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FOREWORD

An important characteristic of research reactors is that they are interdisciplinary 
tools that can be used in a variety of fields: scientific research, applied or engineering 
oriented research and training. The results find applications in medicine and agricul
ture as well as in industrial processes in the form of nuclear techniques which may 
be cheaper and faster and in many cases may provide information not available by 
other techniques. Research reactors have played and will continue to play an 
important role in the support of national and international nuclear programmes.

The multipurpose research reactors with high fluxes, such as the materials 
testing and neutron beam reactors, have a large field of application. However, the 
capital and operational costs of such reactors are quite large. In addition, for efficient 
utilization of these reactors, technology groups are required that are specialized in 
the design and fabrication o f irradiation devices, as well as a dosimetry group and 
a hot cell group to permit insertion and extraction of radioactive material and post
irradiation examinations; in this way a complete materials testing station is created.

Through international co-operation, the quality of the work conducted can be 
assessed by continuous interaction with the international scientific community, and 
thus the work can benefit from the much larger resources available.

The use of the high performance research reactor is optimized through interna
tional co-operation, and countries which do not have such reactors have access to 
these reactors for basic research, for production of radioisotopes of high specific 
activity, for the resolution of particular problems such as materials testing at high 
flux, and for the training of personnel. Of particular value is the possibility to prepare 
beam tube experiments at a low or medium flux reactor for later transfer to a higher 
flux reactor.

To provide for information exchange on current uses of research reactors and 
international co-operative projects, the IAEA Symposium on the Utilization of 
Multipurpose Research Reactors and Related International Co-operation was held, at 
the invitation of the Government of France, in Grenoble on 19-23 October 1987. It 
was hosted by the Commissariat à l ’énergie atomique. The symposium was attended 
by about 140 participants from 36 countries and two international organizations. 
There were 49 oral presentations of papers and 24 poster presentations. The sympo
sium concluded with a panel discussion.

In publishing these proceedings, the IAEA wishes to thank the authors of the 
papers, the session chairmen, the speakers at the panel discussion, and the 
participants for their contribution to the success of the meeting.



The success of the symposium was greatly enhanced by the generous and effi
cient support of the host country, France. The IAEA, on behalf of all participants 
of the symposium, expresses its sincere gratitude and appreciation to the Government 
of France and the Commissariat à l ’énergie atomique for their excellent arrange
ments, for their hospitality and for the assistance provided by their staff in the organi
zation of the symposium.

EDITORIAL NOTE

The Proceedings have been edited by the editorial staff o f  the IAEA to the extent considered 
necessary fo r  the reader’s assistance. The views expressed remain, however, the responsibility o f  the 
named authors or participants. In addition, the views are not necessarily those o f the governments o f  
the nominating Member States or o f the nominating organizations.

The use o f particular designations o f countries or territories does not imply any judgement by the 
publisher, the IAEA, as to the legal status o f  such countries or territories, o f  their authorities and institu
tions or o f the delimitation o f their boundaries.

The mention o f names o f specific companies or products (whether or not indicated as registered) 
does not imply any intention to infringe proprietary rights, nor should it be construed as an endorsement 
or recommendation on the part o f  the IAEA.

The authors are responsible fo r  having obtained the necessary permission fo r  the IAEA to 
reproduce, translate or use material from  sources already protected by copyrights.

Material prepared by authors who are in contractual relation with governments is copyrighted 
by the IAEA, as publisher, only to the extent permitted by the appropriate national regulations.
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THE INSTITUT MAX VON LAUE-PAUL LANGEVIN: 
AN EXAMPLE OF INTERNATIONAL CO-OPERATION 
IN NEUTRON BEAM RESEARCH

W. GLÄSER
Institut Max von Laue-Paul Langevin,
Grenoble, France

Abstract

THE INSTITUT MAX VON LAUE-PAUL LANGEVIN: AN EXAMPLE OF INTERNATIONAL 
CO-OPERATION IN NEUTRON BEAM RESEARCH.

The Institut Max von Laue-Paul Langevin (ILL) was founded by France and the Federal Republic 
of Germany in 1967. The aim was to build and operate a high flux research reactor devoted to neutron 
beam research. This was one of the first practical steps towards international collaboration in fields of 
basic research where neutrons could contribute. The paper illustrates the development of the ILL and 
its achievements in neutron research. A short description of the reactor, the technical installations and 
the instruments, some of which are unique, is given. Besides the technical aspects the organization of 
the scientific utilization of neutron fields and beams is described. The ILL is basically a user institute 
open to all interested research groups at universities and other research institutions in the participating 
countries.

I . Introduction

The Institut Мак von Laue - Paul Langevin (ILL), which is now the 
central service facility for neutron beam research in Europe, was 
founded in 1967 by an inter-governmental agreement between France 
and the Federal Republic of Germany. The first director was Prof.
H. Maier-Leibnitz. The aim was to build and operate a high flux 
research reactor (HFR) devoted to neutron beam research. After 
two years of planning and design, construction was started in 
1969 and the reactor reached its nominal power of 57 MW at the 
end of 1971. In 1973, Great Britain joined the ILL as an equal 
partner. In 1987, Spain became a member of the ILL. Scientific 
communities in other European countries are also recommending 
their governments to seek membership.

Although the HFR was not the first high flux reactor in the world 
it very soon achieved a leading position in neutron research, 
partly because of its unique instrumentation but also because of 
the effective organization of its utilization. Both aspects will 
be described in somewhat more detail.
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4 GLÄSER

FIG. 1. Section through the reactor block o f the HFR.

II. Short description of the reactor and its technical installa
tions

The HFR reactor block including some inpile installations is 
illustrated in Fig. 1. The core, which is one cylindrical fuel 
element, is immersed in a large D£0 reflector. The reflector 
contains some special devices such as inpile parts of nuclear 
physics instruments, spectrum shifters like the cold D2 source 
and the hot graphite source. A second cold source is under 
construction. There are ten tangential beam tubes which look into 
the high flux region and there are two bundles of neutron guides 
which transfer thermal and cold neutrons into a guide hall, 
increasing the space available for experiments. Table 1 gives 
some characteristic data on the reactor.

The reactor has been operated with a high availability rate 
(> 95%) since 1972. A major intervention took place in 1984/85, 
when the heavy water collector was repaired, most of the beam 
tubes were replaced and the vertical cold source was replaced by 
an improved one. Since August 1985, the reactor has resumed its 
normal operating schedule with renewed internal structures and an 
excellent availability rate.

Ill. Instrumentation for research

The intense thermal neutron beams and fields of the HFR are 
mainly for investigations of the structure and dynamics of con
densed matter but also to answer questions in nuclear and funda
mental physics. This is a wide spectrum of research fields. The 
research programme has a strong interdisciplinary character.
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TABLE 1. CHARACTERISTIC DATA ON THE HFR

1. Power
57 MW (mean power density 1.15 MW/L, max. 3.3 MW/L)

2. Fuel element
annular shape: 0 = 40 cm, h = 80 cm, 280 curved plates 
U235 charge: 8.6 kg (enrichment 93%)
duration of reactor cycle: 44 days (average burnup 36%)

3. Reflector: D2O (tank 0 250 cm, h = 250 cm)
4. Coolant: D2O (inlet 30° C, outlet 49° С, Ap = 9.5 bar3)

5. Flux densities n/cm^s.c
i™ĵ x(reflector, undisturbed) 1.5 x 10

$ ^ x(tang. beam tube nose) 1 x IO*"’

ф>0.8 Me^£ue2 eiement surface) 2 x 10^

a 1 bar =  105 Pa.

Experiments Reactor Hall Floor D

Cold neutrons  

Therm al neutrons

Reactor core  

H eavy w ater

core

HC S  Horizontal cold source
D D iffractom eter
IN  Spectrom eter
P N  Nuclear physics instrum ent
S,SB Special instrum ent
T Test instrum ent
T G V  Vertical neutron guide

FIG. 2. Schematic overview o f research instrumentation.
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FIG. 3. View o f part o f  the guide hall.

Because an intensive neutron source is expensive it has to be 
used as effectively as possible. This is one of the reasons why 
the Institute is operated as a service institute. The ILL makes 
available 30 programmable neutron diffractometers and spectro
meters, including expert advice and help to external users. 
Besides these scheduled instruments about 20 special beam experi
ments are run simultaneously. Fig. 2 gives a somewhat schematic 
survey of the research instrumentation at the ILL.

Each circle represents a diffractometer or spectrometer. The 
double ones are on thermal beams, the single ones on cold beams 
coming from the cold sources and the hatched ones on hot beams 
coming from the hot source. The right hand side of the picture 
gives an impression of the additional capacity of the neutron 
guide hall into which cold and thermal neutrons are guided from 
the more restricted reactor region.

The technique of neutron guides, after being invented at Munich, 
was applied for the first time on a large scale at the HFR.
Fig. 3 shows a view of part of the guide hall.
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Each of the guides can simultaneously supply neutrons to several 
instruments. The success of the guide technique has led to the 
construction of a second cold source and a second guide hall 
which will start operation at the beginning of 1988. To indicate 
another new area of instrumentation and research, the new 
installation for ultracold neutrons, which has been implemented 
at the reactor platform, will be briefly mentioned.
Ultracold neutrons (UCN) are neutrons with velocities below 
10 m/s or energies of the order of 10"^ eV. Such neutrons will be 
totally reflected from many materials at any angle of incidence 
and this is why, for example, they can be stored.

Fig. 4 shows the experimental area on the reactor platform. UCNs 
are produced by total reflexion on the moving blades of a turbine 
taking advantage of the Doppler effect. The turbine acts as a 
source for several experiments in basic neutron and also conden
sed matter physics. Presently this is the most powerful source 
available for this type of research.

FIG. 4. Experimental area on the reactor platform.
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FIG. 5. Internal organization o f the ILL.

IV. Organization of the scientific utilization of the HFR

A Steering Committee establishes the general policy and rules of 
management of the ILL. The three participating countries are 
represented in this committee through their Associates. The 
Institute is headed by a Director and two Co-Directors, having a 
five-year tenure, the former to be nominated alternately by the 
British and German Associates. Fig. 5 illustrates the internal 
organization of the Institute.

Concerning the scientific utilization, the Director is advised by 
an external Scientific Council which meets twice a year, in 
particular to assess and select the research proposals submitted 
to the Institute. It also serves as a general discussion platform 
between the ILL and its external users.

If a proposal is accepted, the proposing scientist will be 
invited to carry out his experiment at one of the neutron beam 
facilities of the HFR. The users mainly come from universities.
To give an impression of the size of the user community, a few 
figures for 1986 may be mentioned. A total of 1148.proposals with 
a request for 12800 days of beam time were submitted. The 
Institute could only provide 5700 days, which brought more than 
1500 external experimenters to the ILL. These figures illustrate 
a great demand for more beam time. In particular the demand in 
fields like chemistry, biology and material science cannot be 
satisfied.
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It is not the purpose of this paper to describe the advantages 
and uniqueness of the neutron probe for condensed matter 
research, or to summarize the enormous amount of results achieved 
so far. There are also very exciting results emerging from the 
ILL nuclear physics facilities. Many contributions have been made 
to a detailed understanding of the fission process, e.g. recently
10 new neutron rich nuclides were discovered with the mass 
spectrometer Lohengrin. A few examples may give an impression of 
the power of neutron scattering.

V.l. Small angle scattering
The application of neutron small angle scattering started 
essentially with the construction of the small angle camera Dll 
at the HFR. Fig. 6 shows a scheme of the layout of Dll.

Small angle neutron scattering is a unique technique for 
elucidating the structure of polymers and biological macromole
cules. Large molecules can be partly coloured by taking advantage 
of the scattering length difference of hydrogen and deuterium and 
isotope substitution. All biological samples possess a scattering 
length density between that of H£0 and D£0. This led to the 
neutron contrast variation technique, in which by matching the 
scattering density of part of a molecule to a D 2O solvent only 
the other part remains visible. The possibilities of neutron 
scattering have led to the creation of an outstation of the 
European Molecular Biology Laboratory at Grenoble.

An ambitious application is the structure determination of the 
ribosome, the protein factory in the living cell. Biochemists can 
decompose complex systems like ribosomes in their building units 
and e.g. deuterate them. They can recompose them to function

FIG. 6. General layout o f  the small angle scattering camera D ll .  G3, G5, G10, G20: movable guide 
sections; S: chopper fo r wavelength calibration; I: iris diaphragm; A: sample position; D: multidetector; 
M; monochromator.
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FIG. 8. Scheme o f  the polarized neutron spectrometer D7.

again and then do a neutron scattering experiment. In this way up 
to now the positions of 11 of the 32 proteins in the 50s subunit 
of the ribosome have been determined [1] as illustrated in Fig.7.

V.2. Application of polarized neutrons
Because of their magnetic moment neutrons can be polarized. Pola
rization analysis can lead to additional information on the 
scatterer, e.g. on magnetic structures and excitations or on 
details of coherent and incoherent scattering. With the more 
recent development of effective magnetic monochromators and 
supermirrors this technique is now available at the ILL. Fig. 8
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TABLE 2. RESEARCH TOPICS TREATED AT THE ILL

11

1. Fundamental and Nuclear Physics 
Nuclear fission, n,y-spectroscopy
Basic properties of the neutron, search for neutrino 
oscillations

2. Structure and Dynamics of Solids
Crystal and magnetic structures, phonons and magnetic 
exci tations
Structural and magnetic phase transitions, crystal field 
effects
Rotational excitations in molecular systems, tunnelling 
phenomena

3. Liquids and Amorphous Solids
Excitation in quantum liquids, diffusion mechanisms and 
propagating modes in liquids and amorphous solids 
Quasicrystalline structures

A. Polymers and Large Molecules
Structure of amorphous and semicrystalline polymers 
Conformation in polymer solutions, polymer dynamics 
Colloids, micelles and microemulsions

5. Biological Research
Molecules in solution, contrast variation method 
Protein distances in complex particles

shows the scheme of the spectrometer D7 at a cold guide of the 
HFR which is equipped with supermirror polarizers and analyzers.

A cold neutron beam is monochromatized, polarized and chopped. 
After scattering, energy and spin orientation of the neutrons can 
be determined again. A recent application is related to eluci
dating the structure, dynamics and the coupling mechanism of the 
high-temperature superconductors discovered in 1986. The first 
reliable structure determination of УВа2СизС>7 was performed at 
the HFR [2]. To probe electron-phonon coupling inelastic scat
tering experiments are under way. A search for proposed magnetic 
coupling mechanisms was performed by using polarization analysis 
at D7. Within the experimental errors no magnetic sca t t e r ing was 
found in УВа2Сиз0 7 , which suggests that magnetic coupling 
mechanisms are unlikely in this case [3].

Table 2 gives a more comprehensive list of research topics with 
essential contributions by the ILL.
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VI. Conclusions

Thermal neutron beams from high flux reactors offer unique re
search opportunities in many fields of basic and applied science 
The experience gained in operating the HFR and in organizing its 
utilization demonstrates that expensive research tools can be 
widely used and made available to university groups. The success 
of the ILL is based on the co-operation of European scientists 
and may be an example for future international projects in basic 
research.

REFERENCES

[1] NOWOTNY, V., MAY, R.P., NIERHAUS, K.H. in "Structure, Func
tion, and Genetics of Ribosomes", edit, by HARDESTY, B. and 
KRAMER, G., Springer-Verlag, New York (1986) 101.

[2] CAPPONI, J.J., CHAILLOUT, C., HEWAT, A.W., LEJAY, P.,
MAREZIO, M., NGUYEN, N., RAVEAU, B., S0UBEYR0UX, J.L., 
THOLENCE, J.L., TOURNIER, R., Europhysics Letters 3 (1987) 
1301.

[3] BRÜCKEL, T., CAPELLMANN, H., JUST, W., SCHÄRPF, 0., KEMMLER- 
SACK, S., KIEMEL, R., SCHAEFER, W., submitted to Europhysics 
Letters.



IAEA-SM-300/S0

THE U.S.-JAPAN COOPERATIVE PROGRAM 
ON NEUTRON SCATTERING

M.K. WILKINSON
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America

M. BLUME
Brookhaven National Laboratory,
Upton, New York,
United States of America

D.K. STEVENS
United States Department of Energy,
Washington, D .C.,
United States of America

M. IIZUMI
Japan Atomic Energy Research Institute,
Tokai-mura, Ibaraki-ken, Japan

Y. YAMADA
Institute for Solid State Physics,
University of Tokyo,
Tokyo, Japan

Abstract

THE U.S.-JAPAN COOPERATIVE PROGRAM ON NEUTRON SCATTERING.
The U.S.-Japan Cooperative Program on Neutron Scattering was implemented through arrange

ments by the United States Department of Energy with the Science and Technology Agency and the 
Ministry of Science, Education and Culture of Japan. It involves research collaboration in neutron 
scattering by Japanese scientists with scientists at Oak Ridge National Laboratory (ORNL) and Brook
haven National Laboratory (BNL) and the construction of new neutron scattering equipment at both 
laboratories with funds provided by the Japanese Government. The United States of America provides 
neutrons in exchange for the new equipment, and other costs of the program are equally shared by the 
two countries. The assignments of Japanese scientists to ORNL and BNL vary in length, but they 
correspond to about two person years annually at each laboratory. An equal number of U.S. scientists 
also participate in the research program. The main research collaboration is centered around the new 
equipment provided by Japan, but other facilities are utilized when they are needed. The new equipment 
includes a new type of wide-angle diffractometer and equipment for maintaining extreme sample 
environments at ORNL and a sophisticated polarized beam triple-axis spectrometer at BNL. This equip
ment serves a variety of experimental needs and can be used for challenging experiments that broaden 
the field of neutron scattering. Although relatively modest in size, this program has been highly success
ful. It has produced some outstanding research, and it has also produced some very close interactions 
between neutron scattering scientists in Japan and the United States.

