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FOREWORD

The research reactor represents a significant capital investment on the part of any
institution. In addition there are recurring annual operating costs. The subject of its utilization,
therefore, has always been of interest and concern to the research reactor operator and owner.
Any programme of effective utilization of a research reactor must strike a balance of activities
that include service and training, applied research and basic or fundamental research. While in
some research reactor centres there is pressure on the facilities to do more basic research, others
are directing more effort into service functions and into applied research in areas related to
national priorities, at the expense of basic or fundamental research. In many reactor centres in
developing countries, little or no basic research is being conducted.

An Advisory Group Meeting was held in Sacavem, Portugal on 12—15 September 1983 to
discuss the question of basic research using research reactors in developing countries. The partici-
pants from 9 Member States are listed at the end of this report. The questions discussed were the
following:

1. Should a developing country commit its resources to basic research?
2. What are the benefits of basic research to the national development?
3. Should a developing country invest in a research reactor, and if so what are the minimum

performance requirements of such a reactor?
4. What are recommended research activities for establishing a research programme?
5. Should a research reactor be located in a National Research Centre or University?

Papers presented at the meeting describe research activities in small as well as large research
reactor centres, in developing and advanced Member States and in University and National
Research Centre environments. In addition there are papers on "Establishing a National
Research Centre" and on the "Perspective of a Developing Member State Planning its First
Research Reactor".
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DEVELOPMENT OF A RESEARCH REACTOR PROGRAM
IN A NATIONAL RESEARCH CENTRE

P. HIISMÄKI
Technical Research Centre of Finland,
Espoo, Finland

Abstract

The entity of basic research may be understood in different ways
depending on the point of view taken. Research reactor associates may
conduct some basic research projects or they can provide expert services to
outside research groups in carrying out basic research projects of various
disciplines. Basic research is associated to projects, whose ultimate aim is
to increase or deepen human knowledge and understanding on phenomena of
different disciplines. The role of a research reactor may often be regarded
as providing subcontributions only. Basic research aims are often achieved
by creating research groups with proper representation from the expertise of
the reactor staff.

Developing country and developed country are far from being sufficient
categorization of countries as far as their needs and level of development in
nuclar technology are considered. Each country is a unique combination of
factors relevant to the kind of profile in nuclear technology and utilization
of research reactors the country already has or should plan and develop for
improving its national economy and welfare. This paper has been written from
the experience that has been gained in a small country of less than five
million people. This should be borne in mind when assessing the eventual
applicability of our experiences. The areas covered include instrumental
activation analysis, irradiation induced effects in materials and neutron
diffraction.

1 Historical background

The decision of establishing a research reactor in Finland gained
a strong impact from the Genf conference on the peaceful use of
atomic energy in 1958, where an operating Triga reactor had been
on exhibit. Unlike in most European countries Finland never
established a nuclear research centre, but nuclear technology was
associated with existing organizations. One of the first steps



was to start the operation of a 100 kW TRIGA Mark II type research
reactor FIR 1, which took place in 1962 under the co-ordination of
the Finnish Atomic Energy Commission and was operated by the
Technical University of Helsinki in Otaniemi campus some 12 km
away from the center of Helsinki.

Training and education were, of course, the most important output
of the activities enabling Finland to start its first nuclear power
plant project in 1971. Today almost 40 % of the total electric
power consumption of the country is supplied by the four nuclear
units of total capacity 2200 MW.

Research and service work at FIR 1 took rapidly a dominating role
over training by the end of sixties and the reactor was upgraded
to 250 kW in 1967. This situation was accommodated by joining
FIR 1 and its staff in 1972 to Technical Research Centre of Finland
(VTT), which is a polytechnical governmental nonprofit research
establishment of about 2000 employees. Technical University could
still avail up to 30 % of the reactor capacity for training and
research but most of the research funds were allocated through VTT.

12 2Today FIR 1 with its thermal flux of 10 1/s cm at the reflector
is still the only research reactor in Finland. Although the flux
is thus only about 1 o/oo of the flux of the high-flux reactors
of today FIR 1 can still be used for basic research as well, once
the subjects are chosen consistently with these limitations. Basic
research attribute is here associated to projects, whose ultimate
aim is to increase or deepen the human knowledge and understanding
on phenomena of different disciplines even if the role of the
reactor may be regarded as providing subcontributions only. Basic
research aims are thus often achieved by co-operation of research
groups of different disciplines.

2 Activation analysis

Instrumental neutron activation analysis is a cheap and sensitive
method for multielement analysis and can fairly easily handle with
great number of samples.

In geochemistry one wishes to learn the geological processes, which
underlie the formation of mineralizations. Depending on the general
geochemical conditions some elements may have experienced similar

8



As

2800
1590
410
120

Sb

W

2,0

Au

170
78
25

Fig. 1. Examples of geochemical maps as measured from till samples.

kinds of geological processes. Hence their occurance in soils and
soil waters show strong correlation. This is clearly seen by com-
paring the geochemical maps of antimon and gold as measured from
homogenized till samples. Soil water or sediment samples taken no
denser than one .sample per a few squarekilometers can give distinct,
consistent patterns of the occurence of various elements in the area
of large countries. Extensive geochemical programs are currently
going on in different countries and provide basic data to be exploited
in exploring the mineral resources of these countries. In Finland
a close co-operation has been established between the Geological
Survey and reactor laboratory for carrying out geochemical programs
including many elements a.o. uranium and gold.

In basic medical research anomalous occurance of tracer elements
are often correlated with the occurance of diseases of various organs
and tissues. In this case the concentrations of the suspected tracer
elements are often so low that special radiochemical separation
procedures are necessary for achieving the required sensitivity.
Although the chemical anomalies may not explain the real reasons
for the diseases, they may contribute to the better understanding
of these diseases and can also be used for testing various hypotheses.



Reactor laboratory has established an active co-operation between
various medical research groups in order to develop new analytical
tools required.

3 Irradiation induced effects in materials

During the earlier years of operation of FIR 1 the effect of reactor
irradiation on several physical properties of insulators and semi-
conductors were studied and published. In this contribution irradia-
tion effects in metals as studied by the positron annihilation method
is dealt with, because this research is still in active stage, can
be conducted with relatively easily purchasable commercial equipment
and is far from an exhausted field.

Positron method

When energetic positrons from a radioactive source are injected
into a condensed medium they first slow down to thermal energies
in a very short time of the order of 1 psec. The mean penetration
depth in metals .lies in the region of 0.1 mm, which ensures that
positrons reach the bulk of the sample material. The positrons live
in thermal equilibrium with the sample with an average lifetime
typically from 100 to 500 psec. Finally they annihilate with an
electron resulting an emission of dominantly two annihilation
photons with an energy of 511 keV. The principles of the positron
experiment is shown in Fig. 2, where the most commonly used radio-

22isotope Na is implied.

By detecting the annihilation radiation information about the
electronic structure of the sample can be obtained. Three methods
are conventionally used. The lifetime of an individual positron is
measured as the time difference between the annihilation photons

22and the 1.28 MeV photon, which is emitted from the Na source
simultaneously with the positron. The momentum of the annihilating
electron-positron pair is transmitted to the annihilation quanta
and it can be detected as a small angle deviation from collinearity
between the 511 keV photons. The motion of the pair produces also
a Doppler shift to the annihilation radiation and this is seen in
an accurate energy measurement of one of the photons.

10
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Fig. 2. Positron experiment.

Study_ of metal_defects_with £ositrons

In a perfect, well-annealed metal thermalized free positrons have
a constant annihilation probability per unit time resulting a one-
exponential lifetime distribution. The presence of lattice defects
has a strong effect on annihilation characteristics. Positrons are
found to become localized at the site of vacancies, dislocations,
voids and surfaces, whereas they are insensitive to interstitial
atoms. The reason of such trapping is that in defects, where atoms
are missing or their density is locally reduced, the repulsion between
the positron and ion cores is decreased. Also the redistribution
of electrons causes a negative electrostatic potential at this type
of a defect. Thus positrons see vacany-type defects as strongly
attractive centers in the lattice. The lifetime of a trapped positron
is also longer than that in a perfect metal, because the electron
density at the defect site is lower.

The localization of positrons at defects has two important consequences:

1 The defect concentration can be reduced form the ratio of
trapped and free positrons. This has been successfully
utilized, e.g. in the determination of vacancy formation
energies. The sensitivity of the methods ranges concentra-
tions approximately from 0.1 ppm to 10 ppm, above which
trapping is saturated.

2 The annihilating properties are different for different
defect configurations. For example, they can reveal vacancy
agglomerations and give estimates on their size at stages
where the clusters are too small to be detectable by any
other method.
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Fig. 3 shows the calculated positron lifetime trapped in a three-
dimensional vacancy cluster or microvoid as a function of its radius.
We see that the lifetime value increases rapidly as the microvoid
size lies between 1 and 20 vacancies. At larger radius values the
lifetime approaches a saturation value of about 500 psec. This is
because the positron sees a big void as an internal surface. Thus
positrons are sensitive to early stages of vacancy agglomeration
and void formation, where the defects are not yet visible in electron
microscope. This particular feature makes the positron method
attractive to radiation damage studies.

4 Neutron diffraction

Texture studies of rolled sheets were one of earliest applications
of neutron beam research at FIR 1. There the counting rates could
be kept at reasonable level by using large beam cross sections and
coarse collimation. At the time, when technical development for
increasing neutron economy lead to multidetectors at stationary
reactors, considerable interest was also shown to the so called
high-efficiency methods in time-of-flight diffraction. The pseudo-
random modulation is still utilized at a few laboratories, but
according to our knowledge, Fourier-method is currently in use only
in Otaniemi and -very soon at LNPI in Leningrad due to the co-operation
between Otaniemi and Leningrad. The special features of the reverse
Fourier powder diffraction are as follows:
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- Constant geometry allowing easy adaptation to exotic
sample environment such as high pressures etc.

Focussing geometry allowing to drop collimators and to
adapt large samples without deteriorating high resolution

- High modulating frequencies in order to achieve high
time resolution

- Possibility of eliminating incoherent background and
greatly reducing thermal diffuse scattering by frequency
filtering, which facilitates refinement of structural
parameters

In order to be able to deal with the high counting rates of the
detector, typically a few thousands per second, a special parallel
type polarity correlator for 2000 channels had to be developed.
This was solved by a fast semi-custom designed LSI circuit allowing
one to achieve submicrosecond time channels with no longer dead time.

Developing this method has been a challenging engineering task
which arose from a basic research program dealing with time-of-flight
neutron diffraction. There the task could be reduced to cross cor-
relating the pulse train from the detector with the delayed binary
modulation wave train of the chopper pick-up signal. However, the
circuit was also provided with an alternative mode of correlating
two binary wave trains, because such a task had arisen from another
project aiming at locating leaks in underground pipelines by acoustic
correlation method. It turned out that the superior time utilization
of the parallel data processing gave by far better results than had
been obtained so far with commercial serially operating correlators.
Thus as a spin-off effect the basic research program generated a new
solution to a fairly common data processing task, which is now
utilized in rapidly expanding service work for district heating
utilities and water supply systems. Prospects for making the leak
locating system -commercially available are most promising.

5 Views on basic research in developing countries

Although the examples given above of the basic research carried out
at FIR 1 may as such not be relevant to many developing countries,
some general observations can perhaps be stated here. First of all
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FIR 1 is a low-flux reactor and the only research reactor in the
country. Similar situation often exists in developing countries
as well. Secondly, it was first natural to start the operation at
a university, while training and education were the most important
objectives. In developing countries a close connection of a research
reactor with'a university seems to be a good practice, but an option
for eventual later couplings depending on the local circumstances
might be wise to leave open. As to the choice of an eventual basic
research program one should try to consider the following aspects:

- Connections to the already existing activities in the
country such as programs for exploring the natural
resources etc.

- The infrastructure available in the country

- Connections to foreign institutes

- Research reactors have been available since fifties in
many countries. Accordingly the frontiers of the research
have been pushed in many areas beyond the capability of
low flux reactors.

Funds available for research activities are often quite
small. Therefore it would be of great value if both
applied and basic research could benefit from the same
investments and also from each others.

