. Many radioisotopes are produced by neutron capture by an element 
or isotope put into high neutron flux of a reactor while other radioisotopes are made 
by neutron induced fission of U-23i. Both these processes produce isotopes on the 
neutron rich side of the periodic table. 

Reactor produced isotopes are extensively used in various fields which are 
affecting human life directly. More than 70% of the radioisotopes produced are 
playing their effective role in the field of medicine for diagnostic as well as 
therapeutic purposes. Radioisotopes also serve as a powerful tool in industry for 
qualitv control of products through radiographic techniques, thickness and density 
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gauging, logging device and in agriculture for studying plant and animal nutrition, 
fertilizer placement, entomology, and weed control. Hydrology is another field 
where these radioisotopes can be utilized in the study of water discharge, effluent 
from waste disposal, sediment transport, soil moisture, ground water tracing and 
radioactive dating. 

In view of the importance and need of radioisotopes for various applications, 
work for the production of 1131, P32 , Aui98, HgJ94, Hg203, lri9i,Tc99mand Cr5i 
was started at PINSTECH in 1965. Radioisotopes are produced by irradiating the 
target materials at PARR-I, and are chemically processed to get the desired isotope 
free from impurities. These isotopes are then sent to Nuclear Medicine Centres in the 
country where about 170,000 patients are handled every year. Other PAEC 
organizations at PINSTECH complex, agriculture centres and universities are also 
among the user of these radioisotopes. In Table 3, radioisotopes produced at 
PINSTECH are given. 

3.4 NEUTRON SCATTERING 
The unique properties of neutron make it a powerful tool in the case of 

condensed matter physics. Unlike electromagnetic radiations or electron beams, the 
other widely useu probes, neutron interacts with atoms through the short range, 
strong nuclear interactions, which vary erratically from nucleus to nucleus. This 
property can be used to advantage in structural investigations of material.; containing 
light elements and can be made more powerful by ingenious isotopic labeling 
schemes. Thermal neutrons have a wavelength distribution peaked -uound 1.6A, 
well suited for studying variations in atomic density on a microscopic scale. 
Furthermore, thermal neutrons, by definition, have energies comparable to those of 
thermally induced fluctuations (phonons) in solids (about 25meV), making them the 
natural choice for studying the thermally important dynamics of solids by inelastic 
scattering. In addition, the neutron has a magnetic moment, which couples strongly 
to the magnetization of materials on an atomic scale. Neutrons are thus ideally suited 
for the study of magnetic structures and short-wavelength magnetic fluctuations, such 
as spin waves. As the neutron is uncharged particle it can penetrate deep into the 
sample and therefore bulk samples can be studied. 

Physicists appreciated these features of thermal neutrons very soon after the 
construction of first reactor. The first neutron spectrometer was installed at a port on 
the Oak Ridge graphite reactor in mid 1940s. Most of the research using neutrons 
has used the so called triple axis spectrometer pioneered by Brockhouse at Chalk 
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River in the mid fifties. 
Neutrons from the reactor core are filtered and colli mated and then 

monochromated by Bragg reflection from a crystal on the first axis. These 
monochromatic neutrons are then scattered from the specimen on the second axis and 
analyzed on the third axis by yet another crystal scatterer before being detected (Fig. 
4). In this way both energy loss to and energy gain from the specimen are readily 
measured, as are dispersion and, through choice of appropriate crystals or magnetic 
mirrors, polarization phenomena. 

Table 4. contains a comprehensive listing of the many areas of condensed 
matter physics to which neutron scattering studies have already made very important 
contributions. 

3.4.1 STRUCTURAL STUDIES OF HIGH-Tc SUPERCONDUCTORS 
Kajitani et al (1988) has studied the High - T c superconductor Bi(Ca, Sr) CuO, 

using x-ray and neutron powder diffraction techniques. The x-ray diffraction 
study was carried out using Cu K a radiations, whereas the neutron diffraction 
experiment was done on a double axis neutron diffiactometer with neutron 
wavelength of 1.00 A. Fig. 5 sho»vs the neutron and x-ray powder diffraction 
intensities and their fitting curves. The Rietveld profile refinement procedure 
was used to obtain structural parameters. In Fig. 6 crystal structures of Tl-Sr-Ca-
Cu-0 (Kamo and Takeuchi, 1990) is shown. 