13
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1. INTRODUCTION

The U.S.-Japan Cooperative Program on Neutron Scattering 
was negotiated under the Agreement between the Government of 
Japan and the Government of the United States of America on 
Cooperation in Research and Development in Science and 
Technology. This agreement was signed May 1, 1980, and the 
neutron scattering program was initiated in 1982. It involves 
two arrangements between the United States Department of Energy 
(DOE) and appropriate organizations of the Japanese Government. 

One of these arrangements is between DOE and the Science and 
Technology Agency of Japan (STA) and concerns research by 
scientists of the Japan Atomic Energy Research Institute 
(JAERI); this part of the program is managed by JAERI for the 
STA. The other arrangement is between DOE and the Japanese 
Ministry of Science, Education and Culture (Monbusho); this 
part of the program is managed by the Institute for Solid State 
Physics (ISSP), University of Tokyo, for the Monbusho.

2. PROGRAM INFORMATION

The U.S.-Japan Cooperative Program on Neutron Scattering 
involves research collaboration by Japanese scientists with 
scientists at Oak Ridge National Laboratory (ORNL) and 
Brookhaven National Laboratory (BNL) and the construction of 
new neutron scattering equipment at both laboratories with 
funds provided by the Japanese Government. The operating costs 
of the joint program, exclusive of neutrons, are shared equally 
by the two countries, with the United States providing neutrons 
in exchange for the new equipment provided by Japan. The 
annual assignment of Japanese scientists to ORNL and BNL 
corresponds to about two person years at each laboratory, and 
an equal number of U.S. scientists participate in the research. 
The Japanese assignments vary in length, and about fifteen 
scientists from Japan perform research in the United States 
annually under this program. The research program at BNL 
involves university scientists from Japan, and the research 
program at ORNL includes both university and JAERI scientists.

Two steering committees, an ISSP-DOE Steering Committee 
and a JAERI-DOE Steering Committee, are responsible for imple
mentation of this cooperative program. These committees meet 
jointly once each year to review the research programs, to
approve the research and budgets proposed for the next year,
and to resolve any priority issues. Specific details of the 
programs are implemented by research committees at each labora
tory that meet annually to review the research and to plan 
experiments and participants for the coming year. Changes in
the planned research can be made during the year, but they must
be approved by members of the research committee.
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The main research collaboration is centered around the new 
equipment provided by Japan at the ORNL High Flux Isotope 
Reactor (HFIR) and at the BNL High Flux Beam Reactor (HFBR). 
This new equipment serves a variety of experimental needs and 
can be used for challenging experiments that broaden the field 
of neutron scattering. However, research investigations are 
not restricted to the new equipment, and other existing facili
ties are utilized when they are needed.

3. RESEARCH EQUIPMENT

3.1 Equipment' Provided for the ORNL-JAERI Program

Under the ORNL-JAERI part of the program, JAERI has pro
vided a new type of wide-angle neutron diffractometer (WAND) 
at the HFIR [1,2]. Figure 1 is a drawing of this diffrac-
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tometer, which uses a newly developed curved one-dimensional 
position-sensitive detector with an angular coverage of 130°.
In order to reduce the detector background, a multiblade radial 
collimator with a fan shape is mounted in front of the detector 
inside the shield; this collimator is oscillated with constant 
velocity during measurements to smear out shadows of the 
Ы ades.

Such detectors have previously been used mainly for powder 
measurements, but the application of such detectors in single
crystal diffractometry shows considerable promise. A very 
favorable technique for single-crystal experiments is to 
arrange the detector so that the whole detector arc lies on a 
specific layer of the diffraction pattern in reciprocal space; 
this is the geometry utilized in x-ray Weissenberg cameras.
In the new instrument the crystal goniometer and the detector 
can be tilted together automatically to provide the proper 
geometry.

Time-resolved measurements are performed synchronously 
with the change of external sample conditions. One-shot 
measurements are made for phenomena that cannot be repeated 
easily, and periodic measurements are employed in cases where 
the change is reversible according to a periodic external con
dition. Important auxiliary equipment, which has been provided 
by JAERI for the WAND, includes a stress modulation machine 
and a furnace for very rapid temperature changes [3]. The fur
nace permits increases in temperature between 200°C and 800°C 
at a rate of about 1000°C/min and decreases in temperature at a 
r a t e  of a b o u t  700°C/min.

3.2 Equipment Provided for the ORNL-ISSP Program

Under the ORNL-ISSP part of the program, the ISSP has 
provided equipment [4] for maintaining samples under extreme 
conditions, and this equipment can be used on nearly all 
neutron scattering facilities at the HFIR. This equipment 
includes an ultra-low temperature cryostat, high pressure 
cells that can be used down to liquid helium temperatures, and 
two high temperature furnaces for special applications.

The ultra-low temperature cryostat makes use of a 3He-‘tHe 
dilution refrigerator, which produces temperatures down to 
about 50 mK for a powder specimen and to about 7 mK for a 
single crystal. The cryostat is equipped with a Helmholtz-type 
superconducting magnet, which provides a magnetic field up to 
5 T with a homogeneity of 0.5% in a 2 cm3 volume at the sample 
position. The high pressure cells that have been developed [5] 
are modeled after the design of McWhan and his associates [6]. 
Pressures are generated at room temperature using Fluorinert as 
the pressure-transmitting fluid, and pressure variations at 
cryogenic temperatures are estimated by measuring the lattice
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parameter of NaCl. Pressures up to 31 kilobars' have been 
obtained at liquid helium temperatures. One high temperature 
furnace has been especially designed for in situ crystal growth 
and associated neutron scattering experiments at temperatures 
up to 1500°C. The other furnace allows uniaxial stress to be 
applied to the sample to study the effects of stress on 
crystallographic and magnetic properties.

3.3 Equipment Provided for the BNL-ISSP Program

Under the BNL-ISSP part of the program, an advanced 
polarized neutron spectrometer has been provided by the ISSP at 
the High Flux Beam Reactor. The design [7,8] has been chosen 
to employ a triple-axis Tanzboden system with optional time- 
of-flight capability for advanced polarization modulation 
techniques.

The in-pile plug with 3-position steel rotary shutter- 
collimator assembly, monochromator housing drum, and the drum- 
supporting saddle are similar to those of other BNL triple-axis 
spectrometers except for minor changes and a larger beam size. 
In-pile collimators can be positioned automatically, and large 
filter assemblies, which can be cryogenically cooled, are 
located in the saddle shielding. The monochromator rotating 
drum provides a take-off angle from -2° to 108° (2 0̂ ) and has a 
sufficiently large cavity to accommodate movable magnetic 
guides or multilayer polarizer systems. Either a pyrolytic 
graphite monochromator or a Heusler alloy polarizing monochro
mator can be moved into position accurately by remote controls.

Sample and analyzer tables at the respective axes are on 
airpad assemblies to move on the Tanzboden floor. The 2%, 
arm, which connects the monochromator drum to the sample table, 
is of sectional design to allow a large variation of this 
distance, and the sample-analyzer distance is also adjustable. 
Various angular rotations are driven by DC stepping motors and 
these orientations are measured by encoders in 0 .01° increments. 
The Tanzboden floor is made of low viscosity epoxy resin and is 
flat within a few hundredths of a centimeter, as required for 
proper functioning of the airpads. The entire spectrometer 
operation, including changing and monitoring certain sample 
conditions, is computer controlled, and a graphical display can 
be obtained after each measurement.

The spectrometer is now being modified to allow neutron 
scattering experiments by the neutron spectral modulation (NSM) 
technique. This technique combines spectral modulation of the 
incident neutron beam and correlation time-of-flight spectrom
etry. It is similar to the neutron spin echo technique in uti
lizing neutron spins to differentiate various incident neutron

1 1 bar =  105 Pa.
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wavelengths; in NSM the neutron spin phase angles are converted 
to the incident neutron intensity modulation. It is antici
pated that these modifications will be completed within a year.

4. RESEARCH INVESTIGATIONS

4.1 Research in the ORNL-JAERI Program

The ORNL-JAERI research program has concentrated on the 
utilization of the WAND. This instrument has been used very 
effectively for a variety of experiments.

The WAND has the capability of collecting diffraction 
patterns of polycrystalline samples very quickly, and time- 
dependent phenomena in such samples can be measured effi
ciently [9]. Typical of such investigations is a study of the 
ordering kinetics of Ni3Mn [10]; this study also utilized the 
rapid-temperature-change furnace so that the process could be 
repeated quickly many times to obtain good counting statistics. 
Results show that as the temperature of Ni3Mn is lowered 
abruptly from 600°C to 470°C, through the order-disorder tran
sition at 510°C, the amount of order increases relatively 
slowly at first, then becomes faster, and finally saturates.
It is believed that the slow growth is associated with the for
mation and coalescence of clusters, and the faster growth 
involves migration of domain walls.

The WAND is also very useful for studying single-crystal 
samples, because a two-dimensional diffraction pattern over a 
wide range can be observed quickly by step scanning of the 
sample orientation. One of the most useful applications of 
wide-angle neutron diffractometry is in the field of magnetism. 
One-dimensional diffraction rods reflecting two-dimensional 
magnetic ordering, two-dimensional planes reflecting one
dimensional magnetic ordering, and magnetic diffuse scattering 
can be measured very effectively [11]. It is also possible to 
search efficiently for unknown satellite reflections caused by 
magnetic structures that are incommensurate with the chemical 
structure.

4.2 Research in the ORNL-ISSP Program

Various types of experiments have been performed in the 
ORNL-ISSP Program with the sample under extreme conditions. 
These experiments include investigations at milli-kelvin tem
peratures of hyperfine-enhanced nuclear spin ordering in 
singlet electronic ground state compounds [12]. The direct 
interaction between nuclei is extremely small and leads to 
cooperative nuclear spin ordering in the micro-kelvin tem
perature region. However, in these compounds the hyperfine
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TEMPERATURE (mK)

FIG. 2. Temperature dependence o f the peak intensity o f  the (3/2, 0, 0) diffraction peak from PrSn¡.

interaction admixes some electronic moment into the nuclear 
substates of the electronic ground state, producing an enhanced 
moment that can order at higher temperatures. The sensitivity 
of neutrons to the state of the nuclear spin order arises from 
the spin dependence of the neutron-nucleus interaction. In 
PrSn3 , which orders antiferromagnetically at 8.6 K, additional 
Bragg peaks were observed below about 400 mK, which are due 
solely to the nuclear spin polarization of 141Pr caused by the 
hyperfine field from the ordered electronic moments. The tem
perature dependence of the (3/2,0,0) peak intensity is shown in 
Figure 2. The solid curve, which is an excellent fit for the 
data, is a theoretical function that includes previously 
reported values for the hyperfine constant, nuclear spin, and 
saturated electronic moment. Magnetic phase transitions asso
ciated with the ordering of enhanced nuclear moments have also 
been observed in PrCu2 and HoVOt*, at 58 mK and 4.5 mK, respec
tively. With H0VO4 it was possible to reach a temperature of 
2.7 mK through adiabatic demagnetization of the sample.

4.3 Research in the BNL-ISSP Program

Before the new triple-axis spectrometer was installed at 
the HFBR in 1985, many investigations were performed in the 
BNL-ISSP Program on other spectrometers that had been provided 
by DOE. During the past two years nearly all of the research 
has utilized the new spectrometer. Most of the research at 
BNL has involved inelastic neutron scattering associated with 
structural phase transitions and with spin fluctuations in 
magnetic systems. Such studies have been made on a wide
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h

FIG. 3. In-plane spin-wave dispersions fo r Feg 4Mg0 6Cl2 and FeCl2. Q is the scattering vector from  
the origin in reciprocal space to the point (h, 0, 3), which was used in a series o f experiments to measure 
spin waves along the [h, 0, 0] direction.

variety of magnetic materials that have included low 
dimensional magnetic lattices, spin glasses, heavy-fermion 
systems, 3d metals and compounds, triangular-lattice antiferro- 
magnets, and random magnetic systems.

Of particular interest and importance recently is a study 
[13] of the transverse fluctuations in an Ising spin glass, 
Feo , A , 6^ 2 ' this compound, which is an insulating 
material "with a layered structure, there are competing ferro
magnetic and anti ferromagnetic interactions, and the easy 
magnetic axis is perpendicular to the layers. The spin-glass 
transition temperature TSg has been determined to be 3.4 K, at 
which temperature the slow relaxations associated with the 
longitudinal spin component S (parallel to the easy axis) 
become frozen in random orientations. However, spin waves can 
be associated with the transverse component Sj_, and Figure 3 
gives the in-pl.ane spin-wave dispersion at a temperature of 
1.70 K. Although theoretical calculations have indicated that 
a system of spins ordered in random directions can have spin 
waves, this is the first observation of long-wavelength spin 
waves in a spin-glass system. Data for pure FeCl2 at 5 K, 
which is well below the Néel temperature of 23.5 K, are shown 
in the figure for comparison. Both systems show a sharp energy 
gap at the center of the Brillouin zone (h=0), and by com
parison with FeCl2 , it is believed that the energy gap in 
^ео.4^9o.6CI2 is due exclusively to single-ion anisotropy.
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The spin waves have been observed at temperatures up to about 
2 T Sg ,  and the spin-spin correlation lengths both parallel and 
perpendicular to the easy axis have been determined. A simple 
explanation, involving the precession of spin clusters, has 
been proposed to explain these observations.

5. GENERAL COMMENTS

The U.S.-Japan Cooperative Program on Neutron Scattering 
has been in existence for over five years. Although relatively 
modest in size, it has been a highly successful program. Even 
though some cooperative research has been performed throughout 
all five years, much time was spent during the early years on 
the design, construction, installation, and testing of new 
equipment. Nevertheless, during calendar years 1984-86, about 
50 papers associated with this program were published in scien
tific journals. Therefore, by almost any standards, the 
program has been very productive. Perhaps even more important, 
it has produced some very close interactions between scientists 
in Japan and those in the United States.
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Abstract

NEUTRON BEAM RESEARCH IN INDIA AND INTERNATIONAL CO-OPERATION.
The medium flux reactors Cirus and Dhruva at Trombay are being used for a variety of neutron 

beam research programmes related to research in materials science. Cirus, with a central flux of 
6 x  1013 n-cm '2-s~' at 40 MW, has been in operation for over 25 years. Basic research pertaining to 
structures of biologically important molecules, magnetic materials and liquids and dynamics of atomic 
and molecular motions in a variety of solids and liquids has yielded a wealth of information over the 
past two decades. Texture studies have been made to characterize a few nuclear fuel samples. The reac
tor has also been useful in training and collaborative experiments as part of the Regional Co-operative 
Agreement for Research, Development and Training Related to Nuclear Science and Technology (RCA) 
in Southeast Asia. Neutron scattering techniques like the window filter technique for high resolution 
studies in inelastic scattering have been examined using the beam lines of Cirus. Recently, a novel 
device referred to as the ДТ window spectrometer was developed for inelastic scattering experiments 
and an instrument based on this is now set up at the Rutherford Appleton Laboratory, United Kingdom, 
as part of a bilateral collaboration programme. Instruments for small angle scattering and for neutron 
interferometry are being commissioned at the reactor. The Dhruva reactor will provide fluxes of the 
order of 2 x  1014 n -cm ^-s“1 at 100 MW. However, the reactor characteristics, the special beam tube 
design and several facilities envisaged for the reactor are expected to enhance the signal/noise ratio by 
an order of magnitude over that at corresponding power levels at Cirus. Several spectrometers for polar
ized and unpolarized neutron diffraction, inelastic scattering, small angle scattering, etc., are being set 
up. Details of instrumentation and typical data from some of the instruments installed are presented. 
The neutron scattering programme at the Bhabha Atomic Research Centre has resulted in several co
operative programmes with various countries. Details of activities resulting from the India- 
Philippines-Agency Project, the RCA and other collaborative programmes are also discussed.

1. INTRODUCTION

The reactors Cirus and Dhruva at the Bhabha Atomic Research Centre (BARC) 
are natural uranium metal fuelled, heavy water moderated reactors used for isotope 
production, engineering experiments and neutron beam research. Cirus at its maxi
mum rated power of 40 MW and Dhruva at 100 MW provide central fluxes of the 
order of 6 x  1013 and 2 X 1014 n-cm _2-s_l. Cirus was designed and built through 
Indo-Canadian co-operation as part of the Colombo Plan in the late 1950s. The reac
tor became critical in 1960. Dhruva was designed, built and commissioned by Indian 
engineers and scientists after nearly 25 years of continuous operation of Cirus. The

23
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experience gained by neutron beam researchers in this period resulted in the incorpo
ration of considerable novel design features in Dhruva to aid in neutron beam 
research. Both reactors are being used for materials research.

2. MATERIALS RESEARCH AT CIRUS

At Cirus, several spectrometers have operated for nearly two decades for a 
variety of applications, as indicated in Table I. A number of publications and reviews 
[1-9] have summarized the results obtained using these facilities. The studies have 
pertained to analysis of structures of biologically important molecules, magnetic 
materials and liquids. The study of atomic and molecular motions in a variety of 
solids and liquids has been an important activity. To supplement and complement 
these studies a number of investigations have been backed by X-ray diffraction,

TABLE I. SPECTROMETERS AND THEIR APPLICATIONS AT CIRUS

Spectrometer Application

Powder spectrometer Diffraction from magnetic samples to elucidate 
magnetic structures

High resolution powder spectrometer Texture studies

Single crystal four circle fully 
automated diffractometers (2)

Crystal structure studies of biologically 
important molecules; phase transitions

Triple axis spectrometers (2) Phonon measurements in metals and ionic solids; 
quasi-elastic scattering; liquid structures

Polarized neutron spectrometer Magnetic moment distributions; form factor 
measurements

Filter detector spectrometer Inelastic scattering from hydrogenous samples; 
phonon measurements

Rotating crystal spectrometer High resolution quasi-elastic scattering and inelastic 
scattering from hydrogenous compounds and liquids

Small angle scattering spectrometer Study of micelles and metallurgical samples 
(recently installed)

Neutron interferometer (Recently installed)
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Mössbauer spectroscopy, laser Raman spectroscopy and theoretical studies based on 
lattice dynamics and computer simulation. An experimental programme of fission 
studies is being pursued on one of the beam tubes.