- Although the fruits of the basic research program may
not be harvested until in distant future, unforeseeable
spin-off effects are sometimes generated for the benefit
of ot-her sectors of the society.
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BASIC RESEARCH USING THE 250kW RESEARCH REACTOR
OF THE JOZEF STEFAN INSTITUTE

V. DIMIC
Jozef Stefan Institute,
Ljubljana, Yugoslavia

Abstract

The 250 kW TRIGA Mark II reactor is a light water reactor with solid
fuel elements in which the zirconium hydride moderator is homogeneously
distributed between enriched uranium. The reactor therefore has a large
prompt negative temperature coefficient of reactivity; the fuel also has very
high retention of radioactive fission products. The experimental facilities
include a rotary specimen rack a central in-core radiation thimble, a
pneumatic transfer system and pulsing capability. Other experimental
facilities include two radial and two tangential beam tubes, a graphite
thermal column and a graphite thermalizing column. At the steady state power

13 2of 250 kW the peak flux is 1 x 10 n/cm in the central test position.
In addition, pulsing to about 2000 MW is usually provided giving peak fluxes

16 2of about 2 x 10 n/cm sec. All TRIGA reactors produce a core-average
thermal neutron flux of about 10 n.v. per watt. Only with very large
accelerators can such high fluxes be achieved.

The types of research could be summarized as follows: thermal neutron
scattering, neutron radiography, neutron and nuclear physics, activation
analysis, radiochemistry, biology and medicine, and teaching and training,
typical applied research with a 250 kW reactor has been conducted in medicine
in biology, archaeology, metallurgy and materials science, engineering and
criminology. It is well known that research reactors have been used
routinely to produce isotopes for industry and medicine.

We can conclude that the 250 kW TRIGA reactor is a useful and wide
ranging source of radiation for basic and applied research. The operation
cost for this instrument is relatively low.

1. Introduction

Nuclear reactors are the most widely available neutron sources,
and they are capable of producing very high fluxes of neutrons having a
considerable range of energies, from a few raeV to 10 MeV. Therefore, these
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neutrons can be used in many fields of basic research and for applications
in physics, chemistry, medicine, biology, etc. Experiments with research
reactors over the last 35 years have laid the foundations of today's
nuclear technology. In addition, research reactors continue to be utilized
as facilities for testing materials and in training manpower for nuclear
programmes, because basic training on a research reactor provides an
essential understanding of the nuclear process, and personnel become
accustomed to working under the special conditions resulting from
irradiation and contamination risks. It contributed, in a certain way,
to free from too narrow a scientific and technical dependence. Experimental
techniques have always evolved from experiments tried out in low or medium
flux reactors. Many new results in the basic sciences have also come from
experiments performed in these reactors. Today, almost clasical experiments
in solid state physics, such as the scattering of cold neutrons in solids
were done at the reactor in Stockholm with a low neutron flux. Use of low
or medium flux reactors for research has often demanded a higher degree
of ingenuity and sense of pioneering, which are important characteristics
for scientific research of high quality. Therefore, the training given to
engineers, scientists and technicians should take the form of performing
creative work in order to obtain practical experience and technical
confidence, because the main purpose of nuclear centres should be to train
young people so that they will be familiar with all the problems of nuclear
power generation. Besides this, the other objectives,of a nuclear centre
are the production and use of radioisotopes and radiation facilities,
assistance to the national nuclear authority, evaluation of radioactive
ore resources and resources of nuclear interest, and assistance in performing
a national environmental monitoring programme.

HoWevefj in d«val©pihg oountriaa, research reactors have not always
played the stimulatory role that could be expected from them. This is due
to several reasons, among which we can mention a lack of well-trained
personnel,, a lack of preparation of the programmes performed, a lack of
instrumentation and financial means, sometimes a total mismatch between
the type of reactor available and the actual needs of the country. The
latter condition is very important, and we feel that for developing
countries the most suitable reactors should have a power of around 1 MW.
The operative cost of a small or medium flux reactor ' is relatively low;
nevertheless, with such a reactor many experiments can be performed and
lot of short-lived radioactive isotopes can be produced.
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According to experience gained in Ljubljana with a 250 kW TRIGA
reactor, about 60 % of the cost of reactor operation in 1983 (120rOOO $)
will be earned through isotope production for local hospitals and industry,
performing low cost applied experiments, and organizing training courses.
This part of the income has grown steadily for the last 10 years to the
present level. The other 40 % of the total operating cost (80,000 $) are
provided through the Research Communities of the Republic of Slovenia, a
sum which is the maximum available through this foundation. This means
that to run a small flux reactor in a developing country only about
200rOOO $ per year is required, and with some effort from the operational
staff, half of this sum could be covered by the commercial use of the
reactor. This solution has allowed us to run the reactor without major
problems for about 15 years, and many basic research programmes have been
performed during this time utilizing the reactor.

2. "J.Stefan" Institute in Ljubljana

The "Jozef Stefan" Institute was established in 1949 as the Institute
of Physics. From 1955 the Institute was under the supervision of the
Yugoslav Federal Nuclear Ehergy Commission, until 1962, when it became
an independent research institution. Since 1967 a revision of the nuclear
programme took place, and Funds for Scientific Research of the Republic of
Slovenia provided more and more of the Institute .income. Today, the total
it'icsrae is divided between grants from the republics funds (35 %) and income
fY'bm dir'eöi oöhferaöts (63 *), With 700 employees (250 are scientific staff)
the Institute's task is to conduct scientific and applied research and
development in the fields of physics (theoretical, nuclear, solid state,
plasma and reactor physics), chemistry (fluorine chemistry, ceramics,
analytical and nuclear), biochemistry, electronics (computer science and
informatics, automatics, biocybernetics and robotics) reactor technology
and applied mathematics.

3. TRIGA Mark II Research Reactor

The 250 kW TRIGA Mark II reactor began operation in May 1966. It is
a light water reactor, with solid fuel elements in which zirconium hydride
moderator is homogeneously distributed between 20 % or 70 % enriched uranium.
The maximum neutron flux in the central thimble is 1.10 ^ n/cm2 .s. A HO
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position ratory specimen rack around the fuel elements, a pneumatic transfer
rabbit system, as well as a central thimble are used for irradiation of samples.

12The thermal neutron flux at the rotary specimen rack is 1.4x10 n/cm2.s.
Other experimental facilities include two radial and two tangential

beam tubes, a graphite thermal column and a thermalizing column.
IXiring the last two years the reactor has operated for about 4200 hours

per year or 80 hours per week. The reactor is shutdown every morning for loading
and unloading of samples and for preparing experiments. Four times a week the
reactor is operated overnihgt. Such a tight schedule demands careful maintenance
work.

So far no major problems have occurred in operation. The original
instrumentation has been gradually substituted with new equipment because of ageing.
Part of the technical and financial assistance in this project was channelled
through the IAEA.

Concerning the TRIGA reactor we can conclude that it is a very good
experimental installation because the experimental and irradiation facilities
are extensive and versatile, physical access and observation of the core
are possible at all times through the vertical water shield, and the prompt
negative temperature coefficient of reactivity is very large which gives TRIGA
its built-in safety by automatically limiting the reactor power to a safe
level iri the event of a power excursion. In addition, the low operational cost
of the reactor inäteää ifc Suitable for use in developing countries for training,
research and isotope production.

4. Current basic research at the reactor TRIGA Eferk II

The TRIGA Mark II reactor is the main research facility in the Reactor
Physics Division and in the Nuclear Chemistry Division of the "J.Stefan"
Institute. Basic research in these divisions is being conducted in the
following main fields; solid state physics, neutron dosimetry, neutron
radiography and autoradiography, reactor physics, examination of nuclear fuel
using gamma scanning, irradiation of semiconducting materials and neutron
activation analysis.

4.1. Research in solid state physics by neutron scattering
Through neutron ineslastic scattering experiments detailed information

can be gained on phonon spectra and dispersion curves, phonon liftimes,
thermal diffusion of atoms, the time dependence of the spin correlation in
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magnetic substances, etc., especially in the case when a sample contains
atoms with a high incoherent or coherent cross section for neutrons. For
instance, neutron scattering by hydrogenous substances is almost entirely
incoherent due to the large incoherent cross section of the proton. Therefore,
when hydrogen atoms are present in the molecule, neutrons are scattered mainly
by these atoms, providing relatively easy interpretation.

Incoherent inelastic neutron scattering spectra can be measured by cold
neutrons (energy gain method) with a neutron energy lower than 5 meV (a
wavelength is U 8 ). The spectra of scattered neutrons are very often measured
by a time-of -flight method. A pulsed beam of almost monoenergetic neutrons
produced by a rotating single crystals of lead, or chopper, is scattered by
a sample into a bank of neutron detectors arranged at different scattering
angles to the incident beam direction at a distance 2-3 m from the sample,
The energy spectrum of the scattered neutrons is analysed by measuring the
scattered neutrons tirae-of -flight from the velocity selector to the neutron
detector by means of a multichannel analyser.

Such a spectrometer, where neutron spectra are measured at four scattering
äügles s imülfcaheoüsiy with 4 banks of He detectors, was built at our reactor.
Because we are faced with the problem that the flux of neutrons in the low
energy tail of the thermal spectrum is low, a cold neutron source using solid
methane as a moderator was placed in the tangential beam hole. The. cold
neutron flux was increased by a factor of 8.2 compared with a graphite
scatterer of the same dimensions as the methane source. With this cold neutron
facility it is possible to perform experiments which otherwise could not
easily be carried out with a low flux reactor (1-3).

The rotating crystal time-of-flight spectrometer together with the cold
neutron source and the neutron diffractometer represent very valuable
experimental tools for research in the field of solid state physics by neutron
inelastic and elastic scattering. At our reactor the system' is used for the
study of optical and acoustic lattice vibrations, phase transitions, and
diffusive motions in (U-12):

- ferroelectrics and antif erroelectrics : K̂ PÔ , C02Sr(CH3-COO)g, PbCa2(CH3-COO)g,

- liquid crystals: MBBA, PAA, Na-palmitate, Na-stearate, anisalazine, etc.
- biological samples: LiDNA, NaDNA
- hydratization of cement

19



*J.2. Neutron radiography and autoradiography
Neutron radiography and autoradiography are nondestructive techniques

of inspection which provide additional or complementary information to that
given by the usual gamma or X-ray radiography.

Further, problems exist where X-ray radiography cannot be applied at all,
but which can be solved easily with the help of neutron radiography.

Such problems are, for instancer the determination of light elements and
neighbouring elements in the periodic table through metal shields, and tracing
of elements with very high neutron absorption or scattering cross sections.

The technique is basically similar to that of conventional X-ray radiography.
A parallel beam of thermal neutrons penetrates the sample and impinges on a
siutable converter screen (Gd, In or* Dy foil) which in turn emits photographically
detectable radiation (alpha, beta or gamma rays).

The neutron absorbing materials in the sample show up as white areas on
6H» hegäBiv« 9f ft conventional X-ray film.

At the reactor in Ljubljana developraentof neutron radiography began in
1969. Since then, research in the fields of thermal neutron radiography and its
applications stimulated the development of related fields like microneutronography,
neutron induced autoradiography, autoradiography and radio-
graphy with back-diffused electrons. At present two permanent neutron
radiographie facilities are in operation. Ihe thermal column facility is used
for inspection of large objects, while the vertical beam tube from the core
of the reactor is intendend primarily for examinations of small samples.
In the thermal column the graphite scattering plug was replaced by a 2 m long
Cd lined conical collimator. The vertical beam tube was designed primarily
for high resolution microneutronographic examinations of thin metallurgical
or geological samples, where the discernment of structural details of micro-
scopic size is required. For irradiations in the vertical beam tube, a special
vacuum cassette, suitable for accomodating samples up to several mm thick and
up to 30 nan wide was constructed.

A survey of past and current research activities is summarized in Table 1.
Listed are filds of research and applications, and the main problems studied.

U.3. Neutron dosimetry and radiation damage
Although reactors have a fixed geometry, the neutron flux density

throughout the reactor core and reflector will vary with time due to control
rod movement, fuel burn-up and other changes in the core. However, for studying

20
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radiation damage 'effects in various materials, as well as for nuclear fuel
burn-up calculations and neutron dosimetry, the reactor neutron energy spectrum
should be known in order to determine the neutron dose or burn-up. The practice
has been to calculate theoretically a relative neutron spectrum and them to
normalize this spectrum to the experimental response of some activation
detectors a known neutron energy response. Detectors are available that are
sensititive to neutrons in different energy ranges. Foils of gold, indium,
chromium, iron, manganese,copper, cobalt, dysprosium, and uranium 235 are
examples of detectors used for thermal and intermediate neutro n flux measurments.
Threshold detectors such as nickel, titanium, cooper, iron, sulfur, phosphorus
and uranium -238 foils are examples of detectors used for fast-neutron
measurements.