3.4.2 TEXTURE 
Texture may have large effects on materials properties, for example on 

strength, anisotropy, ductility, fracture behaviour, fatigue resistance, and magnetic 
properties. From an industrial viewpoint it is therefore, important to have a precise 
knowledge of the texture. Furthermore, texture is of fundamental interest as it can be 
used as a probe to study metallurgical processes. Most metallurgical processes, like 
plastic deformation, recrystalization and grain growth are orientation dependent, 
which means that texture commonly changes during these processes. By measuring 
the change in texture, information about the crystallographic processes taking place 
in the bulk material is obtained. 

The advantage of using neutron diffraction technique in determining the 
texture is that larger samples can be used. An incident neutron beam of a lcm2 
cross-sectional area will examine a sample volume of the order of I cm3 for 
neutrons, compared to 10-3 for x-rays. Another advantage is that the full pole 
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figure may be recorded from 0 - 90<> unlike x-rays case, for which measurements, 
beyond approximately 70*> are not practical because of geometric defocusing 
aberrations. 

At PINSTECH sheets of 99.999% aluminum and 99.99% copper were cold 
rolled to 92% reduction in thickness for texture studies by neutron diffraction. A 
piece of copper sinje crystal was also rolled. The results showed that all samples of 
f.c.c. metals did not attain standard texture. One of the aluminum samples ended up 
in [200] (002) texture, whereas the sheet made from copper single crystal followed 
the orientations of the original crystal. Only the specimens prepared from a billet 
which was carefully heat treated and mechanically worked gave standard orientations 
(Fig. 7). 

3.4.3 RESIDUAL STRESS MEASUREMENTS IN Al20-t AND HPSN 
Macroscopic or macro stresses, which extend over distances that are large 

relative to the grain size of material, are of general interest in design and failure 
analysis. The crystal surface is uniformly strained by these macroscopic stresses. 
This uniform distortion of the crystal shifts the angular position of the diffraction 
peak selected for the residual stress measurements. 

Microscopic stresses or micro stresses, result from imperfections in the crystal 
lattice whereas microstresses are associated with the strain within the crystal and 
vary from point to point within the crystal. This alters the lattice spacing and 
broadens the diffraction peak. The diffraction techniques are the only techniques 
available for determining initial, residual or 'locked in' stresses. 

Although other methods, such as mechanical (dissection technique) and 
nonlinear elastic methods (ultrasound, and magnetic techniques) are available, the 
advantage of diffraction techniques are that macroscopic and microscopic stresses 
can be measured non - destructively. Another advantage of diffraction methods is 
that strain at a point l-2mm in diameter can be measured. Therefore study of 
localized stress gradient become possible. 

Pintschovius et al (1989) have measured the residual stresses n AI2O3 and 
High Pressed Silicon Nitride (HPSN) samples using high resolution neutron 
diffraction. For AI2O3 ceramic, the d spacings were measured on the {113} 
planes, whereas for HPSN the {111} and {211} planes were chosen. With a 
neutron wavelength of 2.98 A the corresponding Bragg angles were between 80<> 
and 105«. The lattice strains were determined in the central part of the samples for 
the strain components as a function of y. The strains curves are depicted in Fig. 8. 
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3.4.4 SIZE AND DISTRIBUTION OF VOIDS AND PRECIPITATES 
A particular example of the potential of neutron diffraction is the study of the 

heat treatment of alloys. Neutron and X-ray diffraction studies were carried out on 
the maraging steels. Maraging steels are hard steels which are conventionally aged 
at about 480 C to produce a hardening, and martensitic phase. It was observed, 
that by aging for a longer time at a lower temperature the same amount of martensite 
was precipitated, but without reversion to austenite which occurs at higher 
temperatures and which has an adverse effect on the strength of the alloy (Fig. 9). 