3. INTERNATIONAL CO-OPERATION: ROLE OF CIRUS

Even before the commissioning of Cirus in 1960, overseas visitors had fruitful 
collaboration with scientists practising neutron beam research at Trombay. For exam
ple, one of the first long term visitors, from Poland, took part in neutron experiments 
at the Apsara reactor. However, Cirus has also been a useful training ground for solid 
state scientists, both nationally and internationally.

The most important international co-operation activity in which India had a 
leading role was the India-Philippines-Agency (IPA) Project under the leadership of 
P.K. Iyengar during the 1960s. This forum provided an opportunity for scientists 
from Indonesia, the Republic of Korea, the Philippines, Thailand and Taiwan, China, 
to gather at Manila for training in neutron beam research under the guidance of scien
tists from India. BARC provided a neutron spectrometer built at Trombay, the Philip
pines made available the reactors and local facilities, and the International Atomic 
Energy Agency (IAEA) provided fellowships for scientists from Southeast Asia. This 
helped in establishing neutron groups in these countries to make use of the research 
reactor facilities available at that time. As most of the reactors were low flux reactors 
and as the participants were new to neutron scattering, the emphasis was on develop
ment of powder diffraction as a tool in all centres; design and development of several 
simple spectrometers for diffraction and inelastic scattering also took place in a 
number of these countries. Several research papers were published as a result of these 
efforts.

At the end of a formal five year period of the IPA Project, several bilateral co
operative agreements took shape for exchange of scientists between India and some 
of the aforementioned countries, many a time under the aegis of the IAEA. This 
resulted in fruitful and long term exchanges between scientists at BARC and some 
of the other centres, particularly in Indonesia and the Republic of Korea. Conse
quently, sophisticated neutron spectrometers have been built and installed and viable 
research programmes started at these centres. With higher flux reactors being con
structed in both Indonesia and the Republic of Korea, we look forward to increased 
collaboration and exchanges.

In the 1960s and 1970s, scientists from Czechoslovakia, Egypt, Iraq and 
Southeast Asia came to work at BARC, making use of facilities at Cirus for periods 
of six months to four years. They undertook condensed matter research in various 
areas, such as phonon physics, magnetism and crystallography. Many of them 
received master’s or doctoral degrees on the basis of the research carried out at 
Trombay.
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The IAEA’s Regional Co-operative Agreement for Research, Development and 
Training Related to Nuclear Science and Technology (RCA), which started with the 
IPA Project, has served a very useful purpose in keeping the scientists in Southeast 
Asia in touch with each other and periodically focusing attention on scientific and 
technical aspects of various fields, especially on the neutron beam research 
programmes of Member States. India has participated in regional consultants’ meet
ings and conducted workshops to review the status of neutron scattering programmes 
and to help upgrade the neutron scattering facilities. The three week workshops on 
Use of Microprocessors in Research Reactor Utilization (1984) and the Summer 
Course on Use of Reactor Beams in the Study of Materials (1986) were quite exten
sive as these dealt with both theoretical and experimental aspects of neutron scatter
ing. The lecturers for various disciplines were largely drawn from BARC. The 
neutron spectrometers and other facilities at Cirus were used for imparting practical 
training. Through such periodic meetings and workshops the scientists in the region 
have benefited in terms of exchange of information and facilities/equipment.

In addition to pursuing research in materials science, from time to time the 
scientists at BARC have designed and developed a variety of instruments and other 
components. They have also taken part in installation and operation of a variety of 
equipment in Southeast Asia with the co-operation of local counterparts as well as 
giving training in techniques of neutron beam research and collaborating in research 
programmes. Spectrometers, control systems, detectors, cryostats, etc., have been 
supplied on a commercial basis also to laboratories in this region.

4. THE DHRUVA REACTOR: ADVANTAGES OVER CIRUS

Figure 1 shows the cross-sectional plan view of Dhruva at the experimental 
beam port elevation. Unlike Cirus, where only radial beam tubes are available for 
neutron beam research, Dhruva has the following design features:

— Four 100 mm diameter tangential beam tubes,
— 300 mm diameter radial beam tubes,
— A through tube with a heavy water scatterer at the centre,
— 300 mm diameter beam tubes for installing cold and hot moderators,
— Recessed cavities in the biological shielding at both ends of the through tube and

for installation of guides.

The tangential beam tubes provide thermal neutron beams that are less contami
nated by fast neutrons and gamma rays than those from a radial beam tube. The 
through tube, with an 18 cm long heavy water scatterer at its centre, is expected to 
provide a clean thermal neutron beam. The spectral shifts by the cold and hot neutron 
moderators are expected to provide gains of the order of 4-7  in the cold and hot neu
tron regions. The recessed cavities allow experimenters to approach the neutron 
source closer than otherwise.
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FIG. 1. Plan view o f neutron beam tube layout at Dhruva. Beam tube identification: type, diameter 
(cm), serial number/height from floor (cm); T: tangential; R: radial; TT: through tube; CS: cold source; 
HS: hot source.

A guide laboratory is situated just outside the reactor hall. Two neutron guides 
with X* equal to 0.22 and 0.3 nm will allow cold neutrons to be used to provide a 
better signal/noise ratio in the laboratory.

Efforts have been made to provide a variety of neutron detectors such as multi
detectors, position sensitive detectors and 3He detectors in addition to conventional 
BF3 detectors. These advanced detectors would improve the efficiency of detection 
of neutrons as a whole and speed up data collection. Design and development of 
focusing monochromators has also been carried out using pyrolytic graphite crystals 
to enhance illumination of the samples.

Table II presents a comparison of facilities in Cirus with those in Dhruva, 
indicating the advantage factors of Dhruva associated with each facility. We believe 
that because of these features Dhruva will be more advantageous than Cirus by at 
least an order of magnitude as far as signal/noise ratio is concerned. In this context 
it may be noted that the following expression yields the useful intensity in any neutron 
scattering experiment:

I =  TSFD
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Advantage/gain of 
Cirus Dhruva °

Dhruva at 0.2 nm

Reactor type

Max. power 

Recessed cavities?

Tangential beams?

Through tube?

Hot source?

Cold source?

Massive monochromator 
shields?

Double monochromator?

Guides?

Position sensitive 
detectors?

Multidetectors?

Focusing monochromator?

New techniques?
— profile analysis
— polarized neutron 

analysis
— diffuse scattering
— 2-D small angle 

scattering

Natural U-metal 
fuelled, heavy 
water moderated, 
light water 
cooled, graphite 
reflected

40 MW

No

No

No

No

No

No

No

No

No

Yes

No

No

Natural U-meta! 
fuelled, heavy 
water moderated, 
heavy water 
cooled, heavy 
water reflected

100 MW 

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

Yes

Reactor physics 
allows a factor 
of ~ 3  at periphery 
of calandria of 
reactor

2.5

1.25 due to shorter 
distance

— 1.2 due to better 
thermal/fast ratio

Cleaner thermal beam

- 5  at 0.05 nm

~ 5  at 0.3 nm

Better signal/ 
noise ratio

Gain due to shorter 
distance between 
sample and source

Better signal/ 
noise ratio

10 or more due to 
increased throughput

Increased throughput

2.5

New physics
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where I is the useful intensity, T the throughput of the instrument, S the size of the 
sample, F the flux of the reactor and D the duration of the experiment.

The throughput of any instrument is a complicated function of several 
parameters and components of the instrument. It is a function of the divergences of 
various collimators, the reflectivity of the monochromator/analyser and the nature of 
the detectors. With increasing sophistication of neutron beam instrumentation, fac
tors such as the focusing power of the monochromator/analyser have to be taken into 
account. A variety of detectors and their positions come into play. For example, posi
tion sensitive detectors, multidetectors, multi-analysers, etc., are used in these 
instrumentation systems. In view of these features, a medium flux reactor ‘dedicated’ 
for specific experiments could be competitive with high flux reactors where experi
ments ‘share’ the instruments. High flux facilities have an advantage over medium 
flux facilities when only small samples are available or when fast kinetics have to be 
monitored.

In order to use a large reactor on a national basis in a large country like India, 
it is necessary to build instruments which are user friendly so that the total time taken 
for an experiment is reasonably small. The spectrometers and beam facilities at 
Dhruva have therefore been designed with a view to minimizing experiment time so 
that the reactor could be used as a national facility.

5. EXPERIMENTAL FACILITIES AT DHRUVA

It is well known that crystal spectrometers are the work-horses at steady state 
reactors. The monochromator drum with a suitable yoke provides (a) adequate shield
ing and (b) variability of outgoing neutron wavelength/energy. We have designed 
several of the spectrometers that will be situated in the reactor hall by adopting the 
same type of monochromator drum with suitable second axis, third axis and mag
netic/filter components for various applications. The spectrometers are:

— A single crystal diffractometer,
— A triple axis spectrometer,
— A polarization analysis spectrometer,
— A high Q diffractometer for liquids and amorphous systems,
— A filter detector spectrometer.

A number of other instruments, not based on the monochromator drum, which are 
being installed at Dhruva are:

— A medium resolution double monochromator based inelastic spectrometer on air 
cushions,

— A powder diffractometer based on a position sensitive detector for use in the 
profile analysis mode,

— A small angle spectrometer with a 2-D detector,
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— An interferometer,
— A diffuse scattering spectrometer for magnetic studies,
— A high resolution inelastic spectrometer based on the spin echo principle.

Detailed instrumental parameters and some aspects of design of all these instruments 
are presented in a separate publication [10].

All the instruments at Dhruva are controlled by dedicated personal computers 
having suitable software and hardware features designed locally. Other major compo
nents such as the guide elements, cold and hot neutron sources and a variety of detec
tors are also based on indigenous sources.

2
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FIG. 2 . Dispersion relation fo r  phonons in silicon measured at Dhruva. Full curve: Dolling [11]; 
circles: Dhruva results (1986).
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FIG. 3. Powder pattern o f a quasi-crystalline sample taken using the profile analysis spectrometer at 
Dhruva.
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6. SOME RESULTS FROM DHRUVA

Three spectrometers, namely, the profile analysis diffractometer, the triple axis 
spectrometer and the single crystal diffractometer, will have become operational at 
Dhruva by the end of 1987. Other facilities are in various stages of installation/test
ing, etc. Figure 2 shows the dispersion relation for phonons in silicon measured using 
the triple axis spectrometer compared with data available in the literature. These 
measurement data have been taken essentially for calibration purposes and for testing 
some of the software of the control instrumentation. The profile analysis diffractome
ter is provided with a 1-D detector fabricated at Trombay. Typical data taken using 
this instrument are shown in Fig. 3.

7. OTHER INTERNATIONAL CO-OPERATION

Cirus and Dhruva are essentially medium flux facilities which, in spite of opti
mum utilization, set an upper limit to the fluxes available in the epithermal region 
and also in terms of very high resolution measurements at present. Access to high 
flux facilities, especially to pulsed sources, is of advantage for certain experiments.

Dasannacharya and co-workers have developed a novel instrument, referred to 
as the ДТ window spectrometer, for inelastic/quasi-elastic spectrometry [12]. An 
instrument based on this concept was installed as one of the ‘day one’ instruments 
at the Spallation Neutron Source (SNS) of the Rutherford Appleton Laboratory, 
United Kingdom, in 1984. A bilateral collaboration agreement between India and the 
United Kingdom provides for technical support for the operation of this instrument 
and it allows Indian scientists access to the SNS facilities over a five year period up 
to 1990. The instrument has yielded useful and new information concerning tunnel
ling states and reorientation rates of molecules in systems such as copper acetate, 
ammonium sulphate and ammonium bromide. The exchange of scientists between the 
two countries as a result of this collaboration is mutually beneficial in that it has led 
to interesting experimental programmes.

Scientists from BARC have also taken part in experiments at other advanced 
neutron source centres. For example, the phonon dispersion relation and the density 
of states in Mg2Si04 have been measured at the High Flux Breeder Reactor of 
Brookhaven National Laboratory and at the Intense Pulsed Neutron Source of 
Argonne National Laboratory during a collaborative study involving Trombay 
scientists.

8. FUTURE ROLE OF THE IAEA IN SOUTHEAST ASIA

The establishment of reactors with fluxes of nearly 1014 n -cm '2-s_I in 
Southeast Asia during the past few years, notably in Bangladesh, India, Indonesia and
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Malaysia, along with established groups in the Republic of Korea and the Philippines, 
calls for increased exchange of information and scientists to make use of each other’s 
facilities and expertise. Quite sophisticated neutron beam instrumentation is being 
introduced in these countries. Past experience has shown that viable programmes 
have not sustained themselves in small laboratories where manpower has been a limi
tation. On the other hand, a few dedicated researchers have kept the torch of activity 
burning at some of these places. The IAEA has a continuing and useful role to play, 
as in the past, in furthering international co-operation in the region.

Although we have restricted ourselves to describing neutron scattering 
programmes in this paper, there were other activities also in the RCA project. By the 
end of the project period, several important goals had been achieved. Though the 
project involved countries widely separated from each other, from India to Indonesia 
to the Republic of Korea, and with different educational systems, it was possible to 
train personnel so that people with research experience were available to help to 
initiate various nuclear power and related programmes in their respective countries. 
As pointed out earlier, it was possible to make significant scientific contributions by 
means of neutron scattering in the study of the structure of liquids and magnetic 
materials. It was demonstrated that it was feasible to build sophisticated apparatus 
such as the filter detector spectrometer within the means and expertise of the regional 
centres through co-operative efforts. Lastly and very importantly, the RCA project 
established links between the scientists within the region.

In view of the success of the IPA Project, at its expiry the IAEA decided to 
extend its scope to include more countries and a wider set of programmes of investi
gation. The RCA thus came into being on 12 June 1972. It has brought about a great 
deal of cohesion among the laboratories of the region in tackling problems of com
mon interest. These problems have included diverse areas such as neutron scattering 
and its applications, nuclear instrument maintenance, and isotope applications in 
hydrology and sedimentology. The problems dealt with have changed with time. For 
example, the use of microprocessors in nuclear applications could not have been 
imagined in earlier stages of the RCA, but they have great relevance today. The RCA 
has thus played a very important role in introducing this and other new technologies 
to nuclear applications in the region.

With the RCA having completed its 15th year, the IAEA and the participants 
in the RCA project will probably have to pay greater attention to augmenting a proper 
mix of manpower training, applied and basic projects and information dissemination. 
As a new series of reactors become operational in Asia and neutron scattering 
becomes a well established tool for applied problems, the RCA can play an important 
and crucial role in giving a direction to neutron scattering activities in Asia in the 
1990s. A status review of the activities of the various participating countries at this 
stage could establish the pattern of work during the next decade.
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Abstract

MATERIALS INVESTIGATIONS USING SMALL ANGLE NEUTRON SCATTERING AT THE 
FRJ-2 RESEARCH REACTOR.

Two small angle neutron scattering instruments, a pinhole instrument and a double crystal diffrac
tometer, are available at the FRJ-2 test reactor at the Kernforschungsanlage Jülich. Both instruments 
are described, and their applicability in materials research is illustrated by the characterization of helium 
bubbles between 2 and 10 nm in diameter formed by ion implantation in nickel, and of creep induced 
pores of micrometre size in high temperature alloys. Additionally, the helium gas density in the bubbles 
can be determined using the contrast variation method.

1. INTRODUCTION

The service life of high temperature alloys is limited by time dependent damage 
mechanisms, A significant damage process in a material under stress at high tempera
tures is the formation of creep pores. With the currently available non-destructive 
methods, the presence of pores can only be detected if the design relevant loading 
limits have already been exceeded. The potential of materials could be much better 
used if the analysis of the damage were more sensitive and precise. In this respect 
scattering techniques are a promising method. In particular, small angle neutron scat
tering offers the possibility of highly sensitive non-destructive detection of pores in 
metallic materials.

This paper first describes the small angle neutron scattering instruments avail
able at the Kernforschungsanlage Jülich: a pinhole instrument (SANS) and a double 
crystal diffractometer (DKD). In the second part of the paper the applicability of the 
method is demonstrated with two examples:

(a) Helium bubbles in nickel between 2 and 10 nm in diameter were explored 
with SANS.

(b) Creep induced pores of micrometre size in two austenitic stainless steels, 
Fe-15Cr-15Ni and NIMONIC 80 A, were investigated with DKD.

35
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FIG. I. The pinhole instrument, SANS. dE, ds: diameters o f apertures in collimator; dB, dD: diameters 
o f beam stop and detection element.

2. SMALL ANGLE NEUTRON SCATTERING TEST EQUIPMENT

The two instruments, SANS [1] and DKD [2], have been installed in the exter
nal neutron guide laboratory (ELLA) at the FRJ-2 test reactor in Jülich. SANS allows 
the study of pores in metals and ceramics of diameters between 1 and 100 nm. DKD, 
with which, for the purpose of neutron scattering experiments, a new experimental 
technique is used, gives a very high angular resolution. It resolves angles to less than
5 /xrad and is therefore capable of resolving scattering particles with sizes up to 
several micrometres.

2.1. SANS instrument

A schematic drawing of the pinhole instrument is shown in Fig. 1 [1, 3]. The 
neutrons, moderated by a cold source, are monochromatized to wavelengths between 
0.6 and 1.5 nm by a rotating selector and collimated by the two apertures before they 
hit the sample. About 10% of the neutrons are scattered by density inhomogeneities 
(precipitates or pores) in the sample. The multidetector at a distance L behind the 
sample collects the neutrons at different scattering angles 9 .  The distances L between 
sample and detector and ( between the apertures in the collimator system should be 
identical in order to optimize resolution and neutron intensity at the specimen. Both 
lengths can be adjusted to between 1 and 20 m at the facilities in Jülich. L is changed 
by moving the detector in a vacuum tube and I by inserting neutron guides between 
the selector and the entrance aperture. Neutrons scattered into angles between 0.2 and
2 X 10-3 rad can be analysed.