Accurate knowledge of integral cross sections for neutron induced threshold
reactions is very important as they are used as activation detectors in neutron
spectrometry as well as for assessment of radiation damage. Tne present goal for
the accuracy of these measurements is under the 2-3 % level.

Since 1970 the fast neutron spectrometry group at the TRIGA ferk II
reactor in Ljubljana has devoted continuous effort to improving the accuracy
of integral cross-sections for a set of selected threshold reactions, measured
in a pure U-235 fission spectrum (22-24). The present measurements have been
made with an accuracy of 2-5 %- Both measured and evaluated values match quite
well for almost all reactions. This work is still in progress in order to
achieve the recommended accuracy range for all selected reactions.

Measurements of the effects of fast neutron irradiation on the mechanical
( *properties of reactor structural materials are also in progress because an

accurate knowledge of the transmutation product effect due to the elastic '
collisions of fast neutrons with atoms in the metals could prolong the lifetime
df a nuclear' p'OweP plant.

U.4 Reactor physics
Activities in reactor physics should be established around a reactor in

order to have a group of research workers with a broad knowledge in power
reactor design, maintenance, reactor technology and safety. Thus staff at the
research reactor who are occupied with reactor physics research could be of
great help in planning and running of future nuclear power stations. The efforts
of such a group should be aimed towards optimum exploitation of nuclear power
plants by developing good calculation methods which play a major role in reactor
start-up, testing, maintenance, safety and good utilization of reactor fuel.
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With this in mind, a group was established at our reactor centre in order to
develop modern computer programmes for burn-up calculation and safety assessment,
Ihe results have been tested partially on TRIGA fuel elements with a well-known
burn-up hystory.

Another possibility is reactor noise measurement where a good knowledge
of the physical background on reactor operation can be gained (25). At the
same time, this technique could be employed to predict failures of particular
parts of a power reactor.

Some shielding measurements and calculations using fast neutrons were
also performed at our reactor.

4.5. Assessment of nuclear fuel burn-up
The burn-up of nuclear fuel can be determined by the measurement of the

amount of an appropriate fission product, or from the ratio of masses of two
isotopes. But neglection of the local variation of the linear attenuation
coefficient for gamma rays is the main factor affecting the accuracy of gamma
spectrometric estimation of fuel burn-up. However, up to now, this effect
has not been considered. Recently, we have started a study of how to take
these effects into account . It has been decided to combine the gamma ray
scanning technique with a transimission experiment. In the future we intend to
develop the method in such a manner that an additional source of gamma rays

be not hedessàry.
f »Ü. tho method was elaborated from the mathematical standpoint.

We developed a computer programme which calculates the local dependency of the
attenuation coefficient for gamma rays and the isotopic distribution. For
measurement of gamma ray spectra, a high resolution Ge (Li) detector was used.
It views two shielded fuel elements already used in the TRIGA reactor. One of
them serves as an additional gamma ray source. For the computation of the
specific activity of an observed photopeak, a special programme has been
developed .

With this new method using gamma spectrometric examination for burn-up
measurements more precise data could be obtained.

U.6. Neutron activation analysis
At every reactor centre there should be some activity in neutron

activation analysis, which combines physics, chemistry, medicine, biology,
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geology, instrumentation, etc. As an interdisciplinary topic, activation
analysis is a suitable field for education and training.

Neutron activation analysis taking place in the Nuclear Chemistry Section
represents one of the major usuages of our TRIGA t-feirk II reactor (approximately
800 samples and 4000 elemental determinations per year). Among developments
in nuclear analytical methods,destructive and nondestructive methods of
activation analysis for determination of Ag, As, Au, Co, Cr, Cu, Hg, I, Ml,
Mo, Pd, S. Sb, Se, Sn, U, V, Th and Zn at nanogram and microgram levels, and
their application to studies of environmental and biological samples raw
materials and geological samples were emphasized. The methods developed were
checked by the analysis of different standards reference materials, the
charackerization of which is also studied.

In the framework of the environmental monitoring programme, emphasis is
put on the contents and distribution of several trace elements in sediments,
water and selected representatives of indicator organisms from background
and contaminated terrestrial and aqueous systems (26). It was shown that in
most cases organisms from different levels of the food chain can be used as
bioindicators for following environmental pollution with toxic trace elements.
Measurements were also made on two critical points, Idrija and the Bay of
Kastela (2?) characterized by high inputs of mercury. Sediments and organisms
from these two areas were found generally to contain increased mercury
côhcëhtraèiôriâ. Ää Weil aa traça elementaf studies are also performed on
radionuclide levels in the environment. In particular, investigations on the
uptake and distribution of Ra and Ü in typical areas, especially with reference
to the commencement of the Yugoslav nuclear power programme (Uranium mining,
Nuclear Power Station) are made (28, 29).

Studies involving distribution of heavy metals between water and sediment,
their transport and the efficiency of a sedimentation system, have been pursued
using nuclear and spectrometric techniques.

In the field of the life sciences, sensitive nuclear activation techniques
for selenium (30, 31), and iodine (32) and molybdenum (33) determinations were
developed and applied to biological samples (human fluids and tissues), including
milk. Studies cf the trace element characterization of human milk were carried
cut en both local samples and as s reference laboratory for the analysis of
'difficult' trace elements in samples collected from six countries under an
IAEA/WHO co-ordinated international project (31*, 35). A study cf the vanadium
content of human dental enamel and its relationship to caries using a rapid
NAA method (36), and work on the level of arsenic of human bones and the long
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term effect of burial in the soil for forensic purposes, were also included in
this part of the research programme. Further studies on mushrooms have revealed
silver (37) and arsenic (38) accumulating species.

The section is also continuing a programme of analysis of biological
reference materials; some problems concerning the status and certification of
such materials are also studied (39, 40, 41).
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A LOW POWER TRAINING REACTOR AS AN INSTRUMENT
FOR BASIC RESEARCH.
POSSIBILITIES AND LIMITATIONS

F. LEVAI, É. ZSOLNAY
Training Reactor,
Technical University,
Budapest, Hungary

Abstract

The Training Reactor at the Technical University first went crtical in
1971 at a power level of 10 kW. It was later upgraded to 100 kW to meet
demands for increased neutron flux. The main objectives for establishing a
Nuclear Training Centre with a reactor were as follows:

Provide nuclear education at the university level in a broad range of
nuclear sciences;

Promote the formation of an overall nuclear scientific and technical
infrastructure within the country to prepare for a nuclear power
programme.

The paper includes the primary parameters of the facility as well as its
limitations and requirements with respect to neutron flux, national nuclear
programme requirements and educational and training requirements. Technical
requirements of beam tubes, incore problems, laboratories and equipment are
also described. The research topics include neutron spectroscopy (mixed
neutron-gamma field studies in the core and at the beam tubes), neutron
diagnostics (basic interaction studies at the beam tubes) and pulsed neutron
research.

Introduction

The Training Reactor at the Technical University went
first time critical in 1971. It was a result of reactor
physics and technology development based on experiences
gained by research at a 5 Mw reactor and at a series of
zero power critical facilities.
The main objectives for establishing a Nuclear Training
Center with a reactor were as follows:
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- Providing nuclear education at university level
in a very broad range of nuclear science for all
Hungarian universities ;

- Promotion of the formation of an overall nuclear
scientific and technical infrastructure within
the country in order to prepare for a nucleazr power
programme.

1. Present requirements regarding use of the reactor
- a/ Nuclear power programme requirements

The first hungarian nuclear power station has
been operating since 1982 and 3 other units are
under contruetion.The requirements are summarised
as follows:
- programme oriented supporting activities
comprising research and development;

- participation in nuclear manpower development;.

- b/ University requirements
- providing nuclear education at university level
by offering special courses, postgraduate
training, degree %vork and special laboratory
exercises for all hungarian universities and
for foreign partners which are in cooperation
with Hungary. This large variety of partners
shows that a broad range of sciences has to be
dealt withj

- research directly sponsored by the nuclear
power projects /mainly on contract base /;

- university research work of interest to industry
which has practical goal in medium or long term;

- assisting industry adopting nuclear technology
- Textbook experiments.

Broad scope of research which is possible
and the ability to .support simultaneously
many experiments from different branches of
science and engineering are striking features
of a research reactor of even moderate size.
A series of experimental exercises have been
developed which are instructive and pleasent
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'for the fields of interests. They are
developed, in the fields of neutron physics
/time of flight spectrometry, neutron cross
sections measurement, studying different
neutron reactions e.t.c/, reactor physics
/measurement of core microparameters,reactivity,
flux distribution, temperature/and many other
fields.
A detailed description of textbook experiments
and their required laboratories and equipments
can be found in /2/.

2. Nuclear characteristics

The reactor cere is in a pool type above ground arran-
gement %vith cylindrical fuel rods. This allows an easy
access to and manipulations inside the core area.

1 f\ O 1The maximal thermal flux in the core is 2,7»10 m~ s~
at a power of loo kV.
Radiations available in the core and at the bean tubes.
The flux trapping principle has been used to obtain
high thermal neutron flux in a small region of the core
as shown in fig,2.
In addition to neutrons the reactor produces directly
all other radiations associated with fission. Gamma rays
are also available in the prompt component which
accompanies fission and is the delayed component which
results from the radioactive decay of the fission product.
There are 4 radial beam tubes and one tangentional each

»coupled to the core in a different wan, thus having
different neutron spectra /fig, 2 and 3 /f A. large tunnel\facing to one side of the core at a distance of 9 cm
which allows studying fission spectra.
In region of peak flux inside the core sample irradiation
by a pneumatic transfer system is possible, two of the
places are used for .thermal and one for fast neutron
flux iradiation.
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IV.

Fig. 3.
Beam tubes.

3. Laboratories and staff

The reactor is a part of a Nuclear Training Center.
There are laboratories for radiation protection, radiation
chemistry, reactor physics, nuclear electronics and
computer center. Hot cells are also provided. A sample
transfer system ensures connection betvien the reactor,
laboratories and hot cells.
The staff consists of some 50 persons. This includes
2o scientific research workers namly 7 electronic
and electrical engineers, 6 physicists, k mechanical
engineers, 2 chemists, 1 geologist.
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k. Research topics

The whole research program of the Training Reactor covers
a broad range of nuclear activity. Those two of the fields
are mentioned here, which can contribute to conclusions
regarding basic research.

A, Neutron field studies in the core and at team tubes
Numerous tasks in the research program of the Institute
necessiated the knowledge of the neutron field in the
core and at beam tubes. As in case of nuclear reactors
one meets the problem of mixed /neutron and gamma/
fields the activation neutron spectrometry can advan -
tageously be used. The activation detectors are insensitive
to gamma radiation, as a result discrimination between
the two kinds of radiation /neutrons and gammas/ can
easily be solved by this method. Furthermore, due to
the small size of these detectors the perturbation effects
in the neutron field can be decreased negligible small.
For this reason activation neutron spectrometry - in
special cases combined with other methods - is preferably
used in our Institute for neutron field studies. The
neutron flux density in the core /and e.g. in the
irradiation tunnel of the reactor/ at loo kV reactor
power is high enough to get a measurable response of
these detectors.
Neutron spectrum determination by multxple foil activation
method
Principles of the method
A series of activation detectors /in form of thin foils
or wires/ is irradiated in the neutron field to bo
studied and their activity is measured. Special "unfolding"
computer codes are then used to elaborate the neutron
flux density spectrum from these data. Then one meots
the problem of solving the following type of integral
equations :

CO

A. = f 0./E/ ß /E/ dE ii J -Lo
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where
A. - is the experimentally determined saturation

activity per target nucleus of the i-th foil
detector

- is the energy dependent activation cross section
- Is the neutron flux density per ur.it energy interval

n - is the number of foil detectors used in the
experiment ,

In practice one uses a discrete interval description of the
neutron energy range considered rather than a continuous
representation by analytical functions, so that

A. = Z

where 6. . - is the cross section for jL-th reaction in
the neutron energy J group jj

0 . - group flux value for neutron energyJ group jj.

In practice one uses a discrete interval description of the
neutron energy range considered rather than a continuous
representation by analytical functions, so that

m

where €>. . - is the cross section for :L-th reaction in
the neutron energy _, group j[;

0 . - group flux value for neutron energy .j group ̂ ,

Since the number of equations in this case is generally
much smaller than the number of unknownes /in practice
the number of energy groups spreads from 5° to 6ko, and the
number of detectors from lo to 3°/that is the freedom of the
system is rather high, the solution is not unique and the
neutron flux density spectrum cannot be derived from these
data without a priory assumption of the initial neutron
spectrum based on all physical informations available in the
given case.
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Lots of neutron spectrum unfolding codes based on different
phylosophies have been used so far in the literature for
solution of this problem. At our institute the unfolding
codes SAND II /8/, PRSP /9/ and SANDBP /10/ have been used.