3.4.5 PHASE TRANSITIONS 
For the complete characterization of a material, and to predict its behavior at 

the extreme temperatures, structural phase transition studies are necessary. Phase 
transitions can be studied by diffraction techniques by measuring the changes 
in lattice constants or intensities of Bragg reflections. Fig. 10 shows the lattice 
constants of La2Cu04+ 8 (6 = 0.03) as a function of temperature as determined by 
Rietveld refinement of neutron powder diffraction d?ta (Jorgensen et al, 1988). It is 
observed that two nearly identical orthorhombic phases are present at 
temperatures below about 320 K. 

The order - disorder phase transition in Fe - Al alloys was first reported in 
1932. Since then, much effort has been put into understanding the order-disorder 
transformation in different systems particularly in the FeAl system. However there 
was some disagreement with regard to the type of transition from disordered to FeAl, 
Fe3Al ordered phases. According to some workers, this transition is a first order 
transition, while according to others it is of a continuous nature. 

At PINSTECH, we were able to confirm with the help of neutron diffraction 
technique that the phase transition from the disordered alpha phase to ordered FeAl 
and from FeAl to Fe3Al is of continuous nature. The value of critical index P of the 
order parameter was found to be 0.302(9). The phase transition in sample with 24.5 
at. % Al is shown in Fig. 11. 

3.4.6 THERMAL PROPERTIES OF MATERIALS 
We have measured, the Debye-Waller factors (and Debye temperature of 

materials, one of the most important material properties) of various elements and 
alkali halide materials. Furthermore concentration dependence of the Debye 
temperature in mixed alkali halide systems was studied. For these systems, it was 
observed that concentration dependence of Debye temperature is not linear. The 
presen: results also indicated that the values of mean square displacement of atoms 
obtained using the diffraction data were composed of two factors. One due to the 
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dynamical factor based on lattice vibrations and the other due to the static variation 
in atomic positions. The static variation would occur due to different sizes of the 
constituent ions. 

3.4.7 LATTICE DYNAMICS OF MIXED ALKALI IIALIDES AND 
COPPER-NICKEL ALLOYS 

Studies,: f mixed materials and alloys are very important in the fields cf solid 
state physics and metallurgy. Alkali halides are ionic salts and they are easier to 
alloy. These materials are ako easier to handle mathematically. First detailed lattice 
dynamical study of mixed alkali halides was carried out at PINSTECH. Acoustic 
phonon branches, both longitudinal and transverse were measured in a single crystal 
of Ko.5Rbo.5Cl. The research on these materials gave the following important 
results:-

(i) Interatomic force constants and effective ionic charges are reduced on 
mixing. 

(ii) The mixtures are elastically more anisotropic than the constituents. 
(iii) All mixed alkali halides have split or double phonons which disperse 

together. This is a direct result of mass disorder. The present work clarified many 
misconceptions, abo.it mixed materials, based on the infrared works. Fig. 12. gives 
the dispersion relations and the shell model fit for Ko.5Rbo.5Cl. The work was 
extended to a copper-nickel (63% - 37%) alloy single crystal. The above effects were 
also observed for this alloy. 

4.0 TRAINING OF MANPOWER 
The reactor PARR -1 has been used regularly over the years, since 1965, for 

the training of operators and supervisors as well as for provision of reactor 
experiments to the M.Sc. (Nuclear Engineering) students of the Centre for Nuclear 
Studies as a part of the M.Sc. requirements of Quaid -i- Azam University. These 
students after qualifying the M.Sc degree are now employed in several projects of the 
Pakistan Atomic Energy Commission. 

PINSTECH research reactor has thus played a key role in imparling a useful 
and essential experience to the technical manpower for the development of human 
resource of the Pakistan Atomic Energy Commission. 