2.2. DKD instrument

Figure 2 shows a schematic drawing of the DKD instrument [2]. Two nearly 
perfect Si single crystals are mounted on an optical bench in a non-dispersive arrange
ment. The rocking curve (Fig. 2(b)) is given by the convolution of the Darwin reflec
tion curves of the two crystals with a half-width of about 3 /xrad. The sample is placed 
between the two crystals and the scattered neutrons are detected by detector 1 
(Fig. 2(a)). To collect a neutron scattered into an angle 9  the analyser crystal has
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FIG. 2. (a) The double crystal diffractometer, DKD; (b) measured rocking curves fo r  double and four
fold reflections.

to be rotated by the same angle 0  from its position parallel to the monochromator 
crystal. The background intensity from the Si crystals is considerably reduced by 
using crystals cut in such a way that the neutrons are reflected several times (channel 
crystals).

3. APPLICATION OF SMALL ANGLE NEUTRON SCATTERING IN
MATERIALS SCIENCE

By the small angle neutron scattering technique one may obtain (i) bulk aver
aged and (ii) quantitative data about size and number density of the scattering parti
cles. Additionally, (iii) thick specimens (metals: about 1 cm) can be studied 
non-destructively [3]. Two examples showing the application of neutron scattering 
measurements to the examination of voids in metals will be given: a study of bubbles 
in Ni with the pinhole instrument and a study of creep induced cavities in austenitic 
steel with the double crystal diffractometer.

3.1. He bubbles in Ni

Helium in metals and alloys, which can originate, for example, from nuclear 
conversion of Ni in alloys under neutron irradiation, can lead to drastic changes of 
mechanical properties even at very low concentrations [4]. Micro structural studies 
led to the assumption that the very significant loss of ductility is a consequence of 
He bubbles nucleated at the grain boundaries after supersaturation in the bulk
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material. An accepted understanding of the nucléation and growth of helium bubbles 
is still lacking. One of the most important parameters which govern these processes 
is the density of He in the bubbles, which can be directly determined by using SANS 
and applying the contrast variation method. Other techniques such as transmission 
electron microscopy (ТЕМ) give only indirect information about this quantity.

The scattering contrast Ap of the He bubbles in Ni is determined by

where b(Ni) and b(He) are the coherent scattering lengths of Ni and He and V(Ni) 
and V(He) their atomic volumes. A direct determination of the He density l/V(He) 
in the bubbles from Eq. (1) is not possible. The macroscopic scattering cross-section, 
dE/diî, is given by

where Q is the scattering vector; Q = (27t/ \ ) 9  for SANS.
dE/dO (Q) is proportional to the scattered intensity and depends on the number 

density n, the volume VB and the form factor F of the He bubbles with radius R, 
which are not known. However, if two Ni isotopes with different coherent scattering 
lengths b [5], such as 58Ni and 60Ni, but with the same He bubble microstructure are 
used, then from the intensity ratio

dE/dQ (Q, 58Ni) = /  b(58)/b(He) -  ¿o V
dE/dO (Q, “ Ni) ~  V b(60)/b(He) -  со J  ( ’

one can calculate ш (=  V(Ni)/V(He)), from which the He gas density l/V(He) is 
obtained.

Figure 3(a) shows the experimental results obtained with specimens made from 
58№ and 60Ni. A concentration of about 1000 ppm He in the material was obtained 
by implantation. Both specimens were heat treated for 2 h at 1123 K. The scattering 
curve of the 58Ni specimen shows two regimes with a Q~4 power dependence. Such 
a behaviour is expected from the Porod law for macroscopic cross-sections:

b(Ni) _  b(He) 
V(Ni) V(He)

(1)

(Q) = dR n(R) V I F(Q) Ap2 (2)

(4)

This relation is valid at Q S; 1/D, where D is particle diameter, for particles with 
sharp interfaces. The two straight portions of the 58Ni curve in Fig. 3(a) represent-
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FIG. 3. (a) Scattering curves o f the 3SNi and 60Ni specimens after the final anneal at 1123 К and at 
detector-specimen distances o f 1 and 4 m. For 3SNi a bimodal size distribution o f  He bubbles is seen, 
as indicated by the two Q '4 lines. For 60Ni only the larger bubbles can be detected. The solid lines 
represent the fitted scattering law. (b) Size distribution o f bubbles as determined from SANS and ТЕМ.

ing the Q '4 power law are due to a bimodal size distribution. A fit of Eq. (2) to each 
portion of the scattering curve, with spherically shaped particles and a log-normal 
size distribution being assumed, gives the results plotted in Fig. 3(b). The radius of 
the smaller particles is about 1.4 nm and that of the larger ones 13 nm.

The scattering intensity of the “ Ni specimen is more than one order of magni
tude less than that of the 58Ni specimen and shows only one section following the 
Q"4 power law at low Q. From ТЕМ observations, results of which are plotted in 
Fig. 3(b), it is known that the He bubble morphology is the same in both specimens. 
Therefore, the intensity ratio depends only on the He density in the bubbles. The data 
measured give indeed the correct equilibrium density of He in bubbles of 13 nm 
radius. The equilibrium density of He in the smaller bubbles (R =  1.4 nm) is about 
that of Ni. Because the coherent scattering lengths of 60Ni and 4He are nearly the 
same [5], the scattering contrast of the smaller He bubbles in “ Ni is identical to that 
of the bulk and therefore these bubbles are not observable using SANS. The assump
tion of equilibrium density of He in the bubbles leads to a very good agreement of 
ТЕМ and neutron data in Fig. 3(b). In addition, we know from ТЕМ [6, 7] that the 
large bubbles are distributed near the surface and the small ones in the bulk of the 
specimen.
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FIG. 4. Transmission coefficients o f specimens o f NIMONIC 80 A prestrained at room temperature: 
the transmission o f the 14.6% prestrained specimen is homogeneous over the entire length and its 
decrease relative to the untreated specimen is only a few  per cent. The creep ruptured specimen, com
pared with the creep interrupted specimen, shows a pronounced creep affected zone o f about 1 cm length 
(as shown by the strong decrease in transmission). Apart from this region, the two crept specimens give 
similar results. The creep interrupted specimen was prestrained by 7.2% and the creep ruptured speci
men by 6.5%. The creep temperature was 1023 К  and the applied creep stress was 154 MPa fo r both 
specimens.
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3.2. Creep induced cavities in austenitic steel

Results of an experiment with DKD are shown in Fig. 4. Creep test specimens 
of standard geometry (strained gauge length and threaded heads) made from the high 
temperature alloy NIMONIC 80 A were tested with the neutron beam penetrating the 
heads or the strained gauge length. The transmission of the alloy was measured with 
the two Si crystals in parallel at 0  = 0 (Fig. 2(a)), and the results as plotted in 
Fig. 2(b) are the ratio of intensities with and without the specimen measured at detec
tor 1.

The NIMONIC 80 A specimens were prestrained at room temperature and then 
creep tested at 1023 К with 154 MPa stress. The transmission (Fig. 4) shows (i) no 
changes over the length of the unstrained part of the specimen, (ii) a minor decrease 
in the strained zone of the specimen (‘Test interrupted’) and (iii) a strong ( — 60%) 
reduction near the fracture surface of the ‘Crept to fracture’ specimen. The observed 
decrease of transmission is caused by scattering at large cavities in the micrometre 
range. Experiments with SANS have only shown minor effects.

The data on transmission T give the total macroscopic scattering cross-section:

T =  exp( — EDS) (5)
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FIG. 5. (a) Diameter o f cavities and (b) beam broadening versus strain in Fe-15Cr-15Ni austenitic 
stainless steel.

from which the product of volume fraction and particle size can be determined [8]. 
Ds is the thickness of the specimen. For more detailed information dE/dO (Eq. (2)) 
has to be measured. This was done by using DKD on Fe-15Cr-15Ni stainless steel. 
The specimens were annealed for 2 h at 1273 К and then creep tested under constant 
load, an initial stress of a =  30 MPa being applied. The creep test temperature was 
1100 К and the test was performed under a vacuum of about 1 mPa. The samples 
are nearly free of precipitates according to ТЕМ studies [9].

Figure 5(a) shows the diameter D of cavities versus strain e as obtained from 
the scattering data by applying the Guinier approximation [10] to the scattering curve. 
A strong increase of the cavity diameter from 2 to 9 /xm is evident between 5 and 
10% strain; the volume fraction was between 10"4 and 10 '3. An optica] microscope 
examination at e =  10% [9] yielded a mean cavity diameter of about 7 /xm, in good 
agreement with the neutron data. The decrease of the mean diameter between 10 and 
20% strain is presumably due to such a coarsening of cavities that they contribute 
only to refraction, which is observed by the strong beam broadening above 10% 
strain in Fig. 5(b). This effect gives wrong results for the pore size obtained from 
diffraction (see Fig. 5(a) at e = 20%). The condition for refraction is given by [3, 5]

ф >  A p  X D (6)

where ф is the phase difference between a neutron wave travelling through a particle 
(cavity) and through the matrix over the same distance D, and X (0.18 nm) is the neu
tron wavelength. The observed broadening of the primary neutron beam means that 
cavities with a mean diameter much larger than 8 /xm are present in the early stage 
(e =  3%) of the creep experiment.
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4. SUMMARY

A short description was given of two small angle neutron scattering methods:

(a) The use of the pinhole instrument (SANS), which allows the study of particle 
sizes between 1 and 100 nm; and

(b) The use of the double crystal diffractometer (DKD), which allows the study of 
larger particles (diameters between 1 and 10 /лт).

With SANS He bubbles in nickel were studied. It was shown that the bubble size and 
He gas density could be determined. The contrast variation method was applied for 
the latter parameter. With DKD the detection of creep induced cavities is possible.

Specimens with stepwise increased creep strain are being prepared and will be 
investigated using SANS and DKD. The scattering data will be correlated with the 
creep life exhaustion of the specimens. The long term objective of these investiga
tions is the non-destructive determination of the residual lifetimes of creep loaded 
components. Typical components for such tests are turbine blades.
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Abstract-Résumé

INTERNATIONAL CO-OPERATION AT THE LÉON BRILLOUIN LABORATORY.
The Léon Brillouin Laboratory (LLB), set up under an agreement between the Commissariat à 

l ’énergie atomique (CEA) and the Centre national de la recherche scientifique (CNRS), is located at 
Saclay and uses the 14 MW neutron source Orphée. Initially, the laboratory did not have any special 
facility other than the Orphée source which could form the basis for systematic international 
co-operation, and it also had a relatively small staff. International co-operation at the LLB has never
theless developed very rapidly and in an original way, both in terms of scientific activity and in the 
construction of equipment.

LA COLLABORATION INTERNATIONALE AU LABORATOIRE LÉON-BRILLOUIN.
Le Laboratoire Léon-Brillouin (LLB), créé par un accord entre le Commissariat à l ’énergie 

atomique (CEA) et le Centre national de la recherche scientifique (CNRS), est situé à Saclay: Il utilise 
la source de neutrons Orphée, qui a une puissance de 14 MW. Au départ, le LLB n ’avait, en dehors 
de l ’installation Orphée, aucune structure particulière pour établir systématiquement des collaborations 
internationales, et, par ailleurs, l’ensemble de son personnel est resté de taille relativement modeste. 
La collaboration internationale au LLB s’est néanmoins développée très rapidement et de manière 
originale, tant dans l ’activité scientifique que dans les réalisations d’appareillages.

1. INTRODUCTION

Le Laboratoire Léon-Brillouin (LLB), créé dans les années 1973-1974 par un 
accord entre le Commissariat à l ’énergie atomique (CEA) et le Centre national de la 
recherche scientifique (CNRS), est situé dans la région parisienne, au Centre 
d ’études nucléaires de Saclay. Il utilise la source de neutrons Orphée, qui a une 
puissance de 14 MW [1].

La vocation du LLB est scientifique et nationale. D ’une part, il gère les propo
sitions d ’expériences neutroniques en provenance de la communauté scientifique, 
tout en veillant à leur déroulement dans de bonnes conditions; d ’autre part, il effectue 
une recherche originale dans la physique de la matière condensée. La préparation aux 
expériences de pointe à réaliser à l ’Institut Laiie-Langevin est aussi une de ses 
missions.
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Au départ, le LLB n’avait, en dehors de l’installation Orphée, aucune structure 
particulière pour établir systématiquement des collaborations internationales, et, par 
ailleurs, l ’ensemble de son personnel est de taille relativement modeste.

La collaboration internationale au LLB s’est néanmoins développée très rapide
ment et de manière originale, tant dans l ’activité scientifique [2] que dans les réalisa
tions d ’appareillages [3]. Nous en exposons ici quelques péripéties et résultats, et 
nous nous interrogeons sur son avenir.

2. COLLABORATIONS SCIENTIFIQUES

Les équipes du LLB (il y en a cinq) ont toutes aujourd’hui des programmes de 
recherche en collaboration avec des physiciens étrangers.

Les expériences de diffusion de neutrons sont lourdes et leur succès dépend du 
meilleur concours entre l’appareillage adéquat pour la mesure physique, la synthèse 
de l’échantillon de taille suffisante et l ’idée théorique directrice. Dans ces conditions,
il est nécessaire de chercher partout où il le faut les éléments qui peuvent contribuer 
au déroulement rapide et efficace de l’expérience: l ’appel à la collaboration interna
tionale paraît ainsi une démarche évidente, qui n ’exclut nullement une contribution 
originale du LLB.

Nous citons ici l ’exemple d ’une étude qui s’est déroulée au LLB dans les années 
1975 et qui concerne les premières expériences de diffusion des neutrons aux petits 
angles par les polymères. L ’intérêt de cette étude était alors pressenti dans trois pays: 
la France, la République fédérale d ’Allemagne et le Royaume-Uni. Les responsables 
des projets décidèrent d ’établir une collaboration entre ces pays afin de tirer le 
meilleur parti des possibilités réduites existant alors. Le LLB offrait alors neutrons 
froids et programme. La collaboration a consisté à exposer mutuellement les projets 
d ’expérience et les moyens d ’y parvenir. Cette forme de coopération n ’excluait pas 
la compétition: elle a eu le mérite d’engager fortement chaque équipe dans une voie 
originale.

Le résultat obtenu par l ’équipe française, et en particulier celle du LLB, a été 
de fournir les évidences expérimentales prouvant la thèse selon laquelle la chaîne 
polymère est véritablement un «objet» critique. Trois exposants critiques et huit 
constantes universelles ont alors été déterminées expérimentalement. Pour les 
désigner, il a fallu utiliser des lettres hébraïques et arabes; l ’emprunt à des alphabets 
étrangers est peut-être aussi un signe profond de collaboration internationale.

Nous pourrions citer d ’autres exemples, tels que les études des structures 
incommensurables au LLB. C ’est un thème majeur où la collaboration avec 
l’extérieur a aussi joué un rôle.
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3. COLLABORATION AUTOUR D ’UN APPAREILLAGE

Les spectromètres disposés autour de la source de neutrons sont les appareils 
dont les performances déterminent en définitive le succès de l’expérience. Ils ont des 
caractéristiques très spécifiques.

Lorsqu’en 1980 la source Orphée est devenue opérationnelle, il a paru impor
tant d ’installer un nombre suffisant de types de spectromètres. Leur financement a 
été réalisé en partie en faisant appel à la coopération internationale, sous une forme 
qui s’est avérée riche en développements scientifiques. Nous exposons ici l ’accord 
proposé aux partenaires étrangers, les noms des organisations qui y ont souscrites et 
les résultats obtenus.

3.1. Accord type de coopération scientifique au LLB

a) Objet: étude de la matière condensée par l’expérimentation neutronique.
b) Dispositions:

-  Prestation du souscripteur
i) implantation d’un spectromètre auprès de la source Orphée;

ii) détachement d ’un physicien et d ’un technicien auprès du LLB pour le 
fonctionnement et la maintenance du spectromètre;

iii) contribution financière pour l ’utilisation de l’infrastructure du LLB.
— Prestation du LLB

i) mise à disposition du flux de neutrons pour alimenter le spectromètre et 
fourniture des fluides nécessaires au fonctionnement;

ii) attribution d’une fraction du temps de faisceau (environ 1/3) au sous
cripteur, et possibilité d ’utilisation des autres spectromètres dans le cadre 
des règles de répartition en vigueur au LLB;

iii) participation au Conseil de laboratoire du LLB.

3.2. Liste des organisations ayant passé accord avec le LLB

a) Kernforschungszentrum Karlsruhe (KfK), en 1980, pour un spectromètre 
«4 cercles» à neutrons chauds et un spectromètre «3 axes» à neutrons thermiques. 
Date de fonctionnement: 1983.
b) Österreichische Akademie der Wissenschaften (ÖAW), en 1981, pour un 
spectromètre «3 axes» à neutrons froids. Date de fonctionnement: 1984.
c) Centre d ’étude de l’énergie nucléaire (CEN/SCK), en 1981, pour un spectro
mètre à «temps de vol». Cet accord se situe dans le cadre plus général d ’une conven
tion établie avec l ’ensemble des universités belges. Date de fonctionnement: 1987.
d) Sous une forme différente, le Centre d ’études nucléaires de Hongrie (KFKI) 
s’est engagé en 1981 à construire en commun avec le LLB un spectromètre à «écho 
de spin». Date de fonctionnement: 1987.
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3.3. Résultats de la coopération

Les accords souscrits avec les centres d ’études étrangers pour l ’implantation et 
l ’utilisation de spectromètres définissaient un cadre de coopération scientifique. Il est 
intéressant de donner quelques exemples de résultats obtenus.