Instrumentation

For determining the activity of the detectors instruments
generally used in gamma spectrometry /eg, also for activation
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analysis/ are applied: Ge or Ge/Li/ semiconductor detector
+ multichannel pulse height analyser.
For unfolding the neutron spectrum a computer with a core
size of minimum 256 Kbytes /preferably 512 Kbytes/ is needed.

Other methods used for neutron spectrum dtdetermination
As the neutron flux density at the horisontal beam tubes
is about 5 orders of magnitude lower than that one in the
core, only a limited number of activation detectors can
give a measurable response in this neutron field. In radiation
shielding experiments-carried out in the irradiation tunnel
of the reactor - behind thick shielding walls one meets the
same problem. /

3Then the activation detectors are combined with BF„ or ̂ He
detectors, furthermore, neutron spectrometry using proton
recoil detectors and Si/Ld/ semiconductor detectors /̂ /are
applied.

Application of the results

The results of neutron spectrometry have been widely used
in the Institute's research program joining the national
and international /IAEA and COMECON/ nuclear program:
a/ Radiation shielding experiments - results used at the

first Hungarian nuclear po%*er plant
b/ Development of new neutron spectrum unfolding methods,

investigations in different neutron fields - results
used in the national /and COMECON/ surveillance program
for nuclear poAver plant's preassure vessel.

c/ International activity: REAL-80 interlaboratory exercise
organized by IAEA for international interccmparison
of neutron spectrum unfolding codes and spectrum /12/
characteristic integral parameters for radiation damage
investigations; results used in the national and
international suerveillance program of reactor preasure
vessels.

d/ Results of neutron spectrometry are also used in the field
of health physics studies.
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BTU's nuclear reactor at lOOkW power.

B. Macroscopic neutron diagnostic techniques
Knowledge of the structure of a material is necessary
to determine its behavior under different excitations.
Neutron beam provide a probe that may be used to study of
materials.
First a distinction is made between microscopic and
macroscopic diagnostic techniques. Under microscopic
diagnostic are classified those techniques where monoenergetic
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neutrons are used and provide, information on the atomic
scs;le. For macroscopic diagnostic a broad spectrum of .
radiation is used which enter the material to be studied,
and the emerging radiation scatt ered or uncollided are
analysed thus giving information on the bulk or gross
material feature under both static and dynamic conditions.
All the research work which need monochomator for selecting
nearly a monoenergetic neutron flux are beyond the capabi-
lity of such a small reactor, therefore only macroscopic
diagnostic techniques are studied. The following specific
areas will be discussed:

- Epithermal neutron scallering;
— interior macroscopic cross section reconstruction.

Epithermal neutron scattering
Basic principles
The detection of scattered neutron in a given arrangement
is sensitive to the total scattering cross section.
The experimental arrangement can be seen in fig, k.
To detect only scattered neutrons resonance activation
detector can be used. The reactor neutron beam is
filtered in such a way, that causes a strong filtering
in the energy range which is detected by the resonance
detector. Activation of an Indium foil can be used
as a two dimensional detector, where the activity in
each point on the surface gives the requested information.
Assuming a filtered epithermal flux in the form

/̂ /E/dE=: /3 -=r
in a E * oo energy range, without any sample in the
pathway of the neutron beam, the transmitted epithermal
flux causes a reaction rate on a unit surface of a thin
foil

= ] Mi6«.

which is considered as backgroundtand t foil thickness,
N. Indium nucleus concentration and I resonance integral.
If a sample containing Hydrogen is placed along the
path of the filtered beam, some of the neutrons

•Q _ i M sr t\ dE
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through scattering by Hydrogen atoms will be degraded
into the Indium energy range. The activity of the foil
in each point will depend on the number of scattered
neutrons and this way gives information about the
location and concentration of Hydrogen inside the
sample.
Total scattering on a sample, assuming only single
scattering, which degrade into the 0 * E energy range is
given as

00 -1C- ETw _ r « a dF EC
T" i-l l_l |3 r— ~ r—1 J Ml £ £

where £, is the total macroscopic cross section ofri
Hydrogen in the sample. The absorbed fraction of these
neutrons by the Indium resonance will depend on the
pathlength of the scattered neutrons inside the
detector.
For Hydrogen the angular dependence of scattering is

= y COS V

where ö„ microscopic cross section and & scattering
angle. This forward scattering increases the number
of s cart t er ed neutrons reaching the detector. If the
detector is close to the sample the two dimensional
activity distribution of the detector gives an image
of Hydrogen distribution inside the sample. The point
spread function of this image may have a FWHM of a
few mm in the case of a thin sample,

Experiences at a small reactor neutron beam
Detection of scattered neutrons, even if broad spectrum
of neutron is used is intensity limited. To decrease
background thick absortion filters are necessary which
decrease the filtered beam.
To increase the ratio of detected scattered neutrons to
detected background a very thin detector foil is
necessary which needs larger'flux.

11 2At a. thermal flux of lo n/m s, and cd ratio of about 2,
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sensitivity limit Tor detecting Hydrogen in Zr sample
of 1 mm thickness for 1 hours of irradiation time is in
the range of 5 0-60 ppm II concentra t ion, At higher flux,
higher sensitivity is expected.

Interior structure /macroscopic cross section/ reconstruction
The unique neutron-nuclens interaction characteristics could
gainfully be used in the study of macroscopic properties
of materials. Further gain might be achieved if three
dimensional information were given about the spatial
distribution of macroscopic cross sections inside materials,
If a neutron beam enter a material structure and the distri-
bution of transmitted radiation is detected, the information
is of two dimensional. Let be Io the neutron intensity
entering and I the emerging neutron beam / fig, 6 . /A
A logarithmic record of the intensity ratio would be

L
is a line Integral of the corresponding macroscopic cross
section along the measured line which is recorded in each
point of the imaging detector. Recording this
Image /line integrals/ at multiple angles give a set of
equitions, by which Z (x,y) can be calculated. The more
the recorded image the more exact the reconstruction of
Z!/x,y/ function is, A sequence of such layer information
gives a three dimensional distrubion of 2j/x,y,z/,

5 . Conclusions regarding basic research

It is inevitable /probably desirable/, that most
research in developing coutries are /and will be/
applied and programme oriented,
In Hungary in the preparatory phase of the nuclear
power program the university research contained many
of the basic type of workt in order to develop nuclear
science in general. As the nuclear power programme has
developed, power stations are already under construction,
this general scientific role has been transformed into
a supporting role and preference is given to applied
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research over basic type of research.. ¥e have to face
reality. To support programme, which cannot in the medium
or long term helps to improve the development of the
country is very difficult. It is true especially during
an economic crisis.
A particular applied research programme linked to
practical requirements need not be, however, lestritive
regarding basic research, ¥ithin the frame of programmes
having ultimate practical objectives there is always room
for basic approaches and reasons to realize them. In our
case at a University Training Center there ara listed
a few of these reasons:
- To have a better understanding of some physical
processes in an applied research programme it is
inevitable to deal with basic type of approaches.
For any tasks in neutron spectroscopy a detailed study
of a particular neutron reaction and cross section
have to be made. . In neutron diagnostic a basic
study is needed regarding for example scattering of
neutrons or Hydrogen e.t.c,

- For textbook experiments it is always unavoidable for
university lecturers to deal with such basic typo
of research as: studying the nature of particular
neutron-matter interactions, particlo-Avave properties,
fission process e.t.c.

In all of these cases the extent of the basic type of research
is limited by the technical parameters of the available
facilities, however, subjective problems, such as motivation
of available scientific manpower need not be underestimated.
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BASIC RESEARCH IN PHYSICS USING MEDIUM FLUX REACTORS

P.K. IYENGAR
Bhabha Atomic Research Centre,
Trombay, Bombay,
India

Abstract

A nuclear reactor is a product of basic research done
in the past. Its ability to provide neutron fluxes in the range
of 1013 to 1014 n/cm2 /sec is one of the main uses of the re-
sear̂ h reactor. Kence any physical phenomena influenced by neu-
trons could be studied in detail and would form a tool in basic
research. Neutron diffiaction, neutron inelastic scattering,
small angle scattering are some of the techniques that have
helped in pushing the frontiers in areas such as the study of
structure and dynamics of atomic motion in solids/ liquids and
compressed gases, etc. In addition to these areas in condensed
matter physics, neutron induced nuclear reactions form another
area of active research. Since it is not possible to cover all
these .areas, an attempt will be made in the paper to highlight
the importance of undertaking solid state research with neutrons
using medium flux reactors.

CIRUS, the medium flux reactor at Trombay has been used
efficiently for the last two decades and has helped us in con-
tributing in a substantial manner in the areas of physics enume-
rated above. Specifically we discuss in the paper magnetic
structures of ferrites and Heusler alloys,structure of a number
of amino acids, lattice dynamics of metallic systems, complex
ionis crystals and molecular liquids to illustrate the power of
this technique. Though the CIRUS reactor has been used in the
study of ternary and quaternary fission process in uranium
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throwing new light in emission of prompt and delayed radiation
in fission as well as in emission of long range light charged
particles, these will not be discussed here.

It emerges that a programme of this kind in turn
necessitates embarking on several complementary -studies like
X-ray scattering, Raman scattering and other laser based re-
search. The research groups have, therefore, from time to time,
diversified their interests to get supplementary techniques
developed and we have today strong groups interested in light
scattering, Mossbauer effect, liquid crystals, Compton scatter-
ing, electron scattering, low temperature physics, study of
phase transformations, etc. These activities which began as
small off-shoots have become important active areas by themsel-
ves and in turn continue to support and generate new problems in
the use of neutrons and the reactor. Design and development of
special instruments needed for all these efforts goes hand in
hand leading to viable growth of infrastructure in instrumenta-
tion including use of computers of various sorts.

The talk will highlight through suitable examples the
inter-play and growth of diffarent fields of basic research
which have grown as a result of programmes based on the use of
medium f.lux reactors at Trombay.

1. INTRODUCTION

A large number of rrediun flux reactors have been in
operation all over the world providing peak neutron fluxes of
the order of 1013 to 1014 n/cr2/sec. Reactors with higher fluxes
have been rather a few in number. In this talk I shall discuss
the importance of basic research in physics using the medium
flux reactors which is of interest to most of us here. The
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thermal neutrons from medium flux installations have been used
for research purposes mainly in the area of condensed ratter
physics (1) and also to a lirited extant for studyinc some
aspects of nuclear physics.

The characteristic properties* of the neutron are
given in Table 1. The fact, that thermal neutrons possess wave-
lengths of the order of a few angstroms and energy of a few tens
of meV (lO*̂  ev), makes the neutrons admirable tools to probe
structural details (2) on the atomic scale as well as study the
nature of the spectra (3) of a variety of excitations like the
phonons, magnons and librations of molecules etc. Since the
neutron possesses magnetic irorent, it is also a sensitive probe
to examine the magnetic properties of sclids (4). Neutron cryst-
allography, magnetic neutron diffraction am? inelastic scatter-
ing of neutrons are tha three broad areas that have rrrown as a
result of these characteristics of the neutron. Them ore other
very interesting investigations en the basic properties of neut-
rons therselves which I shall not discuss here.

I shall briefly discnaa the important role of neu-
trons in basic research in solid state physic« and by way of
illustrations I shall quote some example« of work carried out
by using Cirus reactor at Trombay. Development of neutron faci-
lities has played yet another important role in the Centre,-
namely in the overall growth of even non-neutronic experimental
research in solid state physics. In other words, utilisation of
Cirus reactor has been a crucial activity in furthering the
research 'programmes in the Centre. I shall take a few examples
fror our own experience to indicate how this has happened.