5.0 UPGRADATION OF PINSTECH REACTOR PARR -1 
The 5 MW reactor has been amply used in gaining experience in operation, 

nuclear instrumentation and neutron detection measurements as well as use of 
neutrons for the investigation of material and nuclear properties. This experience of 
several years was instrumental in the upgradation of PARR - J whereby its power 
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was raised to 9MW. The entire control electronics was replaced by the locally 
fabricated system. Its previously high enriched fuel (92% TJ235 ) was replaced by 
locally designed Low Enriched Fuel (LEU) — 20% enriched TJ235. The upgraded 
reactor became critical in October 1991. 

This was unique experience for PINSTECH scientists and engineers and can 
be considered an important step towards the local fabrication of reactors — a vital 
aspect in the indigenous development of Nuclear Technology in Pakistan. The 
reactor has been operating for almost a year since its upgradation with full 
satisfaction. 

6.0 CONCLUSION 
Th2 foregoing description on the use of research reactor makes it clear that 

research reactors are extremely useful tool for the study of materials, nuclear data, 
the training of manpower, and hence important for the development of the Nuclear 
Technology of a country. PINSTECH lesearch reactor has indeed served these 
purposes. 
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Table 1: Application of Neutron Activation Analysis 

LIFE SCIENCES AND BIOMEDICAL APPLICATION 
NUTRITION 
DISEASE 

EARTH SCIENCES 
GEOCHEMISTRY 
VULCANOLOGY 
OCEANOGRAPHY 

SPACE SCIENCES 
LUNAR ROCKS AND METEORITES 

ENVIRONMENTAL SCIENCES 
STUDY OF BIOSPHERE 
ATMOSPHERIC STUDIES 

MATERIALS SCIENCE 
TRACE ELEMENT IMPURITIES 

ARCHAEOLOGY 
ORIGIN OF MATERIALS AND ARTIFACTS 
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Table 2: Current research areas in radiation effects on materials related to 
nuclear energy conversion 

LIGHT WATER REACTORS 
Ductile to brittle transition temperature shifts in pressure vessel steel 
Cladding performance at high burnups 
Degradation of Mechanical properties of core structural materials 
Fuels with increased burnup 
Irradiation effects on corrosion and stress corosion cracking 

BREEDER REACTORS 
Fuel cladding and structures 
Void nucleation and growth 
Irradiation enhanced segregation and precipitate growth 
Ductility reduction 
Swelling 
High temperature graphite and carbide fuels 

FUSION REACTORS 
Structural materials 
Void nucleation and growth 
Embrittlement 
Crack growth rate 
Creep 
Electrical system materials/insulators 
Superconducting magnet materials, stablizers, conductors and insulators 
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Table 3: RADIOISOTOPE PRODUCTION AT PINSTECH 

RADIOISOTOPE CHEMICAL FORM 
(SOLUTION) 

PRODUCTION/BATCH* 

Iodine-13U Nal (lOCi) 
Iodine-l31» Hippuran (20 mCi) 
Technetium-99nv» Chromatographic 

Generator, elution 
as pertenchetate 

(ICi) 

Phosphorus-32» Na3P04 (15 mCi) 
Phosphorus-32» Na3P04 (10 Ci) 
Sulphur-35» H2SO4 (10 Ci) 
GoId-198b Colloidal (3Ci) 
Chromium-51b Sodium Chromate (400 mCi) 
Chromium-51b Chromic Chloride (400 mCi) 
Chromium-51b EDTA Complex (400 mCi) 
Chromium-51b with carrier Potassium Chromate (2Ci) 
Sodium-24c Sodium Chloride (10 mCi) 
Bromine-82c Sodium Bromide (5 mCi) 
Iron-59c Ferric Chloride (3 mCi) 
Hg-197&203 Various Chemical Different 
Sb-125, Cd-115m Forms Quantities 
Tc-99m, Cs-134, 
Eu-152, Co-60, etc. 

a: Carrier-free, b: High Specific Activity 
*lmCi = 37 Million Disintegrations/Second 

c: Medium Specific Activity 
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Table 4: Neutron scattering studies in condensed matter 