3.3.1. Etudes réalisées pour le compte des organisations étrangères

L ’accès aux faisceaux de neutrons de la source Orphée a permis notamment les 
opérations suivantes:
a) L ’équipe de Vienne a déterminé la structure du deutérium interstitiel dans le 
palladium et l ’alliage palladium-argent. La présence de deutérium en structure 
ordonnée concorde avec l’apparition d’une supraconductivité.
b) L ’équipe de Karlsruhe a progressé dans l’établissement de cartes de densité 
électronique par la méthode X -N  (rayons X et neutrons). Une application a été 
réalisée sur les olivines. Une étude systématique des branches de phonons dans les 
composés supraconducteurs classiques a permis d ’établir plus précisément l ’effet de 
couplage électron-phonon.

3.3.2. Accueil et coopération initiée par les représentants des centres étrangers

La collaboration internationale se justifie d ’autant plus qu’elle devient source 
d ’actions se perpétuant sous des formes multiples. Un enchaînement de ce genre s’est 
produit au LLB grâce à la bonne volonté et l ’énergie du groupe de Karlsruhe.

Au départ, il y avait les spectromètres à 4 cercles (diffraction des neutrons 
chauds) et à 3 axes (diffusion inélastique des neutrons thermiques) construits par le 
KfK. Les performances en sont excellentes et ont été très rapidement reconnues. Par 
ailleurs, il y avait à l ’Université de Paris VI un groupe très actif dans l ’étude des 
cristaux plastiques et des différentes manifestations de la fusion de ces corps. Lors 
des tables rondes qui se tiennent régulièrement au LLB et au cours de nombreuses 
rencontres de travail, un programme expérimental a été établi sur le néopentane et 
le chlorate de potassium. Des structures incommensurables ont alors été mises en évi
dence et de fortes corrélations entre la rotation et la translation ont été observées.

Ces résultats ont mobilisé des théoriciens (R. Pick à Paris VI, K. Michel à 
Anvers) qui ont proposé de nouvelles expériences. Par ailleurs, des équipes des 
universités de Lille, de Rennes et du Mans avaient observé la dynamique de tels 
systèmes à l ’aide du spectromètre à 3 axes à neutrons froids du LLB, dont les perfor
mances sont parmi les meilleures au monde. Le regroupement de l’ensemble des 
résultats obtenus et la participation du groupe de Karlsruhe ont permis de faire du 
LLB un lieu privilégié pour l ’étude des cristaux plastiques.
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TABLEAU I. PARTICIPATION ETRANGERE AUX TABLES RONDES 
DU LLB

Nombre d ’expérimentateurs étrangers 
(hors contractuels LLB)

Année 1985-1986 ......................... 160
Année 1986-1987 (sur 9 mois) .. 106

Pourcentage sur nombre total 
d’expérimentateurs (hors LLB)

34
28

Origine Pourcentage

RFA ....................................................................... .....................................  25
Belgique ....................................................... ......... .....................................  24
Autriche ................................................................. ....................................  16
Hongrie ................................... .............................. ....................................  12
Royaume-Uni ....................................................... .....................................  4
Etats-Unis ....................................................................................................  2,5
Pays-Bas ................................................................ .....................................  1,5
Algérie ................................................................... ....................................  1,5
Chine, Japon -n
Danemark /
Norvège, URSS (
Pologne, Portugal^

3.3.3. Collaboration à l ’occasion des tables rondes d ’utilisateurs

Chaque année, au début de l’automne, le LLB organise des tables rondes 
d ’utilisateurs de faisceaux neutroniques. Celles-ci regroupent les intéressés pendant 
une ou deux journées, selon différentes affinités.

A l’occasion de ces tables rondes, les projets d ’expérience pour l’année suivante 
sont débattus, puis programmés. Les résultats d ’expériences passées sont exposés et 
soumis à la critique.

Les tables rondes réunissent des chercheurs de la communauté française ainsi 
que des expérimentateurs étrangers. Elles contribuent d ’une certaine façon à la 
collaboration internationale. Un aperçu de cette activité est donnée dans le tableau I.

3.3.4. Mission éducative et mission d ’assistance technique

A la suite d ’accords passés entre le Commissariat à l ’énergie atomique et 
l ’Académie chinoise des sciences:

-  quatre stagiaires chinois sont venus au LLB en 1981 pour s’initier à l ’utilisation 
de spectromètres, des sources froides et des guides à neutrons;
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— quatre ingénieurs du LLB ont participé au montage de guides spectromètres 
auprès de la source neutronique de Pékin. Un cours d ’initiation à la diffusion aux 
petits angles a été donné par un physicien du LLB, à Pékin;

— un universitaire chinois est en train de rédiger sa thèse au LLB.

4. CONCLUSIONS ET PERSPECTIVES

L ’examen de l ’activité de coopération internationale au Laboratoire Léon- 
Brillouin au cours des quinze dernières années suggère les remarques suivantes:
— l’activité de coopération internationale auprès d ’un réacteur de moyenne puissance 

est stimulante et bénéfique;
— elle peut prendre des formes très diverses;
— il est nécessaire de l’encourager et de l ’organiser.

Les activités de coopération internationales engagées au LLB seront poursuivies 
sous leur forme actuelle. Toutefois, il semble aujourd’hui qu’elles pourraient se 
développer aussi dans d ’autres voies. En effet, depuis quelque temps, le LLB invite 
régulièrement des physiciens de haut niveau à venir passer une partie de leur année 
sabbatique au LLB. Un échange fructueux s’établit alors entre invité et invitant. On 
pourrait souhaiter qu’une équipe extérieure (française ou étrangère), spécialisée dans 
un sujet d ’intérêt actuel, vienne réaliser au LLB, pendant un temps suffisamment 
long, des expériences nouvelles à l ’aide de l ’appareillage dont dispose le LLB. Par 
ailleurs, il ne serait pas impensable d ’envoyer des physiciens expérimentés du LLB 
dans des centres étrangers pour bénéficier de l’utilisation d ’autres types d ’appareils 
(sources à spallation, rayons X, etc.). Il nous semble que des liens très forts doivent 
être encouragés dans cette communauté de la physique de la matière condensée.
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Abstract

NEW INSTRUMENTATION AND NOVEL NEUTRON GUIDES FOR MATERIALS RESEARCH 
AT THE FRG-1 RESEARCH REACTOR IN GEESTHACHT.

In order to increase the cold neutron flux of the FRG-1 reactor at the GKSS Research Center, 
Geesthacht, a cold source (CS) and a beryllium reflector are being installed. Following core compaction 
the flux of cold neutrons (X >  0.45 nm) will then be increased by a factor of more than 30. The original 
experimental hall (‘guide tube hall’) has been extended and will be equipped with novel neutron guides 
(NGs). Three NGs facing the CS were designed as curved Soller-type guides (‘laminate guides’) consist
ing of up to three channels. The channels, which are coated with 58Ni, are separated by glass walls 
about 1.5 mm in thickness. The reflectivity of these coated thin glass walls was found by measurement 
to exceed 99.5 %. This special design allows broad neutron beams with rather short cut-off wavelengths, 
free of fast neutrons and 7 -contamination, to be obtained at considerably shorter distances from the reac
tor core in comparison with former conventional guide tube systems. A thermal guide tube (not facing 
the CS) similarly will consist of four channels; its bottom and top surfaces, however, will be covered 
with a supermirror coating rather than 58Ni, thus increasing the transmitted flux by guiding neutrons 
with an increased vertical divergence. Furthermore, extensive improvements are being made with 
respect to the instrumentation at the FRG-1. In particular, small angle and diffuse-elastic scattering facil
ities, as well as spectrometers for texture analysis and for measuring internal stresses in materials, are 
being designed or are already under construction. The concept and layout of the new NGs and scattering 
facilities are briefly described in the paper.

INTRODUCTION

Materials research is one of the major research activities at the 
GKSS Research Center in Geesthacht, Federal Republic of Germany. 
A main objective of this research activity is to increase our 
understanding of the relationships between macroscopic properties 
of materials and their microstructures. These are analyzed at our 
center not only by means of direct imaging methods such as trans
mission electron microscopy, scanning electron microscopy, and 
analytical field ion microscopy, but also by more indirect neu
tron scattering experiments which can be performed at the FRG-1 
research reactor. Spectrometers for small angle and diffuse-elas
tic scattering as well as for texture analysis are available,. For 
example, nuclear and magnetic SANS are used extensively for the 
study of precipitates and voids in crystalline and amorphous
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solids [1,2,3], as well as for the analysis of defect microstruc
tures in fast neutron irradiated £eactor pressure vessel steels 
as part of the Federal German and IAEA programs on "surveillance 
and analysis of RPV-steels" [4,5]. In this area, SANS experiments 
are also being jointly performed with scientists from Switzerland 
and the US. Diffuse-elastic neutron scattering has been used for 
studying ordering reactions in Fe-Si alloys [6], and for the de
termination of hydrogen in welded Zr-Y plates [7]. By means of a 
four-circle diffractometer textures in metals, alloys and geolog
ical samples have been measured [8]. Scattering of polarized 
neutrons at polarized targets allows systematic contrast varia
tions to be made and, hence, permits structure analyses of bio
logical macromolecules [9 ]. For this purpose, a special experi
mental set-up for dynamic polarization of the proton spins in 
proteins, nucleic acids and ribosomes and for neutron spin polar
ization [1 0 ] was installed at one SANS facility of the FRG-1 in 
cooperation with CERN, Geneva, and ILL, Grenoble.

Currently the conditions for performing scattering experiments at 
the FRG-1 are being substantially improved, in particular by the 
following four upgrading procedures:

i) The core size of the FRG-1 will be reduced by a factor of 2 
and a beryllium block reflector is being installed around the 
beam tubes [11]. The neutron flux within all beam tubes will thus 
be increased by a factor of gR i 2.5.

ii) A cold source (CS) is being installed, increasing the flux of 
cold neutrons in the attached novel neutron guides (NGs) by a 
further factor gC g. gcs depends on the neutron wavelength A and 
is -11 (A = 0.5 nm), -20 (X = 0.8 nm), and -30 (X = 1.0 nm) 
[ 1 1 , 1 2 ].

iii) In the experimental hall which has been extended by an area
of 31 • 27 m 2, new neutron guides will be installed (Fig. 1).
These will contain curved sections within which the NG channels 
are subdivided into narrower ones by thin glass plates. Within 
these laminar NG sections (Soller-type NGs) broad beams of cold 
and thermal neutrons are guided out of the direct line of view of 
the reactor, thus making available neutron beams free of fast 
neutrons and Y-radiation. Non-subdivided, straight NGs follow the 
laminar sections; therefore experiments with minimal shielding 
can be set up relatively close to the reactor core. In this way, 
best use can be made of the experimental hall area for the in
stallation of experimental facilities (Fig. 1). The channels of 
the new guides are coated with 58Ni like those of the ELLA Labo
ratory at KFA Jülich [1 3 ]. The top and bottom surfaces of NG-3 
(Fig. 1), however, are covered with a supermirror coating rather 
than 5 8N i , thus increasing the transmitted flux by guiding neu
trons with an increased vertical divergence. From the installa
tion of the new neutron guides we expect an intensity gain of
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gjjQ i 2. In many cases g^Q will be much larger than 2, but this 
depends on the details of the instrument and on the requirements 
of the particular experiment.

iv) Great efforts are being made to improve the instrumentation 
at the FRG-1. Beyond the scheduled availability of the CS in 
early 1988, the experimental hall will thus contain a variety of 
instruments for the investigation of materials problems such as 
(Fig. 1):

• Two small angle neutron scattering (SANS-1 and SANS-2) instru
ments for the study of voids, bubbles, and precipitates in crys
talline and amorphous solids, as well as for the study of organic 
macromolecules, using the interaction of polarized neutrons with 
polarized targets
• Diffuse-elastic neutron spectrometers for the investigation of 
short range order and clustering (DENS-1) and the determination 
of hydrogen content in weld and heat affected zones (DENS-2)
• High resolution powder diffractometer for measuring internal 
stresses in materials (FSS)
• Four-circle diffractometer for texture analysis in metals, al
loys and geological samples (TEX-2)
• Double crystal spectrometer (DCS) for the detection of large 
creep, fatigue and sintering cavities, in particular in ceramics 
and high temperature alloys.

Apart from these scattering facilities, the FRG-1 is also used 
for environmental research purposes such as:

• Neutron activation analysis (NAA) for the detection of trace 
elements
• Prompt neutron capture Y-ray spectroscopy for the trace analy
sis of e.g. cadmium (PNCG)
• Neutron radiography for non-destructive analyses of materials 
(GENRA-1 and GENRA-3)

In this paper we describe the neutron guides (Section 1) and the 
neutron scattering facilities (Section 2) at the FRG-1.

Descriptions of the other facilities can be found elsewhere; for 
details of the PNCG see Ref. [ 1 ̂4] (this describes the design of 
the former experimental set-up); GENRA-1 is described in Ref. 
[1 5 ]; GENRA-3 is being planned.

1. NEUTRON GUIDES IN THE FRG-1 EXPERIMENTAL HALL 

1^1 c_Concegts_of Neutron_Guides

By means of neutron guides, thermal and subthermal neutron beams 
can be guided over considerable distances without significant
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curved sect ion ---------------------------------------------
s tra igh t  s e c t i o n -------------------------------------------
sect ion  in change co l limator — -------------------

CS Cold Source
DCS Double C rysta l  Spectrometer
OENS D i f f u s e -E l a s t i c  Neutron Spectrometer
F S S Fourie r  S t ra in  Spectrometer
GENRA Neutron Radiog raphy  Fac i l i t y
NAA Neutron A ct iva t ion  A n a ly s i s
PNCG Prompt Neutron Capture ï - R a y  Spectrometer
S A N S Small Angle  Neutron Sca t te r ing  Fac i l i t y
T E X - 2 Four-C ir c le  Neutron Texture Di ff ractometer

b s : beam shutter с : co ll imator
с h ; chopper f : sp in - f l ipp e r
m : monochromator P : po la r izer
s : sample V s : ve loc ity  se lector
X* : characte r is t ic  wavelength

D is tances  between beams (mm)

S A N S - 1 / N G - 2 - U  a t  0 : 1 78 3  
S A N S - 1 / S A N S - 2  a t  E : 2 5 6 0  
S A N S  - 2 /D E  N S - 2 60  0

( a t  s amp l e  o f  D E N S  - 2 )
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CROSS SECTIONS OF NEUTRON GUIDES 
(mm)

- B -- A -
NG-2 NG-1

90

NG-1 NG-2-U

-145-

-c-
NG-2-I NG-2-u NG-1

-274 -№ 81Э

- F -  - G -
NG-3 NG-3

FIG. I. Neutron guides and instrumentation at the FRG-1, Geesthacht.
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losses [16, 17]. Commonly an NG has a rectangular cross section, 
and the walls are made of glass plates with extremely good flat
ness and low surface roughness. The glass plates are usually 
coated with natural nickel; recently NGs with a 58Ni coating were 
installed in the ELLA Laboratory at KFA Jülich [1 3 ].

Neutrons with wavelength X striking the walls of an NG at an 
angle of incidence Y < У , where Yc is the critical angle for 
total reflection,

Y C -  * [ n c o h / T T ] 1/2  • (1)

are totally reflected, the reflectivity usually exceeding 99 %. 

Yc depends on the coherent scattering length density (^coh^ 
the coating. Even for the most favorable coating materials such 
as Ni, 58Ni or a special ^upermirror (SM) coating, Yc is rather 
small, e.g. for X = 0.1 nm : Yc ( Ni ) = 0.10°, Yc (58Ni) = 0.118° 
and Y(SM) > 0.2°.

If a thermal or cold neutron beam is guided out of the direct 
view to the reactor core by means of a curved NG with a radius of 
curvature R, it is free from both fast neutron contamination and 
Y-radiation. Hence, instruments located typically 10 % to 20 % 

beyond the distance of direct view,

Ld = / 8aR (2)

(a: width of the NG, see Fig. 2) experience low background levels 
and can be shielded rather simply. The characteristic angle Y* of 
a curved guide is defined as (Fig. 2):

У* -  /  f r  (3)

and the wavelength of neutrons with Yc = У* is called the charac
teristic wavelength X* of the guide:
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-  Г 2a_  тг ] 1 /2  
L R n _ _ i_ JJ (4) ' 

Neutrons with X < X* are transmitted through curved guides only 
on garland reflection paths whereas those with X > X* also can 
follow zig-zag reflection trajectories with larger associated 
reflection angles (Fig. 2). Thus, sufficiently high transmission 
can be obtained only for neutrons with X > X*.

i:.2_Laminate Neutron Guides

F r o m  Eqs. (2) and (4) it follows that

A* = r^ [ — E— ]1/2 (5)
d ncoh

A sufficient transmission of short wavelength neutrons therefore 
requires long and/or narrow neutron guides. For instance, neutron 
guides furnishing various instruments with neutrons from the cold 
source should preferentially be designed with X* á 0.2 nm and 
a i 30 mm. For such an NG coated with 5BNi, = 29.2 m; thus, 
its curved section would exceed 32 m, demanding rather a large 
experimental hall.

In order to avoid these extreme (and expensive) construction 
lengths we conceived NGs, the width of which was subdivided into 
smaller channels by thin (coated) glass walls. The performance of 
the 'l_aminate neutron guides'(LNGs) was evaluated by means of a 
Monte Carlo program with special emphasis placed on the depend
ence of the transmission on the flatness of the separating thin 
glass walls.1 Once we had specified the tolerable thicknesses, 
prototype LNGs (channel width: 0.86 mm, length: 1070 mm, wall
thickness: 1.5 mm, height: 95 mm) manufactured by Neutronentech
nische Komponenten GmbH (NTK, E. Steichele), Bad Wörishofen, were 
tested experimentally by means of transmission experiments using 
a selector monochromatized (X = О.Чв nm) and well collimated neu
tron beam, and by varying the angle Y between the beam and the 
axis of the prototype LNG.