Before I go into details, a general comment is
warranted regarding the nature of various radiations an probes
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TABLE 1
Characteristics cf the Neutren*

1. Mass :
2. Charge :
3. Magnetic monopole charge t
4. Electric dipole t
5. Magnetic moment :
6. Mean life (tl/2/ln2) :
7. Axial vector coupling sconstant/vector couplingconstant
8. Neutron electric polari- :

satoility
9. Period of oscillation «between neutron and anti-neutron states
10. Spin
11. Intrinsic parity
12. Isospin
13. Component of Isospin
14. Baryon no.
15. Lepton no.
16. Strangeness
17. Hypercharge
18. Topness
19. Bottomness
20. Charm

mn » 1.00866 (-939.57

<*n * U»5 t 2.2) x 10-20e

qm<1.8 x I0-15e/2d
d < 6 x 10-25 e cm

- -1.91304^
« 925 t 11 secs

9A/9v * -1.255 i 0.006
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and techniques in study of the solid state. Fig.l summarises the
characteristics of various radiations and the span of energy-
wavelength space they help to scan* Techniques other than those
based on the neutrons go a long way in supplementing the infor-
mation that can be obtained by use of neutrons. In fact, because
of the rather expensive nature of neutron sources, the supple-
mentary techniques are necessarily to be established to aid the
overall research program. X-ray diffraction is a good example
in this context. The rate at which one can obtain data from X-
ray diffraction off single crystals is quite high compared to
that from neutrons; one can get at most of the salient features
of the crystal structure by recourse to X-ray diffraction rather
quickly. One resorts to neutron diffraction only thereafter,
particularly to look for characteristics that cannot be seen
by X-rays like information on the hydroeren bonds in crystals.

2.1 NEUTRON CRYSTALLCGRArHY
The crystallographic work at Cirua startec! with the

now well known work of delineation of structure of some half-a-
dozen amino acids (5,6). The main facility for crystallographic,
work has been a computer controlled fully automated diffracto-
ireter. Pig.2 shows the diffractoneter with a full circle goni-
meter. Recently the structure of more ccirplex rolecular crystals
of biological interest like the dipeptides and nucleotides have
been derived (7). Neutron scattering froir crystals containing
neutron absorbing ators like Cd can be r»ade use for solving the
'phase1 probler (8). Study of CdCuH^Og.Sl^O has been solved by
this technique at Trorbay.

Study of phase transitions in syster.s like
(KH4 )2 CuCl4 2H20 and LiKS04 etc. has been taken up via neutron
diffraction. In the case of (NH4)2CuCl42!I2u, one finds that
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there is a definite statistical distribution of occupation of
different configurations of tKe • 'molecules' in the disordered
phase. In the case of LiKS04 , neutron diffraction has indica-
ted that the crystal can be twinned, which can lead to wrong in-
ferences on the syirr.etry aspects of the crystal structure if
auch possibilities are not taken into account.

another area in which new xcork has been initiated is
in the study of texture in nuclear fuel materials. The texture
information gets correlated with aniaotropic physical properties
of • the iraterial at different stacres of metallurgical/mechanical
treatment.

The developr.ent of the fully autorated neutron
diffracton»eter with on-line computer has also résultée in a
similar facility for X-ray diffraction, which is also used for
study of a variety of organic systems of biological interest.
With the availability of microprocessors and minicomputers, the
automation and data processing can be accomplished to a large
extant by very simple and less expensive systems.We have design-
ed and developed a general purpose microprocessor based system
for online control of neutron spectrometers. The softwave deve-
loped can be used for control of a diffractometer or a polarised
neutron instrument or a triple axis spectrometer .

2.2 MAGNETIC STUDIES
This area of research makes use of the rather unique

power of the neutron to determine the magnitude and orientation
of atomic magnetic moments in crystals. On account of this,
rather important physics information can be obtained wit.h very
little data. Magnetic structure studies at BARC are being
carried out using both polarised and unpolarised neutrons.
Structure of a large number of mixed spinel ferrites of techno-
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logical interest have been studied. Variation of magnetic
rcirent at various sites as a function of composition in these
systems r.avn been determined. In the case of xinc-nickel ferrit«
system, study of variation of Neel temperature as a function of
concentration of zinc has been of importance (9).

Some of the magnetic studies have been carried out at
liquid helium temperature using locally designed cryostats and
other facilities. Such facilities are a must since magnetic pro»
perties change considerably below the magnetic phase transition
temperatures which are rather low in-several' systems. Mossbauer
spectra of many systems have also been studied at liquid helium
temperature. j; Because of the operational and design experience
with low temperature facilities at helium temperature,activities
have spread to the study of low temperature resistivity in
various materials and also to the study of superconducting mate-
rials. Several superconducting magnets are designed and built
with a view to helping further experimental activities which
need high magnetic fields as well as to assess locally developed
superconducting materials for magnetic applications.

Just as X-ray diffraction studies have been supplement-
ing our efforts in neutron diffraction, we have carried out exp-
eriments based on Mossbauer effect (10) and are initiating mag-
netic susceptibility measurements for supplementing data on mag-
netic materials. In addition to studies of basic nature in nag-
net ic materials, Mossbauer effect has also been used as a non-
destructive tool to assess austenitic to ferritic ratio in
stainless steel (11) and to study surface-related properties by
use of the electrons emitted by the interaction of Tf-rays with
the materials. Rare earth systems at low temperatures in pre-
sence of magnetic fields would be studied by this technique in
the near future.
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Measurement of magnetic moment density distribution in
magnetic systems is of primary interest to understand the nature
of magnetism in various systems. Fig. 3 shows, for example, the
nature of unpaired electron distribution of different symmetries
in case of MnAlGe (12) as determined by magnetic diffraction.

Subtler effects on magnetic properties du* to impurities
is of practical interest. Difficult and painstaking experimental
investigations have recently been carried out at Trombay to stu-
dy effect of impurity concentration variation in 3s-4d systems.
It is found that even small amounts of Ru in Ni (in the range of
1 to 3%) drastically alter the magnetic moment distribution in
the host material (13). Pictorial representation of the changes
that occur in this system as a function of the concentration
changes is given in Fig. 4. Similar experiments in Ni-Cr have
also recently been conducted.

The magnetic neutron diffraction group has developed the
polarised neutron spectrometer which is a very useful instrument
for magnetic studies. The various components necessary for suc-
cessful operation of such an instrument like the permanent mag-
nets» electromagnets and associated power supplies, a variety of
guide fields, radio-frequency flipper and stabilised RF supply,
liquid helium cryostat, etc., are all indigenously designed and
developed. Recently a microcomputer-controlled polarised-neutron
triple-axis-spectror.eter for polarisation analysis work was de-
signed and built at BARC.

2.3 INELASTIC NEUTRON SCATTERING .
The dynamics of atoms and molecules in metals (14) ionic

and molecular solids (15) and "molecular liquids as well as dyna-
mics of spins in ragnetic systems (16) have been studied via in-
elastic neutron scattering at Trombay. One of the important
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pieces of work carried out in the sixties is the measurement of
phoncn branches in 3e up to 20 THz. The quality of data in this
high frequency range has retrained unsurpassed and these data
could not have been obtained but for use of the filter-tletector-
spectroreter in an intelligent way (17).

Recent investigation pertains to the study of phonons in
a cotrplex molecular system ^-KNOj containing 20 atoms/unit
cell (15). Perhaps this is one of the rare ex-».?les of a con-
plex solid whose dispersion curves have been studied using a
rediur flux facility as the crosssection for one phonon process-
es would be rather low in such a system. Fig. 5 shows the nature
of data obtained in comparison with results of a theoretical
calculation. One may say that resources of a redium flux faci-
lity would be stretched to the limits in faking rteasurerents on
even a f«w lov lying branches in such a case.

Diffuse scattering from, low frequency branches in a
quasi-one-diirensional system Sb2S3 (13) has also been studied at
Cirus and the data have been supplemented frrr information using
X-ray diffraction. Study of quasielastic scattering of neutrons
fron several arjroniurc salts (19) has provided a variety of info-
rmation on the reorientational processes of NH£ in these sys-
tems .

As off-shoots of inelastic neutron scattering activities
and theoretical studies of lattice dynamics (20) of various
kinds of systems, light scattering experiments, liquid crystal
studies and Conpton scattering investigations of metals and
alloys have been initiated during the last few years. Studies
i

of (NH4)2CuCl42H20 (21) and of LiKSO4 (22) specifically by light
scattering have gone on hand-in-hand with those of neutron diff-
raction, lattice dynamics and inelastic neutron scattering on
the same systems.
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Inelastic light scattering technique, though restricted
to long wavelength phcnor.s, is a powerful tool for probing ele-
mentary excitation in solids. Fig. 5 shows the schematic layout
of a laser Ramsn spectroreter used in these studies. Kith laser
as the exciting source, accurate phonon line shapes can be
obtained under superior energy resoluticn. As an illustration
I wish to discuss sente interesting results obtained recently in
antimony. Two Rar an active phonons {q -» o) , ECT and P^ have been
measured Aa this system over a temperature range 80K-550K, The
anhannonic interaction is clearly seen to ranifest in the shift
and width of the experimentally measured scattered photon groups
corresponding to the Eg phonon at two different temperatures, as
shown in Fig. 7. The instrumental resolution is 3.5 cm
( *w 0.5 Rev). This resolution is far superor to vhat is achie-
vable in a triple-axis neutron spectrometer which will be around
15 cm" or more. •

The light scattering experiments also reveal asyrr.etry
in line shape at low températures (Fig. 8} where broadening due
to anharmonicity is snail. This asymmetry is attributed to
interference between a phonon state with a continuum. The con-
tinuum can arise fron« interband electronic transitions across
the Fermi surface or from two phonon states. The theoretical

•

shape convoluted with the instrumental resolution is also shown
in Fig. 8.

Recently, new areas like positron annihilation studies,
Auger electron spectroscopy and study of phase transformations
under pressure via X-ray and light scattering have also been
initiated. In all these cases researchers who have had some
training or experience with reactor beams, neutron scattering
and related theories have taken a leading part to branch out in
new areas.
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Due to lack of time» I will not discuss details of work
in other areas. In passin?, however, I wish to mention that ex-
tensive work in a variety of liquid crystalline materials of
biological interest has also been carried out to study phase
transitions in these systers. New phase transformations in Ti,Si,
etc., at high pressure have be«n detected]

Experience with Conptcn scattering studies resulted in an
4 •experiment to study single atom wavefunction of He atom in

the quantum systems liquid 4He and in hep *He via measurement
of momentum density distribution using epitherznal neutrons (23)
at the Intense Pulsed Neutron Source at Argonne. One of our
scientists who has specialised in Compton Scattering was active-
ly associated with these important experiments.

2.4 FISSION STUDIES
Thermal neutron beams from Cirus have been used for

study of the fission process in 229Th, 233u, 235o an<j 239pu„
Indigenously developed sophisticated electronic systems consist-
ing of fast electronics, multiparaneter data acquisition systens
etc., have been used for study of details of the fission event
which continues to be of importance in any nuclear energy pro-
grarae-. These studies have been supplemented by experiments
using charged particles from accelerators as well as fast neu-
trons. The fission studies themselves have played a very useful
complementary role in our nuclear physics programme which is
essentially related to study of nuclear reactions using accele-
rators.

3. CONCLUSION
This paper has rather briefly summarised the variety of

experimental activities that are going on around the medium flux
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facility, Cirus. The neutron-based research activities have
given rise to research and developmental activities in physics
based on non-neutronic techniques aise.. A variety of solid state
probiens have been investigated using techniques like neutron
diffraction, magnetic scattering, inelastic neutron scattering,
inelastic light scattering, Coirpton scattering, Kossbauer effect
etc. The research activities have also generated development of
a variety of experimental facilities and other accessories to
provide a self-sustaining growth in science.

Before I conclude,. I would liJce to devote a few irinutes
about our programme in the next few years.

A new ireciur flux facility - a 100 Mfe natural uraniun
heavy water moderated and heavy vater cooled research reactor is
being built at Trorbay based on our own design. Care has been
taken tc have adequate facilities for continued and bettor acti-
vity for solid state physics research at this reactor. Currently
work is in progress to instal a cold source, a hot source and a
pair of guide tubes at this reactor to inprove the quality of
bear.s. V7e expect that this reactor will provide us with neutron
intensities at spectroreters better by an order of magnitude
coT.rared to that at Cirus.

Secondly, a new development that may help us in getting
access to higher flux facilities is through our effort* to build
a new type of spectrometer for high resolution studies. It is
well known that 'window-filter* (24) consisting of Be-BeO provi-
des a better resolution compared to that of a simple Be-filtered
neutron beam. Similarly a combination of two Be-filters maint-
ained at different temperatures provides a variable energy-
window of much superior resolution« This concept is being imp-
lemented in the design and construction of a spectrometer to be
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installed by us at the SNS facility of the Rutherford Labora-
tory. This collaboration between the scientists at Trombay and
those from the Rutherford Laboratory helps us to have access to
some of the other instruments that are being set up at the SNS
facility. We believe that this international collaboration
would help us in taking up studies of systems which are possible
only at high flux sources.