CRYSTALLOGRAPHY 
Crystal structures in materials containing hydrogen 
Crystal structures containing atoms close in atomic number 
Hydrogen bonding 
Hydrogen positions in a protein 
Ferrites 
Ferroelectrics 
High temperature superconductors 

MAGNETISM 
Antiferromagnetic structures 
Ferromagnetic structures 
Superexchange mechanism in magentic compounds 
Magnetic properties of iron group metals 
Magnetic properties of rare-earth metals 
Magnetic form factors 
Spin glasses 
Magnetic excitations 

LATTICE DYNAMICS 
Phonon dispersion curves 
Interatomic forces 
Localized vibrationational modes of impurities 

ALLOYS 
Order-disorder in transition metal alloys 
Magnetic moment distribution in magnetic alloys 

LIQUIDS 
Structure and dynamics of liquids 
Rotons in Helium - 4 
Bose-Einstein condensation in superfluid helium-4 
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Table 4 (Contd.)x Neutron scattering studies in condensed matter 

SUPERCONDUCTIVITY 
Flux-line lattices in Type - II superconductors 
Magnetization distribution within a fluxoid 
Coexistence of superconductivity and magnetism 
Electron-phonon interactions 
Phonon anomalies 

PHASE TRANSITIONS 
Soft modes and structural phase transitions 
Critical magnetic scattering and magnetic phase transitions 
Low-dimensional systems 

OTHERS 
Polymer conformations by small - angle neutron scattering 
Voids in irradiated materials by small-angle neutron scattering 
Voids in oil shale by small angle scattering 
Complex defects 
Electric dipole moment of the neutron 
Neutron interferrometery 
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RESEARCH 189 

TEST 28 
8.7% 

ELECTRICITY PRODUCING 7 
2.2% 

PROTOTYPE REACTOR 8 
2.5% 

CRITICAL ASSEMBLY 40 
12.4% 

TRAINING 51 
15.8% 

TOTAL REACTORS : 323 

Fig.2. Research Reactors in operation (Categories and number of facilities) 
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OTHERS*-

20 40 60 80 

NUMBER OF REACTORS 
100 

PWR-LMFBR-PRESSURIZED-ZERO POWER 
SODIUM FAST-SODIUM COOLED 

Fig.3. Type of Research Reactors in use (May 1991) 
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Fio. 4 Schematic lay-out of triplc-oxis spectrometer 
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F i g . 6 -The Slimline Models for TlSrjCaCu/), and 
mr,CajCiitOr 

The oxide ions in the Sr-O ami Cu-0 planes are strongly shifted 
Inward the Tl and Ca ion sites, respectively. 
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Fig. 8 Residual strains c, as determined by neutron difTraction in 
a sample made from Al,0, ceramic. 

to 

5x10"* -

-5x10 -

-10x10-' -

Fig. 8 Residual strains c, as determined by neutron diffraction in 
an HPSN sample. 
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Figure 9 (a) Mean precipitate diameter and volume fraction for maraging steel aged for ten hours at various 
temperatures (solid circles), (of Volume fraction of transformed austenite in maraging steets aged for ten hours at 
the temperatures shown. Closed circles: neutron diffraction; crosses: X ray thtt» 
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Fig. 10 Laf-
f/ce constants 
ofLa2Cu04tt 

(5*0.03) as a 
function of 
temperature as 
determined by 
Rietveld refine
ment of neu
tron powder 
diffraction data 
(reprinted with 
permission 
from (24)). 
Two nearly 
identical 
ortlwrhombic 
phases are 
present at tem
peratures be
low about 
320K. In the 
phase-
separated 
sample, the 
Fmmm phase 
contains essen
tially all of the 
excess oxygen 
and is super
conducting. 
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REDUCED-WAVE-VECTOR COMPONENT £=aq/2Tt 

FIG. 12. Phonon branches calculated by the pseudo-unit-
cell model. The model parameters are deduced from the 
clastic constants, the LO TO F-point frequencies and the 
high- and low-frcquer.jy ilcclric constants. 
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