The mean number of reflections nR of the beam within the narrow 
channel was very small for Y = 0 and increased to nR = 8 for 

Y = Yc . Within this range of Y, minor'(Fig. 3) intensity losses 
were measured, indicating the reflectivity to be very high 
(-99.5 %) . For Y » Yc the transmitted beam intensity drops off 
very rapidly. The shape of the measured curve results from the 
wavelength distribution, the divergence of the beam, and from 
local variations of the normals of the glass plates across the 
total surface area. For the calculation of the theoretical curves

1 For thin glass plates the flatness deteriorates with decreasing thickness.
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FIG. 3. Reflectivity o f a prototype LNG element (manufactured by Neutronentechnische Komponenten 
GmbH: Channel width: 0.86 mm; length: 1070 mm; height: 95 mm; wall thickness: 1.5 mm). The rela
tive change o f the intensity o f  a well collimated neutron beam transmitted through this element is shown 
as a function o f the angle y  between the beam and the axis o f  the element. The theoretical curves (full 
lines) were calculated on the basis o f the wavelength distribution o f the incident beam and a reflectivity 
o f 99,5% fo r  7 <  y c. Furthermore, a mean deviation o f the normal from its ideal direction o f 
1 .3 -10~4 rad was assumed.

in Fig. 3 the mean deviation of the normal from its ideal direc
tion was assumed to be only 1.3 • 10 rad. This value corre
sponds quite well with optical measurements and with the specifi
cation required for high quality LNG elements.

It is worth emphasizing the beneficial effect of the thin sepa
ration walls of LNGs with respect to radiation shielding. Al
though the thickness d of these plates is only 1 to 2 mm, the to
tal distance covered by fast neutrons and Y-radiation within the 
plates can be rather long if i) the total length of the LNG sec
tion, 1, is longer than half the length of direct view, L^ 
which one would obtain without the separating walls, and ii ii)
1 > Ld (a+d) or even 1 > Ld (2a+2d) where L^Cx) describes the 
length of direct view of an NG of width x and the radius of curva
ture of the LNG considered. Then the distances covered within the 
thin glass walls are 0 . 5 •(L^(a + d) - L^)) or 0 .5 • ( L d(2a+2d) - 
Ld (2a+d)), respectively. For tne laminate NG-3 (Fig. 1) currently 
manufactured for the FRG-1 the corresponding distances are 0.85 m 
and 0.58 m. Fast neutrons and 7-radiation will thus be scattered
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or captured within the thin glass plates; hence, beyond the LNG 
section the contamination of NG-3 with fast neutrons or Y-radia- 
tion will be as low as for conventional neutron guides.

КЗ Meutr;on_Guides_at_the_FRG-1_

Behind the beam shutters at the biological shielding of the 
FRG-1, the newly designed neutron guides NG-1, NG-2-u, NG-2-1
and NG-3 will be of the laminate type (Fig. 1). Apart from both 
the top and the bottom surfaces of NG-3 which will have a super
mirror coating, all neutron guiding channels are coated with
5 8Ni . These NGs will be installed in early 1988; NG-4 is still in
its design stage.

NG-1 and NG-2 face the cold source (diameter: 156 mm) at a dis
tance of only 1260 mm, thus being well illuminated by the CS with 
neutrons having wavelengths up to -1.0 nm. NG-1 and NG-2 form an 
NG bifurcation, consisting of two straight NG elements (length: 
-2500 mm; width: 30 mm; height: 90 mm; angle between NG-1 and
NG-2: 2.17°) which are followed by a 500 mm long beam shutter. To 
open the beam shutter, its shielding elements are shifted and 
correspondingly replaced by straight NGs. Behind the beam shutter 
the NGs are continued as laminate NGs which are 13 m (NG-1 and 
NG-2-u) and 14 m (NG-2-1) long.

NG-1 was designed to furnish the SANS-1 (end position) and the 
DCS (side position) with neutrons from the cold source. Thus, 
NG-1 must have a sufficient transmission for all neutrons for
which the gain factor of the CS is > 1, i.e. for all neutrons
with A S 0.25 nm. The characteristic wavelength of NG-1 was thus 
fixed to be A* = 0.20 nm, which is realized by a radius of curva
ture of R = 1040 m and three channels each of which is 9 mm
wide.'

Behind the beam shutter, NG-2 is vertically subdivided into 
NG-2-u (upper part) supplying SANS-2 with neutrons from the CS, 
and NG-2-1 (lower part) which connects DENS-2 with the CS. Thus, 
A* = 0.28 nm is adequate for NG-2-u; this is realized by R =
900 m and by subdivision of NG-2-u into two 14.1 mm wide chan
nels.

The laminate guide sections of NG-1 and NG-2-u are bent into op
posite directions in order to maximize the available space at'the 
sample positions of SANS-1 and SANS-2 (Fig. 1).

NG-2-1 is designed for connecting the CS with DENS-2 and with 
future experiments which can be installed at its periphery. A 
sufficient separation between NG-2-u and NG-2-1 is obtained by 
choosing the radius of curvature of NG-2-1 to be R = 230 m. The 
resulting spacing between the sample position of DENS-2 and the
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collimator of SANS-2 (Fig. 1) is -600 mm. In its laminate sec
tion, NG-2-1 is subdivided into three channels with cross sec
tions of 9.0 • 40 mm2. This special design leads to sufficient 
high transmission for neutrons of rather short wavelengths 
(X > X* =-0.45 nm) despite its strong bending. Beyond its lami
nar section NG-2-1 is continued by a straight NG section.

For both SANS-1 and SANS-2 a beam height of MO mm is sufficient. 
Therefore, only the upper part of NG-1 is continued in a straight 
guide to SANS-1 following the laminar curved section. The utili
zation of the remaining lower part (height also 40 mm) hâs not 
been decided yet. For the time being, we favor continuing the 
lower part of NG-1 as a (curved) polarizing laminate guide of 
-4 m length with X* between 0.2 and 0.3 nm, followed by some 
straight NG elements. This design would allow experiments with 
either polarized or non-polarized neutrons to be performed at the 
(eastern) periphery of NG-1 (Fig. 1); additionally it would pro
vide a polarized beam of ratherhigh intensity at the end of the 
lower part of NG-1.

The thermal guide NG-3 (not facing the CS) begins at a distance 
of only 1751 mm from the reactor core. Its 'inpile dimensions' 
are: height 100 mm, width: 42 mm, and length: -2040 mm, thus
allowing for good illumination. Behind the following beam shutter 
(as for NG-1 and NG-2 with exchangeable shielding and NG element) 
NG-3 is designed as a 24 m long LNG consisting of four -9 mm wide 
channels; with R = 4400 m, X* will be 0.1 nm. Due to this special 
LNG design, the thermal neutron beam with its large cross section 
is free from both fast neutrons and Y-irradiation already at a 
rather short distance of only 24 m behind the biological 
shielding and can be used for DENS-1 and further experiments.

2. INSTRUMENTATION AT THE FRG-1

2 _Smal 1_ Angle_Sca 11 er; 1 ng_Fa.c i 1 i. es _S ANS— 1 _§nd_SANS-2

SANS-1 will be used predominantly for macromolecular structure 
analyses by means of the spin contrast variation method. For this 
purpose, the facilities necessary for dynamic polarization of 
proton spins [ 10] will be installed at the sample position. 
Microstructural analyses of non-organic materials will be per
formed essentially at SANS-2. A conventional magnet as well as a 
cryomagnet is available. Furthermore, special shielding around 
the sample position can be installed for performing experiments 
with radioactive samples such as fast neutron irradiated reactor 
pressure vessel steels.

Apart from the differences at the sample positions, the design of 
both instruments is rather similar. However, the lengths of the 
segmented collimators and scattering tubes of SANS-1 are shorter
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than those of SANS-2. A further difference results from the 
shorter characteristic wavelength of NG-1 in comparison to that 
of NG-2-u.

A schematic sketch of both instruments is shown in Fig. 4. The 
neutrons are monochromatized mechanically by novel helical slot 
velocity selectors; these were developed in collaboration with 
the Physikalisch-Technische Bundesanstalt in Braunschweig (H. 
Friedrich, V. Wagner et al.). Currently a prototype selector is 
being assembled by Dornier-System GmbH. The selectors are 
equipped with fast rotating rotors (up to 3 0 , 0 0 0 rev/min) with 
slots separated by thin plates of carbon fibre/Kevlar in epoxy 
with a neutron absorbing addition of 35 g 10B / m 2 plate surface. 
This rotor design yields a very good transmission of thermal and 
cold neutrons and allows the length of the selectors to be kept 
very short (-320 mm). Furthermore, because neutrons are absorbed 
in the rotor blades by 10B and not by Cd or Gd, relatively thin 
shielding is needed for these novel selectors in comparison with 
former conventional ones.

After monochromatization, the neutron beam passes through the 
polarizer and the collimator casings. Within both casings the 
total collimation length can be changed by shifting collimation 
or NG elements into the beam. For performing scattering experi
ments with polarized neutrons supermirror polarizers, developed 
at ILL by 0. Schärpf [18], can be shifted into the beam. Since 
the polarization of the beam is obtained by reflections of the 
neutrons at glass walls covered with special SM coating, the di
rection of the polarized beam differs from that of the original,
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non-polarized beam. Consequently, the remaining components of the 
instruments have to be readjusted. As sketched in Fig. 4, this is 
achieved by their rotation around the vertical axis A. The colli
mator is moved on rails around this axis and the components at
the sample position as well as the scattering tubes are moved on
air cushions.

The scattered neutrons will be detected within the scattering 
tubes by means of 2-dimensional position-sensitive area counters 
which can be moved continuously inside the scattering tubes up to 
a minimum distance of 600 mm from the samples. Furthermore, the 
area detectors can be flanged to special scattering chambers by 
means of which they can be rotated around the specimen up to an
angle of 150°. Thus, diffuse scattering experiments can also be
performed at SANS-1 and SANS-2.

The position-sensitive detectors have been developed at GKSS. 
They are multi-wire proportional counters filled with a detection 
gas containing 1 atm 3He.2 They have circular detection areas with 
a diameter of 550 mm, their spatial resolution is 10 mm, and 
their detection efficiency for neutrons of 0.5 nm wavelength is 
91 % [19].

SANS-1 and SANS-2 are under construction and will go into opera
tion in early 1988. Some further details of the instruments are 
summarized in Table 1.

?i?_5°yble_CrYstal_Sgectrometer_DCS

Heterogeneities in materials with sizes up to about 100 nm can be 
analyzed by SANS-1 and SANS-2. Cavities in various materials sub
jected to creep, fatigue and sintering, however, attain sizes 
beyond 10 um. Such structures will be studied using the DCS which 
is still under construction. The basic design of a DCS is well 
established [20]. In order to improve the angular resolution, in 
our design special care is taken to avoid, both temperature 
fluctuations in the reflecting crystals and mechanical vibra
tions, the latter being transferred from the hall floor to the 
instrument.

^^Diffuse-Elastic Neutron Spectrometer DENS-1

DENS-1 is designed for investigations of short range order and 
clustering. Inelastic scattering can be discriminated by a time- 
of-flight method using a chopper close to the sample (Fig. 5). 
The instrument will be reinstalled not at its original position 
(now being used for TEX-2) but at NG-3. At this location the 
background will be lower, and enlarged ranges of incident beam

2 1 atm = 1.013 25 x  10s Pa.
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TABLE 1. DETAILS OF SANS-1 AND SANS-2

Details of SANS-1 and SANS-2

Neutron guide SANS-1 : NG-1 
SANS-2 : NG-2-u

both supplied with 
neutrons from CS

Selector
Rotor

Neutron absorption 
Mean wavelength

Wavelength reso
lution

Maximum trans
mission 

Length

Collimation length

Non-pol. neutrons

Pol. neutrons

Sample-detector distances 
SANS-1 
SANS-2

Equipment for samples 
SANS-1

- Electromagnet
- Cryostat
- Sample chamber

- Microwave generator 
SANS-2
- Electromagnet with

appropriate
cryostat

- Cryomagnet

Helical slot selector (see Section 2.1) 
Thickness of plates £ 0.4 mm 

width of channels £ 12.5 mm 
speed: up to 30,000 rev/min 

Boron-10 (35 g 10B/m2 plate surface)
X i 0.46 nm (for 0sb= 0; 0sb = angle 

between beam and selector axis)
X > 0.24 nm (for 0sb* 0)
10.7 % (for 0sb= 0 and beam 

divergence = 2 O')
8 % to 18 (for esbt 0)

89.7 % (for 0sb= 0) 

-3 2 0 mm

0.8 m < lc 
0.8 m < 1

с
0.8 m < 1„

11 .5 m (SANS-1 )
15.5 m (SANS-2)

8.8 m (SANS-1)
0.8 m £ lc £ 12.8 m (SANS-2)

0.70 m < d < 10 m 
0.75 m < d < 21 m 
0.70 m (for wide angle scattering)

Special equipment for dynamic polariza
tion of protons (described in [ю])
S 2.5 T; ЛН/Н 
,< 100 mK

10

min
contains NMR coil, 

exchange 
69 GHz < v < 72 GHz

"He for heat

Detector
Detection area 
Spatial resolution 
Sensitivity

H £ 2.3 T; 10 К £ T < 300 K; 
scattering angles £ 19°

H £ 4.8 T; 1.5 К £ T < 300 K;
scattering angles £ 20° vertical

£ 340° horizontal

2-dim. 3He counter (see Section 2.1) 
Circular, 550 mm 0 
10 mm
91 % for X = 0.50 nm

Polarization of beam 
Polarizer 
Flipper 
Guide field 
Beam direction

Supermirror polarizer 
Dabbs foil (within collimator casing) 
Longitudinal (generated by coils) 
changes within polarizer (see Fig. 4)



62 KAMPMANN and WAGNER

shielding

focusing monochromator 
(pyrolytic graphite ; 
width 20 cm , height 8 cm)

radial collimator and 
detector housing

detector shielding

sample position

sample chamber 
(#60  cm , evacuated )

d isc chopper

FIG. 5. Layout o f  DENS-1.

TABLE 2. DETAILS OF DENS-1

Incident wavelength at sample position 0.12 nm £ \ < 0.4 nm

Range of scattering vectors 

Detectors

Diameter 

Active length 

Distance to sample

Chopper

Speed

Opening ratio 

Equipment for samples 

Refrigerator

Magnetic field

3 nm-1 £ q й 100 nm-1 

25 3He detectors side-on

2.5 cm

1 0 cm 

0.8 m 

Al-Gd sandwich 

construction 

1 5 ,0 0 0 rev/min 

1 : 1 0

20 К < T < 300 К (closed 

cycle He refrigerator) 

0.25 T (H 1  q;

Co^Sm magnets)

wavelengths and scattering vectors will be available, due to 
greater freedom in the positioning of the instrument. For further 
details see Ref. [6] and Table 2.

_DiГГuse—EXastiс_Neutron_Sgectrorneten_DENS—2

Low hydrogen contents in steels, especially in welded joints, can 
be determined using DENS-2 by measuring the diffuse scattering of 
the dissolved or segregated hydrogen. A narrow incident beam is
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TABLE 3. DETAILS OF TEX-2 (PLANNED EXPERIMENTAL LAYOUT)

TEX-2a TEX-2b

Monochromator copper
graphite

copper
graphite
germanium
beryllium

Wavelength 0.12 nm 
0.24 nm

0.11 - 0.24 nm 
selectable

Sample-detector
distance

80-100 cm 1 00 cm

Cross section of beam 
at sample position

45 • 45 mm2 50 • 50 mm2

Detector 3He
single detector

3He
banana-type
(20 = 80°) (being
developed at GKSS)

20 range min. 120° ГО о о

Neutron flux 105 n * c m - 2 ‘ S - ‘ 105 n"cm-2*s-‘

Ready for operation mid-1989 mid-1988

used and the sample areas of interest are scanned by moving them 
perpendicular to the beam direction. Furthermore, reference sam
ples are measured alternately in order to get rid of small (un
avoidable) instrumental instabilities. Within an evacuated cham
ber four detectors are installed close to the sample area exposed 
to the neutron beam, thus covering large parts of reciprocal 
space. This instrument will be installed at NG-2-1 and thus will 
be furnished with neutrons from the CS (Fig. 1).

215_Fourier_Strain_Sgectrometer_FSS

This spectrometer is still in the design stage. It will be de
signed especially for the determination of internal stresses by 
measuring the strains within materials which cause - very small - 
shifts of the positions of Bragg reflections in comparison with 
materials free of stress. The Bragg reflections have thus to be 
measured very precisely. Such measurements are very time consum
ing at smaller reactors like the FRG-1 if they are performed by 
means of crystal diffractometers or conventional time-of-flight 
techniques. In order to overcome this problem, the installation
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of a reverse Fourier time-of-flight spectrometer is being dis
cussed with H. Pôyry and co-workers, who have shown this method 
to have great potential for internal stress measurements [21]. As 
indicated in Fig. 1, the layout of such an instrument would con
tain a Fourier chopper close to the beam tube, and a curved NG 
(NG-4 in Fig. 1) with a characteristic wavelength of \*< 0.15 nm.

2i§_£2yClQi!Z£i®_Dirí!C5St2í!®ter_for_Texture_AnalYsis_TEX-2

Until the shut-down of the FRG-1 in April 1987, texture analyses 
were performed by means of TEX-1. This instrument will be re
placed by TEX-2, which will be installed in front of beam tube 5 
at the FRG-1 (Fig. 1). The instrument TEX-2, which was designed 
and will be operated by the University of Clausthal (H.G. Brok- 
meier et al.), will be equipped with two monochromators inside a 
shielding chamber; thus two sample positions will be available 
(TEX-2a and TEX-2b). TEX-2 will be equipped with banana-type 3He 
position-sensitive counters already being developed at GKSS 
(based on experience gained during development of the position- 
sensitive area counters for SANS-1 and SANS-2). The radius of 
curvature of the detectors will be 1 m and the spatial resolution 

will be 8.6' horizontally and 7.5° vertically. The detectors can 
be rotated around the samples by means of air cushion feet on a 
local Tanzboden floor.