In addition to these efforts, we are also attempting to
develop sophisticated instruments like the neutron interfero-
meter and position-sensitive two-dimensional detectors for small
angle neutron scattering to establish new programmes.
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USE OF A MEDIUM OR LOW FLUX REACTOR AND
ITS "BACKGROUND LABORATORIES"

T. SPRINGER
Institut für Festkörperforschung,
Kernforschungsanlage Mich GmbH,
Federal Republic of Germany

Abstract

1*1 1 A OThe operation of a low or medium flux reactor (10 - 10 n/s cm )
in a developing country can be a tool to stimulate and intensify
scientific work, provided that there exists a number of reactor
instruments whose choice is adapted to the available flux, and provided
that a well-equipped background of auxiliary laboratories exists. This
point of view is explained for a selected research field, namely the
application of neutrons for problems in metal physics and related
subjects.

1. General remarks

13 14Research reactors with a flux in the region of about 10 up to 10
2n/s cm (which we may classify as "low" or "medium" flux reactors) may

serve as an important research tool which, in many fields, is competitive
14 15with reactors in the 10 to 10 region.

First of all, in order to achieve this, the choice of a reactor
instrumentation has to be implemented which makes optimum use of this
flux, for instance by focussing devices, multicounters, large samples (if
available), and so on. It is obvious that increasing the detector count
rate by "sophistication" at the beam periphery is much cheaper than
increasing the reactor power. In particular, instruments should be built
which inherently do not need a very high neutron flux, such as
instruments which select only one neutron parameter, e.g. momentum, and
not both momentum and energy. In section 2 instruments and experiments
will be discussed under these aspects.

Secondly, we underline that the reactor needs a certain amount of
well-equipped auxiliary "background laboratories". This concerns
facilities to prepare new types of samples and to characterize them
carefully. The tools necessary for this work may also stimulate genuine
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research (not necessarily connected with neutron scattering), and
stimulate interactions between research with neutron scattering and other
research fields. Of course, one also needs electronic and computing
laboratories, and good workshops, which will not be discussed here. The
fundings for these background laboratories may appear high, but they are
relatively small compared to the costs for total investment and for the
operation of the reactor itself.

A requirement of high importance is a link between the Reactor Center and
a University in order to obtain thesis and post-graduate students who
will play the most important role to establish a fruitful scientific life
at the research facility. This link could be achieved by integrating the
reactor directly into a University faculty (e.g. like the reactor FRM in
München-Garening). Another way, as frequently used in the Federal
Republic of Germany, is the following: a Division Head in the Reactor
Center is appointed, at the same time, together with a nearby
University. So the Division Head has teaching duties at the University
(which gives him access to students) and he is faculty member (so he can
carry out thesis promotions). His research facilities are at the reactor
only, and not in the University. Another point of priority is an
exchange between the laboratory and another one in a developed country by
a continuous program over many years.

In section 2 we restrict ourselves to a selected aspect of how to use a
low or medium fluz reactor, mainly in the field of neutron scattering
related to material science. This is basic research, but closely linked
to applied aspects of materials. There are other fields where such a
reactor can be used, e.g. for radiochemistry, nuclear physics or radio
medicine. These subjects will not be treated here. In our further
discussion, we deal with a typical research reactor considering its
horizontal beam holes and several neutron guides.

2. The choice of instruments

In this section various scattering instruments will be described which
could be considered as kind of first generation equipment, which, in a
later state, could be improved and get more sophisticated. They were
selected with the criterion mentioned at the beginning, namely
instruments which need high resolution with respect to one parameter only
(e.g. high momentum (Q) and low energy resolution; or relaxed resolution
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in all parameters but weakly scattering samples, etc.). The instruments
explained serve as typical examples and there may be others fulfilling
these requirements.

(i) A small angle scattering camera. The scattering at small
angles (or better: small scattering vectors Q) yields information on long
range fluctuations of molecular and/or magnetic density in matter. For a

—2 —3 «—1Q-range between several 10 to 10 A one observes fluctuation
with characteristic dimensions between several 100 to 1000 A. This
concerns the investigation, for instance, of dislocations in cold-worked
metals; of precipitates and their growth in alloys as a function of time;
of clusters from radiation damage defects; of inhomogeneities in glassy
materials; small angle scattering is also related to polymer molecules in
plastic materials which are labelled by deuteration, and to rubbers.
Detailed reviews of these fields can be found in the literature
[1,2,3,4]. Also applications in biology (e.g. the morphology of virus or
ribosomes) are of interest.

Experience has shown that this kind of work does not always require high
13neutron intensity. Even at the Munich reactor with only about 10 n/s

2cm , scientifically relevant results were already obtained in its early
days, and a great deal of pioneer work in this field was carried out at
DIDO reactors.

A typical lay-out is shown in Fig. 1. Monochromatic neutrons are
obtained by a helical slit rotor with a wavelength resolution of
(fX/X = 0.15..0.2 at A = 6...15 A. This resolution is sufficient in
most cases (see [3]). (The resolution of a normal mosaic crystal
withd AyXs 0.01...0.05 would be far too good and a waste of intensity).
Therefore, the instrument will be necessarily placed at a beam (guide)
end-position. A pin hole collimator leads the neutrons to the sample.
One should aim at a 2-dimensional counter. This could be a set of 10-20
one-dimensional localizing boron counters, or a 2-dimensional matrix
counter (e.g. 64 x 64) which is semi-commercially available, but needs
already a considerable amount of electronics and software (see e.g. [5]).

(ii) A diffuse scattering instrument. Elastic scattering between
the Bragg reflections for a non-ideal crystal is modulated by the short
range distortions around impurity atoms and/or short range interactions
between impurities (1J. A typical instrument is shown in Fig. 2.
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POSITION SENSITIVE DETECTORS

NEUTRON GUIDE TUBES

Figure 1.
Neutron small angle scattering apparatus. The instrument is connected with2the reactor by a 3 x 10 cm neutron guide with a radius of curvature of
400 m. Monochromatic neutrons (&)(/A ~ 0.2) between 6 and 20 8 are selected
by a mechanical velocity selector. Collimation 2 x 10~ radian. The highest
possible resolution of the scattering vector is «J Q Cf 2 x 10 8 .

_ Detectors at fixed positions
'with cadmium screening

lined wooden shielding

Fermi chopper

Mechanical velocity
selector

Monitor

Movable
detected
supports ==•"'' spe<ctrometer table

Figure 2.

Spectrometer for diffuse scattering. Neutrons of a wavelengths between 4
and 7 A are used. The beam (cross-section 3 x 10 cm ) is monochromatized
with d A /A = 0.1. The duty cycle of the chopper is 1:20. A typical re-
solution of the scattering vector is JQ = 5.10" A~ .

Monochromatic neutrons are produced by a mechanical selector (see above),
or, if higher resolution is desirable, by a single crystal. The sample
is surrounded by a great number of individual counters. A chopper in the
primary beam serves for time-of-flight analysis which is frequently
needed to separate the elastic diffuse from the parasitic inelastic
(phonon) scattering. Normally only a modest resolution in energy of
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0 1

Figure 3.
Instrument for diffuse scattering using a number of single crystal monochro-
mators (inclined against the horizontal plane), instead of the time-of-flight
analysis as in fig. 2 /ll/.

several per cenb is needed and, as well, a rather modest angle or
Q-resolution since, normally, the intensity from disorder scattering
varies smoothly in reciprocal space.

An improved version of such an instrument, as concerns improvement in
intensity, uses a great number of single crystals as energy selectors,
situated around the sample. This avoids the intensity loss caused by the
duty cycle of the time-of-flight analysis (Fig. 3). A 2nd generation
improvement would be polarization of the neutrons by a magnetic crystal
to study magnetic impurities. The diffuse scattering instrument needs
wavelengths of about 1 3 A. Therefore, it may be placed at a direct
neutron beam, whereas, at a guide, the solid angles may be already too
restricted, and the background benefit by the guide has to balance
against flux. It should be pointed out that the time-of-flight version
may also serve as a medium resolution neutron spectrometer to study
localized, i.e. non-dispersive vibrational modes.

The combination of neutron small angle scattering and of diffuse
scattering on alloys, in combination with other methods (calorimetry;
structure analysis; metallographic studies) is an ideal tool to
investigate and understand phase diagrams of alloys: Short range order;
precipitates in the two-phase regions and kinetics of their growth;
host-lattice-impurity interaction from the distortion of the lattice and
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so on. Diffuse scattering can deal with modest fluxes, provided one
gains in count rate by the great number of counters placed around the
sample.

(iii) Diffractometers. A powder and a single crystal diffractometer
are certainly needed. The powder instrument should be equipped with a
1-dimensional multi-counter (commercially available). This is standard
equipment and no description seems necessary. Another standard equipment
would be neutron topography (see [6]) and radiography.

As second generation instruments we consider spectrometers for the
investigation of elementary excitation in solids (apart from the
time-of-flight spectrometer mentioned already). Obviously, the exciting
scientific work on collective excitations which can be carried out with
modest energy resolution (say 30...60 ueV), was all done in the past,
e.g. the first measurements on elementary excitations in superfluid He,
first phonons, magnons, soft modes and so on. Nevertheless, it would be
unwise to exclude this field completely from a medium or even low flux
reactor. Reasonable intensities can be obtained in cases of incoherent
scattering: There is interest in the energy spectra alone, but not in
their Q-dependence, for instance: molecular tunneling or quasielastic
scattering (for reviews see [7]). A back-scattering spectrometer with a
very large analysing solid angle could achieve the necessary resolution
in energy ( O.2.. 2 ueV) and yield reasonable intensities [8].

On the other hand, experiments requiring high resolution in <jj and in Q
are the most ambitious in intensity. This concerns the investigation of
collective excitations, e.g. dynamics of phonons and phase transitions by
triple axis spectroscopy, and the investigation of collective long range
motions, e.g. of polymers or of critical fluctuations which are in the
-4 -710 ..10 eV region. This kind of work should have the lowest

priority at a reactor with modest flux* . Finally we point out that a
reactor of low flux serves as a tool for the development of methods to be
transferred to high flux reactors. Many of the small national reactors
have played a very important role in this field, for instance the
reactors in Munich or in Vienna.

* Nevertheless we mention work at the Munich FRM-reactor where, by
tricky and sophisticated focussing methods (vertical in space,
horizontal in reciprocal space) [9], surprisingly high sample fluxes
have been achieved at a triple axis spectrometer.
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It is very difficult to estimate the necessary funds for reactor
instrumentation. It depends on the availability of workshops, trained
engineers and technicians (which determines the fraction of "home-made"
work of an instrument). With these precautions we quote, from our
experience, that the typical investment is of the order of 200,000 to
400,000 $ per instrument (including peripheral computer and sample
cryostats/furnaces, etc. between 5,000 and 10,000 $ depending on the
degree of exploitation of the instrument. In addition there should be
certainly one staff position plus one technician per two instruments, in
addition to research students and visitors.

3. Background facilities: A Material Laboratory
In all research related to the physical investigation of materials, the
main requirement is the availability of well-prepared and - characterized
samples. It is a trivial (but necessary) statement that work with
ill-defined samples is misleading and useless.

Several steps have to be considered, which need a reasonable investment
for such a Material Laboratory.
(i) The availability of very clean raw materials. Sometimes they

can be bought from industry. Otherwise, purification has to be
carried out in situ, which means that zone melting equipment
and ultrahigh vacuum for outgassing at 2000 - 2SOO °C is
needed.

(ii) In the majority of cases single crystals are necessary. Since
one is considering relatively low neutron fluxes, these must be3big (10 to several 100 cm ). This means that crystal growing
facilities are required, e.g. a Czochralski furnace, e.g. with
a 1000 g batch size, and S cm diameter. Normally, industry is
not willing to grow special single crystals on a commercial
basis. Nevertheless, a systematic survey of industrial sample
factories has to be carried out regularly. The single crystals
must be characterized with respect to their orientation by an
x-ray goniometer and then cut, which requires, in the case of
metals, a spark erosion machine.

(iii) Each sample needs characterization to ensure its quality. This
implies a great variety of methods and large experimental
experience. The most important methods would be
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- classical chemical analysis; gas fusion analysis; optical
spectroscopy; mass spectroscopy with a spark source;

- electrical resistivity measurements to determine impurity
concentrâtions,

- calorimetry if the survey of a phase diagram is required;
- classical metallographic microscopy;
- for single crystals: x-ray and neutron diffraction;
- precision measurements of lattice parameters, and topography
by neutrons (see [6]).

In a second stage, an electron microscope for the characterization of the
samples is desirable and it would also stimulate genuine scientific work
as well. Furthermore, an evaporation equipment is useful, e.g. to
produce neutron mirrors.