TEX-2 will be ready for experiments in mid-1988; further details 
of the planned layout are given in Table 3-
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GAMMA RAY MULTIPLICITY SPECTROMETRY 
AT THE IRT-2000 RESEARCH REACTOR*

G. GEORGIEV, I. SIRAKOV,
N. TCHIKOV, N. JANEVA 
Institute for Nuclear Research 

and Nuclear Energy,
Sofia, Bulgaria

The spectrum of capture gamma ray multiplicity p{v) contains important infor
mation about the processes of de-excitation of nuclei after neutron capture. This dis
tribution can be measured with a multisection scintillation detector. Such detectors 
were used for the first time by the group of Dr. Muradyan at the I.V. Kurchatov 
Institute of Atomic Energy, Moscow, for neutron spectroscopy work on the linear 
electron accelerator [1]. These workers have obtained a lot of good results on neutron 
cross-sections and on the dependence of a  (capture to fission cross-section ratio) on 
energy for some actinides. It was thought useful to measure precisely these values 
at the thermal point with the aim of normalization and resolution of some discrepan
cies with other results, for example [2].

We used this method with a Romashka (Daisy) detector kindly offered by the 
Kurchatov Institute. Our device is situated on the horizontal channel of the IRT-2000 
thermal research reactor in Sofia. It contains a 12 section scintillation detector 
(16.6 L of Nal(Tl)), a chopper monochromator, electronic equipment with a 
С AM AC system and a small computer. Special care is taken with the collimation of 
the neutron beam and the detector shielding. The time of flight method is used for 
separation of the thermal neutrons and separation of the constant (in time) 
background.

We have obtained the value of the 235U a  at the thermal point [3] in the direct 
spectrometric experiment. Measurements of Hf isotope gamma ray multiplicity 
spectra are in progress.

The new multiplicity spectrometer (16 crystals, 33 L Nal(Tl)) is being pre
pared by our specialists at the Joint Institute for Nuclear Research, Dubna, for meas
urement of neutron data on the IBR-30 pulsed reactor 500 m flight path. The 
experimental programme includes measurements of self-indication for gamma cap
ture and for a  for actinides. Two similar devices can be effectively operated with the 
same staff in examining this complicated problem for precise measurement of nuclear 
data.

* This work was performed under IAEA contract 4237/RB.
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THE ADVANCED NEUTRON SOURCE -  
AN ULTRAHIGH FLUX RESEARCH REACTOR

A. ZUCKER
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Abstract

THE ADVANCED NEUTRON SOURCE -  AN ULTRAHIGH FLUX RESEARCH REACTOR.
Oak Ridge National Laboratory has embarked on the design of the Advanced Neutron Source 

(ANS), a neutron research facility based on a reactor o f ultrahigh flux, which will be used for research 
in neutron scattering, materials irradiation, isotope production, and the fundamental properties of 
matter. The reactor design is based on conventional technology derived from the High Flux Isotope 
Reactor at Oak Ridge, except that the fuel will be U3Si2, the power about 270 MW, and the maximum 
unperturbed thermal flux in the reflector 8 to 10-1015 n-cm 2-s_l. The reactor will be cooled with D20  
and have a D20  reflector. For neutron scattering research the high flux will result in better resolution 
for a variety of experiments, it will make measurements on small samples or materials with small cross 
sections possible, and polarization analysis and real-time studies are expected to bring about new 
advances in condensed matter research. The ANS will provide regions with high fast flux and low ther
mal flux advantageous for the study of radiation effects, and regions of high epithermal flux primarily 
for the production of heavy elements. Current plans call for 8 thermal beams, 12 cold neutron guides,
4 hot beams, and an initial complement of about 35 instruments. It is expected that the ANS will attract 
about 1000 users annually. The current estimate of the total construction cost is approximately 
$360 million in 1987 dollars; the current schedule calls for the reactor to go critical in 1996.

It is our purpose to design and build the world's m ost pow erful research 
reactor for the study o f condensed matter by neutron scattering, for the production 
o f  heavy elem ents, for the study o f  radiation  effects in fusion and fission 
technology materials, and for the investigation o f those fundamental properties of 
m atter that can be explored w ith copious am ounts o f  neutrons. All o f  these 
research  areas require intense fluxes o f  neutrons, albeit in d ifferent energy 
regim es and different environm ents. To satisfy the dem and for the high flux one 
m ust build  a reacto r o f  as high a pow er density  as is com patib le with the 
constraints im posed by m aterials o f  construction, by the neutronics and thermal 
hydraulics o f the design, and m ost im portantly by the im perative that the reactor 
be safe.

The need for such a neutron source was discussed at a num ber o f  national 
and international conferences. Ultimately, the international scientific community 
has agreed on a set o f  m inim um  criteria for the various research uses. These are 
listed in TA BLE I.

In the selection o f the reactor design we chose to rely on existing or near- 
existing technology and elected not to explore entirely new core concepts. This 
was done for several reasons. First, a new reactor concept in the present climate
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TABLE I

MINIM UM  CRITERIA FOR TH E ADVANCED NEUTRON SOURCE

Core Life > 14 days

Neutron Scattering

Peak Thermal Flux > 5 • lO1̂  n emo s '1

Thermal/Fast Flux Ratio >80

Thermal Flux at Cold Source > 2 • 1015 n-cm^-s-1

Isotope Production

Epithermal Flux > 6 • 1014 n-cm^-s'1

Epithermal/Thermal Flux Ratio >0.25

Thermal Flux > 1.7 • 10*5 n-cm'2-s'1

Materials Irradiation

Fast Flux > 0.5 to 1.4 ■ 1015 n-cm'2-s”1

Fast /Thermal Flux Ratio > 0.3 to 0.5

requires many years o f developm ent and testing, and must undergo very detailed 
and protracted review to assure its safety. It is our conservative estimate that this 
would add at least five years to the projected construction time. Second, a new 
reactor concept would add many tens o f  m illions o f dollars to the R & D costs 
and, without a real assurance o f significant gain in flux, m ight easily run up total 
costs beyond the tolerance level o f the funding agencies. F inally , we are 
concerned that the reactor we build be entirely safe, and building on existing 
technology with years o f  operating experience seem ed to us a m ore prudent 
course than a departure into entirely new technology. At the same time I want to 
stress that the Advanced Neutron Source will exceed by almost a factor o f two the 
criteria listed in TABLE I and that it will indeed have a very advanced design, and 
that we are pressing hard to m ake the reactor as good as it can be for our 
purposes.

The current design o f the ANS core is based on the design principle o f  the 
High Flux Isotope Reactor (HFIR) at Oak Ridge. The core is shown in FIG. 1. 
It co n s is ts  o f  tw o an n u la r e lem en ts  o f  in v o lu te  fu e l p la te s  o f  a 
45 vol % U 3 SÍ2 / 5 5  vol % A1 m ixture, graded radially  and axially to obtain a 
flat pow er density. The fuel is clad in alum inum ; the plate thickness and the 
spacing between the plates are both 1.27 mm. The coolant and the reflector are 
D 2 O. The characteristics o f the cooling flow are as follows: inlet pressure
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5.5 M Pa; inlet tem perature 50°C; outlet pressure 4.1 M Pa; outlet tem perature 
90°C; flow  velocity  27 m /s. Total pum ping pow er is ~ 3.7 M W . The 
unperturbed therm al flux as well as the positions o f  extra-core com ponents are 
shown in FIG. 2. The capabilities o f  the current ANS design are shown in 
TA BLE II. It is c lear that the design m eets or exceeds the m inim um  criteria 
originally established for this neutron source. It is worth noting that the thermal 
and cold neutron fluxes are expected to exceed by a factor o f  7 and 10, 
respectively, any source that now exists.

Design o f the Advanced Neutron Source (ANS) facility requires research 
and development efforts to validate param eters obtained from  the extrapolation of 
theoretical m odels, to identify  design alternatives based on state-of-the-art 
technology, and to provide the technical data necessary to make design decisions. 
These R & D activities have been divided into 13 research areas which include 
both analytical and experim ental tasks. Som e points o f interest for five o f these 
research areas are summarized below.
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FIG. 2. Unperturbed flux  — reference core at 270 MW. I : Inner reflector; 2: fuel; 3; interfuel irradia
tion positions; 4; fuel; 5; epithermal peak irradiation positions; 6; beam tube entrance; 7: outer reflector 
thermal irradiation positions; 8; cold source location (270 MW core).

Reactor Core Development. The reactor core developm ent has been the 
present focus of the R & D activities because o f its im pact on the rest o f the 
research program . Issues to be studied include: ( 1 ) single-core vs. split-core 
geometry; (2) D 2 O vs. H2 O cooling; (3) impact o f  tangential vs. radial beam tubes; 
and (4) transport vs. diffusion theory analysis methods. In addition, param etric 
studies have been perform ed to identify im pacts o f core size, core height-to- 
d iam eter ratio , fuel plate thickness, fuel enrichm ent, and other core design 
features. The m ost im portant resolved issue has been the decision to use D 2 O 
cooling. Although this decision was not clear cut, it was decided that the reflector 
flux penalty associated with using H 2 O coolant was too large and the overall cost 
savings too uncertain.

Fuel D evelopm ent. To achieve acceptable core lifetim es at the desired 
perform ance level, a different fuel form from  the U 3Üg/Al dispersion used in the 
H FIR or the UA1X used in  m any other research reactors is required. A uranium 
silicide fuel form  has now been chosen for the ANS reactor core. Existing 
facilities at Argonne National Laboratory and in industry are being m odified to 
fabricate m iniature and full-size fuel plates with radial and axial fuel-loading 
gradients for irradiation tests at high power; there is already extensive experience 
w ith this fuel at lower powers.



IAEA-SM-300/28 75

TABLE П

THE REFERENCE CORE DESIGN MEETS THE PROJECT CRITERIA

Core

Power

Average Core Power Density 

Core Life

Neutron Scattering 

Peak Thermal Flux 

Thermal/Fast Flux Ratio 

Thermal Flux at Cold Source

Isotope Production 

Epithermal Flux 

Epithermal/Thermal Flux Ratio 

Thermal Flux

Materials Irradiation 

Fast Flux

Fast/Thermal Flux Ratio

ANS R eference D esipn

270 MW 

8.1 MW/L 

14 days

8 to 10 • 1015 n-cm^-s'1 

100

5 to 8 • 1015 n-cnr^s'1

3 • 1015 n-cm'^s'1

0.5

2 to 3 • 1015 n em o s '1

7.5 ■ 1015 n-cm^-s’1 

50

Corrosion/Erosion Tests. Research has been initiated on the formation of 
a thin layer o f alum inum  oxide (boehm ite), which form s on the fuel plates and 
insulates them from the coolant water. The boehmite film has a very low thermal 
conductivity, and the high heat flux through the film can cause excessive heating 
o f  the plates during the lifetim e o f the core. Experim ental verification  of 
acceptable corrosion behavior is therefore a critical consideration for the ANS. 
An experim ental loop has been designed to m easure the oxide buildup as a 
function o f  flow rate, heat flux, and water chem istry. If needed, this loop will 
also be used to evaluate potential cladding modifications (prefilming, ion mixing, 
etc .) that cou ld  d im in ish  the ox ide form ation  rate . . A t the end  o f  the 
corrosion/erosion testing program  the loop will be converted to perform  thermal- 
hydraulics and critical heat-flux tests. The loop is expected to be in operation by 
the end o f  1987.
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Cold Source Development. The major design features for the cold source 
include location, shape, size, m oderator type, structural m aterials, and cooling 
concept. Prelim inary options for some o f these design features have now been 
identified. We propose to locate the cold source at 80% o f the unperturbed flux 
peak and use one cooling concept for the cryostat structure and a separate cooling 
concept for the moderator material.

Safety and Facility Concepts. M ajor elem ents o f  the ANS reactor safety 
philosophy have been developed and their im plication with respect to facility 
concepts identified. As set by DOE orders, the ANS reactor will adhere to the 
NRC regulations and General Design Criteria as well as the NRC standard format 
for safety analysis reports. One m ajor conclusion to date is that the containm ent 
for the ANS reactor should have a leak rate o f 4% /day or less, and that it should 
be provided with an effluent filtration system  with an efficiency o f at least 0.99. 
The adoption o f these functional perform ance specifications (well w ithin the 
capabilities o f current systems) would meet, by more than a two-thirds margin, 
the N RC limits for off-site radiation exposure, with the Low Population Zone 
entirely on the Oak Ridge reservation.

Significant efforts in the other eight research areas are expected to be 
initiated by the end of the calendar year. These research areas include: (1) core 
flow; (2) control concepts; (3) critical experim ents; (4) structural analysis and 
materials evaluations; (5) beam  tube, guide, and instrum ent development; (6 ) hot 
source developm ent; (7) shielding concepts; and (8 ) reactor instrum entation 
development.

Neutrons from  the ANS will be used in a great variety o f  ways to study 
condensed m atter by scattering. Our current experim ental layout contem plates 
8  therm al beam lines with 10 instruments, 4 hot beam lines with 5 instrum ents, 
and 12 cold neutron guides with 20 instruments. Substantial im provem ents over 
current capabilities will be possible because o f the im proved resolution and the 
ability to  study small samples, to perform studies in real time, and to  use more 
intense beams of polarized neutrons. In some classes o f  experiments we expect to 
achieve substantial improvement in quality over currently obtainable data while in 
other cases entirely new experim ents will be possible or new classes o f  materials 
will becom e subject to investigation. In the latter category, we expect to find 
research in: interparticle correlations in colloids and ceram ics; high-resolution 
residual stress m easurem ents around internal cracks; isotopic substitution for 
atom s other than hydrogen; tim e evolution o f m icrostructures and solid state 
kinetics; separation o f magnetic and nuclear scattering for mixed valence materials; 
direct m easurement o f the neutron-neutron scattering length; and several neutron 
interferom etry experim ents. A lso, new classes o f  polym ers with m olecular 
weights > 1 0 6  w ill become accessible com pared to present lim itations that are 
< 3 • 105-

In the class o f  experim ents where substantial im provem ent in the data 
possibly leading to qualitatively new results is expected, we find, for exam ple, 
that better resolution will lead to better understanding o f internal structures o f 
complex particles or size distributions o f dispersed defects; line width studies will 
g ive d irec t m easure  o f  e lec tron-phonon  in te rac tio n s as w ell as be tter 
understanding o f m agnetic excitation. B etter resolution in backscattering and
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FIG. 3. Some research applications o f the Advanced Neutron Source.

spin-echo techniques will enhance Q-resolution and will find new applications in 
dynamics o f polymers and biological molecules; the ability to perform  studies on 
sm all sam ples w ill greatly  advance the study o f  po lym er crystallography, 
dynamics o f monolayers, very high-pressure experiments, and diffusion in dilute 
systems. Real-time studies will greatly advance the study o f the kinetics of phase 
transitions, time dependence o f internal stress fields, grain boundary cavitation 
and texture changes in alloys. By using polarization analysis, advances are 
expected in the study o f the paramagnetic state and spin glasses, as well as in the 
study o f biological samples, amorphous materials, liquids and polym ers because 
o f the enhanced ability to separate coherent and incoherent scattering arising from 
nuclear spins. Increased accuracy is also needed for new m easurem ents o f the 
neutron electric dipole moment and the neutron lifetime; and im provem ent on the 
low er lim it o f  the neutron-antineutron m ixing time is another case where a flux 
increase could shed light on fundamental physics questions.
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TABLE Ш

COST ESTIMATES FOR RESEARCH, DESIGN AND CONSTRUCTION

$ MILLION (19871

Technology Development 26

Conceptual and Early Design Activities 10

Safety, etc., Assessments 7

Other 8 ¿1

Reactor Systems 52

Experiment Systems 58

Facility Construction (Balance of Plant) 247 357

TASKS

PRECONCEPTUAL 
CONCEPTUAL DESIGN 
BUDGET CYCLE 
TITLE I DESIGN 
TITLE II DESIGN
PROCUREMENT/CONSTRUCTION 
FINAL INSTALLATION 
STARTUP 
OPERATION
TECHNOLOGY DEVELOPMENT 
ASSESSMENTS/REVIEWS

FIG. 4. Advanced Neutron Source schedule.

The importance o f neutron scattering to a vast array o f scientific questions 
and the pow er o f  a reactor such as the ANS is best shown in FIG. 3. It is 
expected  that over 1000 scientists from  universities, industries, and other 
laboratories will use the ANS facilities annually.

Finally, a w ord about costs and schedules. TA BLE III presents a rough 
breakdown o f estim ated costs in 1987 dollars. FIG. 4 is the current schedule and 
calls for the reactor to go critical in Fiscal Y ear 1996 with research starting the 
following year.

FISCAL YEAR

87 88
I I I I I I I

89
111

91
i l l

92
i l l

93
111

94
i l l

95
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Abstract

RECONSTRUCTION PROGRAM FOR JAPAN RESEARCH REACTOR No. 3.
Japan Research Reactor No. 3 (JRR-3), the first domestically built research reactor in Japan, had 

been operating since 1962. After 21 years of operation, an upgrading program was planned to respond 
to the demand for better neutron beam and irradiation conditions. The whole of the existing old core 
with the biological shield was removed by the one-piece-removal method, and the new core, which is 
quite different from the old one, will be constructed at the site of the old one. The new JRR-3 is to be 
upgraded to a 20 MW(th), light water moderated and cooled, beryllium and heavy water reflected, pool 
type reactor using 20% low enriched UA1X-A1 (LEU) plate type fuel as part of the international 
Reduced Enrichment for Research and Test Reactors (RERTR) program. Besides, nine horizontal beam 
tubes (arranged tangentially to the reactor core), one cold neutron source (vertical thermo-siphon circu
lation type), five neutron guide tubes (for thermal and cold neutrons) and irradiation facilities will be 
installed. The new reactor is designed to produce maximum thermal and fast neutron fluxes each of more 
than 2 x  1014 n/cm2s, to be utilized mainly for beam experiments in basic research in solid state 
physics, production of medical radioisotopes, irradiation testing of reactor materials or fuels and activa
tion analysis.