The instruments for the research reactor as described in Section 2 are
more or less "polyvalent": They can be applied for the investigation of
organic crystals or semiconductors, as well as for metals. Part of the
instruments in the Material Laboratory, as crystal growing furnaces, or
certain methods for the determination of impurities, are restricted to
substance classes. Therefore, the choice of a research program implies
choices during the installation of the Material Laboratory, which means a
medium term decision for a period over 5 to 10 years. In the general, a
certain degree of specialisation is desirable to ensure high quality of
the work.

Even a raw estimate of the cost of such a laboratory is difficult, but we
believe that a "first generation" investment of about 1 million $ is a
minimum, with S X of this sum as annual operational costs, in particular
due to costly raw materials. These figures are based on a staff of about
1-2 scientists and 2-3 technicians, as a minimum. For a detailed
review on such a laboratory and its mode of operation we refer to a
report of the RFA Julien Center 1101. Fig. A gives, in an exemplaric
way, a pictorial example on the methods needed to prepare a certain
sample.
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ADVANCED NEUTRON OPTICAL COMPONENTS FOR
A PROPER BEAM TAILORING

H. RAUCH
Atominstitut der österreichischen Universitäten,
Vienna, Austria

Abstract

It will be shown how the research activity at a small research
center can contribute to the scientific standard of the domestic
region and how it can act as a base for international cooperation.
The efficiency of a research reactor strongly depends on the
number of experiments performed simultaneously. Neutron optical
components can serve as a proper tool for an efficient use of
the neutrons which are available. Measurements of beam focussing
by curved total reflecting Soller systems/ the observation of beam
diffraction at ruled gratings, the invention of perfect crystal
neutron interferometry and the method of double crystal small
angle scattering are typical examples of such research activi-
ties.

1. Introduction

Neutron optics deals with the collective interaction of neutrons
with matter or magnetic fields. The scattered waves from the
individual atoms are superposed coherently. This kind of inter-
action is elastic in the laboratory frame because the effective
mass of the target tends to infinity due to the collective inter-
action of the neutron'with many atoms simultaneously.

The momentum transfer Q - Jc - JcQ remains finite and causes a certain
beam deflection, which is described by the well-known Bragg-equa-
tion Q = 2itT (T is a reciprocal lattice vector) or by the laws of
ray-optics where the index of refraction describes the phenomena
(n = k/kn = /1 - (V/E). The energy of the neutrons is related to2 2their wave numbers _(k = 2u/X) as E = ft k /2m and the mean potential
V seei> by the neutron within the material is caused by the nuclear_ 2interaction and it is given as V = 2ïtn Nb /m, where N is thec
particle density, b is the coherent scattering length of theC
target material and m is the mass of the neutron. Within a magnetic
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material or a magnetic field an additional term V = ±nB appears
due to the interaction of the magnetic moment n of the neutron
with the magnetic field B. Whereas the Bragg diffraction phenomena
strongly depend on the arrangement of the individual atoms the ray
optics phenomena do not depend on the internal structure of the
target.

All the neutron optical phenomena are described by the time-inde-
pendent Schrödinger-equation which is a wave equation and,there-
fore, the observed effects are closely related to light and X-ray
optical phenomena. There exist some recent reviews about neutron
optics which may serve as a guide to this field /1 -3/.

In the following chapters we describe our activities in this
field and we give some references to the roots and to the present
state of research of the different subjects. Most of our experiments
have been performed at our 250 kW TRIGA-reactor, which has a maximum

13 —2 —1 12 —2 —1flux of 10 cm s at the center and of about 10 cm s at
the inner noses of the beam holes. It will be shown that neutron
optical experiments can be successfully performed even at small
reactors and that they have impacts to fundamental physics and
that they support the development of new components for a more
effective use of neutrons in any kind of a neutron physics exper-
iment. This opens the possibility for a fruitful cooperation
between laboratories having a small reactor and such having a
high flux reactor and between laboratories in developing and in
industrialized countries. It will be shown that neutron optical
systems are important tools for a more effective use of the avail-
able neutron flux and, therefore, their use is often equivalent
to an increase of the reactor power, which is usually much more
expensive and in many cases even impossible.

2. Neutron guide tubes

For most nuclei the coherent scattering length is positive
and for thermal neutrons (X 2i 1.8 A) the index of refraction is
slightly smaller than 1 ("» 1 - 10 ) and, therefore, total refrac-
tion occurs at grazing incidence. The critical angle can be
written as

tfQ = X(Nbc/u)1/2 ' (1)
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which is, for thermal neutrons, in the range of 10-20 minutes of
arc. This principle has been first used at Munich /4,5/ to realize
a neutron guide tube which transfers the neutron intensity within
a certain angular range that exists near to the reactor core to a
place far away (^ 100 m) from the neutron source where the radia-
tion background is low and where more measuring positions can be
installed.

The characteristical wave length X* transmitted through such a
tube depends on the radius of curvature R, the width of the tube d
and the properties of the wall material (e.g. /6/)

X* (2ud/NbcR)1/2 (2)
The most favourable wall material is Ni deposited on flat glass
mirrors which minimizes the surface roughness.
In our group we have investigated the properties of curved total
reflecting Soller-slit systems /?/, which have the advantage that
the overall length is drastically reduced compared to conventional
guide tubes. Recently, this idea has been caught by other groups
/8,9/. Detailed calculating about the angular and the wave-length
distribution behind such a total reflecting system have been made
at this time /10,11/ and have been continuated by other groups

Later we adopted such a Soller-system as. a focussing device /15/,
which is shown in Fig.1, together with characteristical results

a M n
t-J —

Figure 1 : Sketch of the experimental arrangement and character-
istical results of a neutron focussing system based on
total reflecting Soller-slits. (I: focussing system,
II: total reflecting, but not focussing, III: straight
and non-reflecting slits)
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showing an intensity gain at the place of focussing by a factor
of about 20 compared to a non-reflecting collimator. The surface
of the glass mirror plates (0.8 mm) were Ni-coated to increase
the angle of total reflection. The place of focussing was in this
case 4.58m behind the entrance of the channels. The whole system
consists of 45 channels with lengths between 1.5 to 0.5 m and
widths ranging from 0.5 to 1.4 mm. This system focusses in the
horizontal plane only but a cylindrical system is capable to
focus in two directions multiplying again the intensity gain.
Various conical focussing tubes have been tested or have been
discussed in the literature /16-22/. It should be noted that
according to Lioville's theorem (e.g. /23/) the intensity gain
at the place of focussing in intrinsically combined with an increase
of the beam divergency indicating that the phase space density
remains constant as long as conservative forces are applied to
the beam.

Total reflecting guide tubes are now standard installations of
many neutron physics laboratories. They are even more powerful
for long wave length neutrons and especially for ultra cold
neutrons, where total reflection occurs even at vertical incidence
/24 - 26/. Neutron bottles and magnetic storage systems based on
total reflection have been tested by various groups /27-29/.
Recently, we proposed a neutron cooling ring /30/ which is based
on a closed total reflecting tube and a neutron magnetic resonance
system /31/ that shifts the energy of the neutrons and, therefore,
reduces the losses

3. Grating diffraction

In 1969 we first observed at our 250 kW reactor the diffraction
of thermal and cold neutrons at a ruled grating having a lattice
constant of a = 18.5 urn /32,33/. The lattice equations read as
in ordinary optics

cos tm - cos <f = mX/a

mcos Cm - cosf = mX/a m = 0, ± 1, ... (3)
and one observes inner and outer orders as it can be seen from
Fig.2. The reflectivity of such a plane lattice is in the order
of a few percent for the first order peak.
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Figure 2: Observed diffraction pattern of thermal neutrons at a
ruled grating having a lattice constant of 18.5 urn.

More recently the Munich group /34,35/ measured the diffraction
of ultra cold neutrons at blazed gratings where according to the
wave length of these neutrons (X •>* 1000 A) the measured phenomena
are even more similar to light optics. Other groups in the USA
and at Grenoble have developed successfully lattices with a
vertically periodical structure and with a vertically variable
lattice constant. These works yield to the invention of the so-
called supermirrors whose regime of total refraction is about
three times the ordinary angle of total refraction (equ. 1)
/36 - 40/. These components become important tools for advanced
neutron instrumentation because they have a rather high reflect-
ivity and are, at the same time, suited for beam polarization. The
behavior of many different layers remain to be investigated in
respect to their neutron optical as well as to their metallurgic-
al properties. Proper supermirrors might be combined to focussing
systems as discussed in chapter 2.

4. Neutron interferometry

Interferometry with any type of radiation belong to the most
advanced technique of research in this field. We started our
activities in neutron interferometry in 1972 /41/ by adapting
a technique previously used successfully for X-rays /42/. We
succeeded in 1974 with our set-up at our 250 kW reactor in Wien
A sketch of this set-up is shown in Fig.3 together with the first
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observed interference fringes and with a sketch of the principle
of perfect crystal interferometry.

\iFfXH

\S Si -CRYSTAL
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forward - btam (0)
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0 200 400 600 SCO

Figure 3: Principle of perfect crystal interferometry (left),
sketch of the first test arrangement (middle) and
first observed interference fringes (right)

Afterwards we have installed this technique at the high flux reactor
at Grenoble together with a group from Dortmund/ and now also
other groups around the world use it. It has applications in the
field of fundamental, nuclear and solid state physics.

Perfect crystal" interferometry is based on the dynamical diffrac-
tion of neutrons at a perfect crystal. This provides a coherent
splitting, a coherent deflection and a coherent superposition of
the neutron wave. Such a perfect crystal can be seen as a macro-
scopic quantum system where the wave function become widely
Cv» 5 cm) separated and where it can be influenced individually.
The coherence of the whole system is guaranteed by the perfectness
of the crystal and the monolithic design of such an interferometer.
The atomic arrangement has to be perfect within one lattice
constant all over the volume of the interferometer crystal. Any
dislocations, swirles, lattice constant variations caused by a
temperature gradient or by small rotations of the plates caused
by their own weight has to be avoided. Up till now only perfect
silicon crystals fulfill all these requirements. Interferometers
with a beam separation up to 6 cm and an overall length of 8 cm
have been tested successfully.
As it has been mentioned before the interaction of the neutron
wave with the strictly periodical potential of the perfect crystal
is described by the dynamical diffraction theory, which gives the
solution of the Schrödinger equation for such a potential /44,45/.
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Its application to the geometry of the interferometer crystal
(Fig.3) has been given by Bauspiess et al. /46/ and by Petrascheck
/47/. The most important results are that the wave function behind
the interferometer is'composed of wave functions coming from beam
path I and beam path II

I„ = const (4)
and that for the beam in forward direction (I«) the relation holds

'I .II (5)

Therefore this intensity is proportional to 4 1t|/0 | and when a
phase shifting material with a thickness D is inserted into one
beam _, /.,_„ii.rv -iXb ND0 (6)TO *o YQ
the intensity becomes modulated as

f _ I I I . l II I 2 •» I _i. I 22|* (1+cos2Tt-) (7)

where D,, (Nb X)"1 is the X-thickness of this material. VariousA Cimperfections of the crystal, of the phase shifter and of the
beam can reduce this modulation. Nevertheless, a high degree of
contrast (^ 90%) can be achieved for a well-balanced interfero-
meter and high order interferences (m » D/Dx - 329) can be ob-
served when a highly monochromatic beam is used (see Fig. 4 /48/) .

The interferometer has been used by our group for the first veri-
fication of the 4ïi-symmetry of a spinor wave function (iM4n) =
and iM2n) = -ip(0)) /49/50/, for the realization of the spin super-
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Figure 4: Measurement of a high interference contrast (left)
and of high order interferences (right)
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Figure 5: Sketch of the experimental set-up and characteristical
results of the time-dependent spin-superposition exper-
iment -

position experiment on a macroscopic scale /51// for the precise
determination of neutron scattering length /S2/53/ and for the
detection of hydrogen in metals /54/. The Columbia interferometer
group in the U.S.A. used it for the measurement of the influence
of gravity on the neutron wave /55,56/ and they also measured
the 4n-symmetry of spinor wave functions /57/ and various scatter-
ing lengths /58/.

In our most recent and most complicated experiment we investigated
the behavior of a spinor wave function exposed to a time-dependent
interaction (Fig.5). The polarization of a polarized beam has
been inverted within one coherent beam path by means of a radio--
frequency flipper commonly used in polarized neutron physics.
Such a flipper represents a time-dependent interaction and accord-
ing to the time-dependent Schrödinger equation an energy transfer
equal to the Zeman energy (AE = 2u,B) occurs at resonance simultan-
eously with the inversion of the neutron spin /59/. In this case
the final polarization behind the interferometer lies in the (xy)-
plane and rotates within this plane with the Larmor frequency and
depends on the nuclear phase shift (x = -Nb XD) and on the phasec
of the oscillating field. This effect has been observed

(cos(x - AEQt/R)
•ln(x-AE0t/ft)

0

by a stroboscopic detection of the neutrons (Fig.5) and the

(8)
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results show that coherence can be preserved even when a real
energy transfer occurs for one of the coherent beams.

This technique of perfect crystal neutron interferometry has
been invented at our small research reactor and has been adapted
afterwards at a high flux reactor/ where we have had at the be-
ginning many unexpected problems. At that time we did not see any
interference fringes at Grenoble although X-ray interferences
appeared in Wien and in Grenoble. Many speculative arguments were
discussed till we reinstalled the whole equipment again in Wien
where we again observed neutron interferences. Only one year later
did we fully understand the mysterious disappearance of the neutron
interferences at the high flux reactor. The reason has been some
very low frequency vibrations (^ 2 Hz) of the whole building,
which were caused by the heavy water pumps of the reactor and
which shifted the lattice planes statistically during the time-of-
flight of the neutron through the interferometer (^ 30 us) over
a distance of about one lattice constant. These vibrations do
not influence the X-rays and were not present at our small reactor.
Without starting at a small reactor presumably we would have pub-
lished a note that perfect crystal neutron interferometry does
not work.

5. Perfect crystal neutron small angle camara

The rocking curve of two perfect crystals in a non-dispersive
(pax-allel) arrangement is given by the convolution of the two
Darwin reflection curves and has a width of (e.g. /3,41/)

2X2b N
60 «

which is in the order of a few seconds of arc. This feature can
be used effectively for small angle scattering experiments as it
has been first demonstrated for X-rays /60/61/ and later adapted
to neutron physics /62 - 64/. It has been demonstrated that higher
angular resolution can be achieved than with conventional small
angle scattering apparatus where the angular resolution is in-
trinsically related to the distance between sample and detector,
which often reaches values up to 100 m /65/. For the non-dispers-
ive perfect crystal small angle scattering camara the angular
resolution is strongly decoupled from the spacial width and the
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Figure 6: Sketch of a non-dispersive double crystal small angle
scattering set-up and characteristical small angle
scattering pattern of a V-H system at different tem-
peratures

angular divergency of the beam and, therefore/ small angle scatter-
ing experiments become also feasible at low and medium flux reactors,
The sample is placed between the perfect crystals which are
stabilized by means of an optical bench (Fig.6). The rocking
curve becomes broadened when small angle scattering exists with-
in the sample due to macromolecules, magnetic domains or other
inhomogeneities. The total half width of the small angle reflec-
tion curve can be written within the Guinier approximation as

AG (10)sas n
where R is the radius of the precipitates causing the small angle
scattering. In Fig.6 we show typical results for our measure-
ments on the vanadium-hydrogen system which is at 160 °C in the
a-phase where the hydrogen is dissolved statistically and at 20 °C
where hydrid precipitates appear in the ß-phase /66,67/.

With a monolithic designed set-up we could increase again the
angular resolution by about 3 orders of magnitude /68,69/ reach-
ing an angular resolution of about 0.0002 seconds of arc. This
technique may also be used in future for small angle scattering
experiments when very large objects have to be investigated.

6. Summary

In the preceding chapters it has been tried to demonstrate some
examples of neutron optical experiments, which can be performed
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Figure 7: Beam hole experiments installed at the 250 kW reactor
in Wien

even at small and medium flux reactors and which can easily be
a subject of fruithful cooperation between laboratories in
different countries. Therefore, the recommendation can be given
that neutron optics may be a topic of research also in develop-
ing countries. It should be established as a beam hole exper-
iment after neutron radiography.(e.g. /70/) has been installed
but before difficult inelastic scattering apparatus will be
installed. In Fig.7 a sketch of the usage of our 25Q kW TRIGA-
reactor for beam hole experiments is shown. In many cases a
multiple use of the beam hole positions is possible which
again multiplies the utilization of the reactor.
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CHEMISTRY PROGRAMMES AT A TECHNOLOGICAL
AND NUCLEAR CENTRE

J.L. SERVIAN
Comisiôn Nacional de Energia Atômica,
Montevideo, Uruguay

Abstract

The application of chemical principles and techniques have played a
major role in the development of nuclear sciences and technology.

The discovery of radioactivity, the isolation of radium and polonium,
the discovery of artificial radioactivity and nuclear fission and the
production of transuranium elements are historical landmarks that
show the prominent role performed by chemistry.

The purpose of this paper is to summarize the chemistry areas and
experimental facilities for programmes of training, research and development,
and service that might be designed for implementation at the Centre when
appropriate.

Though the areas are separately presented for analysis, they are closely
related among themselves and also related to other activities of the Centre.

Areas of Activity

1. Production of radioactive substances.

Includes production of radionuclldes, tsotope generators, labelled
compounds and radiopharmaceuticals. Also comprises the production
of special isotopes by secondary particles produced by the reactor,
(e.g. Tritons).

2. Activation analysis.
Includes neutron activation analysis (NAA), (also delayed NAA),
XRF-analysis, activable tracers, and prompt gamma activation analysis.

3. Pure and applied nuclear radiochemistry.

Includes hot-atom chemistry (Chemical consequences of recoil effects,
which also includes a study of invididual ions, atoms or molecules after
a nuclear reaction), Szilard-Chalmers process and recoil labelling,
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chemistry of nuclear fission, (isotopic fission yields, nuclear decay
schemes) radiochemical separations, radioanalytical techniques (no NAA),
solid state chemistry (chemistry support to solid state physics studies),
tracer chemistry (chemical behaviour at extreme low concentrations),
stable isotope chemistry (separations, labelling), Mössbauer
spectroscopy and perturbed angular correlations (application in
structural, analytical and hot- atom chemistry).

4. Pure and applied radiation chemistry.

Chemical effects of ionizing radiation on materials. Chemical protection
against radiation, radiation processing, chemical dosimetry.

5. Water reactor chemistry.

Coolant purity control and purification. Nuclear and radiation
chemistry of water reactor systems. Deionized water production.
In case of utilization of a heavy water tank in the reactor, a study
of the radiolytic descomposition and the isotopic purity of the heavy
water and the control of the production of tritium.

6. Corrosion process and control.

Reactor-material corrosion process and corrosion control of reactor
components.

7. Decontamination.

Separation of fission products released from fuel elements and
production of activation products. Decontamination of reactor
parts for repair work. Other decontamination work at the Centre,
contamination and decontamination processes.

8. Waste treatment.

Conditioning of wastes. Disposal of radioactive wastes. Behaviour
of conditioned and disposed wastes.

Experimental Facilities

A list of experimental facilities for the implementation of chemistry
programmes of a Technological and Nuclear Centre is presented with
indications of priorities:
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1. Radiochemical laboratory.

Equipped with fume hoods and hot cells for all kinds of chemistry work
with irradiated materials and radioactive substances.

2. Pneumatic Systems (Standard and fast).

For rapid transference of irradiated materials from the reactor to
the laboratories. The system comprises a sample loading station,
a control panel, the pneumatic tube, sample containers (rabbit),
valves and compressed air. Like the radiochemical laboratory, a
pneumatic system is an essential facility of all areas of chemistry
use of the reactor at least in its standard version.

3. Hollow fuel elements.

For isotope production and all kinds of irradiations.

4. Other irradiation facilities for sample irradiations.
Device for "in core" and "in pool" irradiation for isotope production,
activation analysis.

5. Neutron spectrometer.
For molecular structure studies using monochromatic neutrons.

6. Irradiation loop or rigs.
Flow systems for irradiation of chemical systems in the reactor for
nuclear and radiation chemistry studies permitting measurements
during irradiations.
Since loops are expensive and requires high expertise for proper
design and utilization, an initial step should be to gain experience
with a rig (taking into account the variable background heating,
and controlling it).

7. Beam ports.

For nuclear chemistry and some activation analysis work.
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8. Thermal column.

Same type of work. If a pneumatic tube reaches the center of the
thermal column, activation analysis using pure thermal flux can
be easily performed.

9. Rotatory specimen rack.

To overcome the problem of the neutron-flux gradient specially
important in the case of small-core reactors. This device is
suitable for irradiation of a large number of samples (for activation
analysis with the same average neutron flux.
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SUMMARY OF DISCUSSIONS

1. A pool type research reactor of light water and enriched uranium
fuel providing neutron fluxes in its initial period in the order of
13 210 n/cm /s is usually adequate for a developing country to start

activities in nuclear research provided a scientific and technological
base exists, even if of a low profile. The choice of the type and power
of the reactor should depend on its contemplated uses with adequate
built-in features ensuring safe and simple operation. In addition to
research in basic sciences by using the techniques of neutron beam
research, activation techniques and by production of isotopes, training
of personnel for a nuclear programme could also be achieved.

2. A research reactor can be of use in wide areas in different
disciplines unlike other facilities like low energy accelerators. Hence
developing countries could usefully invest in a research reactor.

3. The neutron flux level indicated above should not discourage Member
States with lower flux reactors from performing some basic research.
Research is being performed at facilities with lower fluxes as described
in some of the papers presented. The scope of research undertaken will
naturally be limited and in some cases, the results not competitive with
research performed at higher flux reactors. The use of lower flux
reactors requires greater resourcefulness and could be more challenging.
A tailored research programme can be recommended for most reactor
facilities selecting research fields in which low fluxes can lead to
competitive and useful results.

4. By using such a research reactor, it has been demonstrated that new
and interesting results can be achieved in basic sciences. This allows
developing countries to participate and contribute to new scientific
knowledge. In addition new techniques can be developed and tested which
will prove useful later on for application in other advanced facilities.

5. The nature of the training imparted and experience gained in the
operation and use of a research reactor induces a higher degree of
technical competence in the country which if properly utilized can prove
very useful in other areas of industrial activity in the development of
the country. For example a higher degree of consciousness in quality of
the products can result. Often newer methods in inspection, quality
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surveillance and automation in the production of industrial products can
be introduced.

6. One of the main problems for the utilization of research reactors
is their isolation. Considering the highly technical nature of its
operation, maintenance and safety of the nuclear reactor and the need for
facilities for production of isotopes etc., the research reactor facility
often becomes the focal point for an independent centre. The need to
train large numbers of operators and nuclear technologists for the
nuclear power programme if one were started in the country, also adds to
this special character.

However, it is recognized that neutron beams, radioactive isotopes
and facilities for activation analyses and other nuclear techniques used
in a research centre would provide excellent facilities for academic
staff in universities for doing fundamental research in several areas. A
research reactor is seldom fully utilized, but generally a higher degree
of utilization can be achieved by active participation of the academic
community of the university in the training and research activities of
the centre. In order to make this possible, the university professors
should concurrently be recognized as research staff in the centre and
vice versa. This will also enable induction of young students who will
eventually be available in nuclear technology and for the power
programme. If the centre is located close to a university, the
interaction is stronger and can result in a highly intensive research
activity.

7. Often research using neutrons stimulate research activities using
associated techniques like X-ray diffraction, laser light scattering,
Messbauer effect, nuclear magnetic resonance and preparation and
characterization of materials for research. Neutron beam research
requires supporting facilities in electronics, refrigerants, machine
shop, etc. Hence, with additional investment which is small compared to
the investment of the whole reactor installation, a broader programme in
national research could be achieved.

8. It is emphasized that the full benefit of a research reactor could
accrue to the nation only when the centre is well supported in financial
and manpower resources for the utilization of the reactor. This could
often be a sizeable portion of the initial investment and should be
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properly budgeted initially when new projects are started. It is often
observed that the financial and manpower resources of a centre are just
enough to maintain and operate the research reactor and do not allow
expansion of its facilities for optimum use.

9. Papers at the Advisory Group Meeting reflected some of the
developments in instrumentation which are suitable for medium flux
reactors. While the details of the particular problems taken up for
investigations will depend on individual interests, it was generally felt
that simple techniques such as small angle scattering could form a set of
basic techniques with which neutron investigations in solid state physics
could be started. Investigations using polarized neutrons could then
follow as the basic techniques are mastered. There was a consensus for
starting basic research programmes with simple techniques.

The assistance of the participants of the meeting in the
preparation of this publication is gratefully acknowledged, and it is
hoped that an even larger audience in the research reactor community will
benefit from their efforts.
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