1. ШПЮРОСТТОМ

The f ir s t  domestically built research reactor in Japan, JRR-3, had been 
operated for 21 years since i ts  c ritic a lity  in  1962. I t  was shut down in 
1983 and has been under reconstruction to  be upgraded as part of the 
international Reduced Ehricbinent fo r Research and Test Reactors (RERTR) 
program. During the reconstruction program, reactor fa c ilit ie s  of the 
existing JRR-3 have been removed, but not the reactor building, and a new 
high-perfornance multi-purpose reactor will be constructed there.

The upgraded JRR-3 is  planned as a pool type reactor with a thermal 
output of 20 MW. Light water i s  to be used as i ts  moderator and coolant.
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REACTOR ROOM
CENTER HOLE JACKS 
HANGING FRAME \ П

TEMPORARY OPENING

EXPERIMENT
BUILDING

MAIN BODY 

TEMPORARY SUPPORT

CORE BORING

LARGE SCALE 

WASTE STORAGE ROOM

FIG. I. Outline o f one-piece-removal method.

Heavy water and beryllium reflectors will be insta]led. Plate type fuel of
20% low enriched UA1 -A1 (LEU) will be used. The maximum thermal and fast

^ 1 / 2  
neutron fluxes will each be more than 2x10 n/cm s . As fo r experimental
u t i l iz a t io n ,  improvement of the irrad ia tio n  f a c i l i t ie s  and the beam
experimental fac ilities, and introduction of a cold neutron source (CfB) are
planned.

In this paper, the removal work on the existing JRR-3, the structure 
and operation of the upgraded JRR-3, and i ts  experimental fac ilities  are 
described.

2. REMOVAL ШЖ ON THE EHSTMj REACTOR

The main body of the reactor was removed by the one-piece-removal 
method. The procedure is  illustrated in Pig. 1.

The main bocfy consists of the core tank, graphite re f le c to r , thermal 
shield tank and biological shield and is  about 2200 t  in to tal weight. 
F irst, the main body was separated, with a l l  components contained in  the 
biological shield , from the concrete in  the reactor room by means of 
continuous core boring, and was lifted  up using a hanging frame and center 
hole jacks. Next, i t  was transferred horizontally out of the reactor room
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COLD NEUTRON SOURCE 
I IRRADIATION THIMBLE

FIG. 2. Core components.

through a temporary opening in the vail of the reactor tuilding. Finally, i t  
was housed in  the large scale waste storage room constructed under the 

experiment building near the reactor room. This main body w ill be kept 

permanently under close observation.
The reasons why this method was adopted are as follows. F ir s t ,  the 

spread of radioactive materials can be avoided. Second, this method can be 
carried out with established techniques. Third, the cost and time required 
for this method are acceptable for this project.

3. CONSTRUCTION OF TOE UPGRADED JRR-3

3-1 Core components
Figure 2 shows the core components o f the  upgraded JRR-3 and 

surrounding in s ta lla tio n s . The upgraded JRR-3 is  a pool type reactor. The 
depth of the pool will be about 8 m. The core components consist of the 
core, heavy water tank, plenum and structural components. The core will be 

submerged in the pool. Experimental fac ilities  such as a cold neutron source 

and horizontal experiment holes, a primary cooling system and a control rod 
driving mechanism will be installed around the core components.
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INNER WALL Cf HEAVY WATER TANK 
BERYLLIUM REFLECTORS

£NT .
4 HOLES

STANDARD FUEL ELEMENT
FUEL FOLLOWER ELEMENT AND NEUTRON 
ABSORBING CONTROL ROO

FIG. 3. Configuration o f  the core.

3 -2  Cere

The core is  cylindrical in shape, about 0.6 m in  diameter and about
0.75 m in height. I t  is  composed of fbel elements, control rods, irradiation 
elements and beryllium re fle c to rs . I ts  specific power is  rated a t  156 
kW/L. A configuration of the core is  shown in Pig. 3.

The fuel elements will be MIR type (UAl -̂Al dispersion fu e l) , with an 
enrichment of 20wt%. There are two kinds of element, a standard fuel element 
and a fuel follower element. There are 300 g and 190 g in  each 
element, respectively. There w ill be 26 standard fuel elements and 6 
fuel follower elements. The cross section of a standard fuel element is  
shown in Pig. Л.

The neutron absorbing control rods are made of hafnium, and connected 

to  the fuel follower elements mentioned above. They are driven by the 
control rod driving mechanism to be installed beneath the core.

An irrad ia tion  element is  similar to a standard fuel element in i t s  

outer dimensions and has an irrad ia tio n  hole of 60 mm diameter a t  the 

center. There are five such elements in the core.

Beryllium reflectors will be in s ta lled  between the fuel region and 
the inner wall of the heavy water tank. They will comprise twelve pieces. 

Eight pieces w ill have irrad ia tio n  holes. Four holes w ill be used for 
irradiation experiments and the other holes for surveillance tests.
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76.2

V
FUEL PLATE

FIG. 4. Cross section o f a standard fuel 
element (dimensions in millimetres).

3-3 Heavy water tank

The heavy water tank will be a double cylindrical type aluminum vessel, 
with a height of about 1.6 m and an outer diameter of about 2 m. The heavy 
water f i l l in g  i t  will act as a reflector. Irradiation thimbles, horizontal 
beam tubes and cold neutron source fac ilities  w ill be in s ta lle d  in  i t .  I t  
w ill have a cooling system in order to remove the 1 Ш of heat generated in 
i t .  Also installed w ill be a heavy water damping system as part of the 
reactor shutdown system, which can shut down the reactor by discharging 

heavy water from the tank.

3 4  Cooling system

A schematic diagram of the cooling system is  shown in Fig. 5. Two main 
pumps and two aux iliary  pumps w ill operate in  normal operation of the 
reactor. The auxiliary pumps will also be used in order to remove the decay 
heat a f te r  the shutdown of the reac to r. The coolant flow in the core is  
planned to be downward for the purpose of reduction of the radiation in  the 
pool. A decay tank will be installed in the primary cooling system.

The total coolant flow rate in normal operation will be 24.00 m /h  and 
the coolant velocity in each subchannel of the standard fuel elements in the 
core will be about 6.2 m/s. The minimum EWER* in the rated operation w ill be
2.1, which exceeds the design c rite rio n  of 1.5. The minimum temperature 
margin with respect to the onset of nucleate boiling (ONB) temperature w ill 

be about 6 К in the rated operation.

1 DNBR: departure from nucleate boiling ratio.
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POOL CORE COMPONENT

HEAT EXCHANGER 

<-

SECONDARY COOLING SYSTEM 

PRIMARY MAIN PUMPS 

PRIMARY AUXILIARY PUMPS

FIG. 5. Core cooling system.

When the thermal power is  less than 200 kW, the core can be cooled by- 

natural circu lation  between the core and the reactor pool, induced by 

opening a natural circulation valve installed on the plenum.
When o ff-s ite  power is  lost, the reactor is  shut dcwn. Then, electric 

power is  supplied without a break to auxiliary pumps from an emergency pcwer 

supply system composed of batteries and generators in order to remove decay 
heat frcrn the core.

The secondary cooling system will discharge heat transmitted from the 
primary cooling system and heavy water cooling system to the atmosphere via 
a cooling tower.

3-5 Instrumentation and control system
The instrum entation and control system w ill be composed of an 

instrumentation system and a safety function system. The instrumentation 
system w ill monitor the main parameters of the reactor and control them 
within operating ranges. The safety ñmction system w ill detect abnormal 

events, shut down the reactor and operate the engineered safety features 
when they are necessary.

The safety function system w ill be physically separated from the 
instrumentation system, including power unit, detector, cable and cabinet 
e t c . , and will have built>-in redundancy in order not to lose i t s  protection



IAEA-SM-300/2 85

function as the result of a single failure. This system is  designed to  be 
fail-safe and can be tested after reactor shutdown.

The reactor shutdown system consists of two independent systems, the 
control rod driving mechanism system and the heavy water damping system, 
mentioned before.

Operation of the JRR-3 will be rational i zed by introducing a computer 
system which enables operators to monitor a l l  process values of the reactor 
in the control room.

3-6 Engineered safety features
The upgraded JRR-3 w ill have fa c i l i t ie s  to maintain the pool water 

above a fixed level even in an accident such as a loss-of-coolant accident.
I f  fission products are released from the reactor into the reactor госта 

in accident conditions, the emergency exhaust system w ill ven tila te  the 

reactor room through a charcoal f i l te r .
Safety evaluation was carried out for some postulated events, shown in 

Table I ,  taking the protection system into account, and the safety of the 

reactor vas confirmed.

4. OPERATION OF ШЕ UPGRADES JRR-3

4-1 Operation cycle
The cycle length w ill be 5 weeks, where 4 weeks of operation are 

followed ty  a week for shutdown work. During each operation, the thermal 
power w ill be kept a t  20 MW. Nine cycles will be conducted in a year. The 
operating efficiency is  expected to be about 73%.

4-2 Pbel loading

The core will be divided into five batches. In the equilibrium core, 
the fuel elements with the highest bumup in each batch will be removed and 
new fuel elements will be loaded a f te r  the end of every cycle. New fuel 
elements will be loaded so as not to be close to each other in order to пике 
the power distribution as f la t as possible.
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1 .Operational transients
(1) Reactivity insertions

(a) Withdrawal of control rod at startup
(b) Withdrawal of control rod at hi(£i power operation
(c) Withdrawal of in-core ejqæriments
(d) Cold water insertion

(2) Decrease in heat removal
(a) Primaiy pump failure and flow coastdown
(b) Secondary pump failure and flow coastdown
(c) Loss of commercial electric power

(3) Other transients
(a) Power distribution abnormality due to failure of heavy water tank

2.Accidents
(1) Decrease in heat removal

(a) Blockage of flow to coolant channels
(b) Escape of primary coolant due to pipe rupture
(c) Primary coolant pump abrupt failure without coastdown
(d) Secondary coolant pump abrupt failure without coastdown

(2) Radioactive release
(a) Release of heavy water due to failure of heavy 

water circulation line

Л-3 Procedure of operation

First, the control rod reactivity will be measured while the power of 
the reactor is  low enough a t  each routine startup. Second, power will be 
increased step ty  step to 20 Ш, while the cooling system is  checked. Heat 
will be removed ty  downward forced convection during normal operation.

Decay heat after core shutdown will be removed by forced convection 
induced by two auxiliary pumps for a virile, but finally will be removed ty 
natural circulation, as mentioned previously.

Л4 Neutranics characteristics
1L 2The maximum fast neutron flux  w ill be 3.0x10 n/cm s in  the fuel

i /  2
region, and the maximum thermal neutron flux will be 2.3x10 n/cm s in the
heavy vater reflector region a t the beginning of the equilibrium core. I t

has been confirmed that the maximum flux of this reactor will amount to more
1/ о

than the required value (2.0x10 n/cm s).
Hie power peaking factors, which are a barometer of the flatness of the 

power distribution in  the core, are expected to  be 1.23 as the rad ia l



IAEA-SM-300/2 87

peaking fac to r, 1.42 as the ax ia l peaking facto r and 1.51 as the local 
peaking factor a t the beginning of the equilibrium core without irrad ia tion  
samples.

The excess reactivity will be 16% дк/к in the cold clean core. I t  w ill 

decrease with the progress of burnup and become 9% Дк/к a t the end of the 
equilibrium core.

The important reactivity coefficients in the JRR-3 are the temperature 

coefficient of the moderator, the void coefficient of the moderator and the 
temperature coefficient of the fuel. They will be -1.3 to -Л*0х10~̂ % (ДкД) 
/К, -0.3 to  -1.7% (Ak/k)/%void and -2 .6  to  -1 .7x10-3 % (дк /к)/К , 
respectively. Every reac tiv ity  coefficient has a negative value over the 
considered operational conditions. Therefore, the upgraded JRR-3 w ill have 
inherent negative feedback characteristics and should be self-regulating 
with respect to power transients.

The reac tiv ity  worth of a l l  six control rods is  31% лк/к in  the cold 
dean core, and increases with the bumup. The maximum reactivity worth of a 

control rod is  10% Дк/к, which is  for a shim rod.
With one rod stuck the subcariticality is  minimum in the cold clean core 

and., the corresponding value is  4% Дк/к. This value increases to 15% дк/к 
with the progress of burnup. I t  i s  found th a t the upgraded JRR-3 has a 
su ffic ien t reactivity shutdown margin. Negative reactivity can be increased 
to 6% дк/к ty discharging the heavy water from the tank.

The neutron life tim e and the fraction of effective delayed neutrons, 
which are the main kinetic property parameters, are 1.2x10”^ s and about

_3
7.3x10 , respectively.

4-5 Core operation management
A code system has been developed for the upgraded JRR-3 in order to 

carry out the reac tiv ity  management, nuclear m aterial accounting and 
irrad ia tio n  management, and to  predict the bumup and the power peaking 
factor of the fuels. Thus, operation with high efficiency and high accuracy 
is  expected.
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TABLE II. IRRADIATION FACILITIES

Designation Number Purpose

Hydraulic irradiation facilities

(HR)

2 Common irradiation test 
Radioisotope production

Rieuraatic irradiation facilities 
(PN)

2 Common irradiation test 
Radioisotope production

Activation analysis irradiation 
facilities (ВД)

1 Activation analysis of 
short lived nuclides

Uniform irradiation facilities 
(SI)

1 Ifaterial irradiation 
Silicon doping

Rotary irradiation facilities

(ER)
1 large material 

irradiation

Vertical irradiation facilities 
(RG,BR,VT-1,SH)

10 Irradiation test 
Radioisotope production

5. EXPERIMENTAL FACILITIES

5-1 Irradiation facilities
In the irradiation fac ilities , specimens will be inserted into the core 

for the purpose of irradiation tests on nuclear reactor fuels and materials, 
radioisotope production and activation analysis. A l i s t  of these f a c i l i t ie s  
i s  given in  Table I I .  Improvement of these fac ilities  in both quality and 
quantity, compared with the existing JRR-3, is  planned.

5-2 Beam experimental facilities

The beam experimental fac ilities  will lead neutrons from the core to 
the experimental equipment for neutron scattering experiments and neutron 
radiography. Nine horizontal beam tubes (1G to 7G, 8T, 9C) will be arranged 
tangentially to the core center, as shown in Fig. 6, to reduce fast neutrons 
and gamma rays in the thermal neutron beam. The beam tubes 8T and 9C will be 
followed ty neutral guide tubes. Neutron guide tubes will lead neutrons with 
high transfer efficiency to the beam hall in  the experiment building. 9C 
w ill be provided fo r experiments where cold neutrons are used. 8T will be



IAEA-SM-300/2 89

vr-1
BRx'

RGx'

8‘

9C HEAVY WATER TANK

FIG. 6. Arrangement o f  irradiation facil
ities and beam experiment facilities.

provided for experiments where thermal neutrons are used. The neutron guide 
tubes are to  be divided into three beams in 9C and into two beams in 8T. 
Five beam experiments in a l l  could be carried out a t  the same time. The 
arrangement of the neutron guide tubes and experimental fac ilitie s  is  given 
in Fig. 7.

5-3 Cold neutron source

The cold neutron source (CHS) will moderate thermal neutrons by means 
of liquid hydrogen a t about 21 K, and supply cold neutrons with a wavelength 
of about 0.4 nm are! an energy of about 5 meV. Cold neutrons w ill be produced 
with a gain of more than 5- Using a vertical thermo-siphon w ill make the 
quantity of charged hydrogen smaller.

The CNS w ill be one of the most important experimental facilities  
because i t  will be the f i r s t  one to be installed in  a high power research 
reactor in Japan.

6. ССШШПС REMARKS

The removal of the old reactor was finished in fiscal year 1986 and the 
foundation work for the new reactor started . In s ta lla tio n  of the reactor 
pool w ill  s t a r t  a f te r  completion of th is  work. Modification of the
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REACTOR ROOM EXPERIMENT BUILDING

FIG. 7. Arrangement o f neutron guide tubes and 
experimental apparatus.

construction of the building and manufacture of the reactor components and 
experim ental f a c i l i t i e s  are being carried out in  f is c a l year 1987. 

Installation and adjustment of each piece of equipment is  to  be finished 

by the end of f is c a l year 1988 and commissioning tests finished in fiscal 

year 1989. Utilization of the upgraded JRR-3 w ill s ta rt a t the beginning of 
fiscal year 1990.

Ihe upgraded JRR-3 will be able to respond adequately to the increasing 
demand fo r neutron beam experiments and irradiation tests. Scientists and 
engineers in Japan look forward to the s ta rt of operation.
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Abstract

INTERNATIONAL COOPERATION IN CONVERTING THE PHILIPPINE RESEARCH 
REACTOR PRR-1 AND THE IMPACTS OF ITS UPGRADED FACILITIES.

The paper describes the institutional and physical considerations in the fuel conversion and 
upgrade in power of the Philippine Research Reactor PRR-1. Various purposes for the conversion and 
upgrade discussed in the paper can be summarized as production of short-lived isotopes, neutron activa
tion analysis enhancement for an in-house research and analytical service to customers, delayed neutron 
activation analysis of geological samples from uranium exploration, enhancement of beam tube fluxes 
for physics experiments, and training. The fuel conversion was from a highly enriched uranium (HEU, 
93%), aluminum clad MTR plate type fuel to low enriched (LEU, 20%), Incoloy 800 clad TRIGA 
uranium-zirconium hydride (UZrH) four-rod fuel clusters. The UZrH clusters were designed to directly 
replace the plate elements in the original grid plate. Thus no core structure modifications were required. 
The upgrade in power was from 1 MW to 3 MW. This required an increase in coolant 
pumping power and flow and an increase in the capacity of the heat exchanger and cooling tower system 
to reject the additional heat load. The various reactor instrumentation systems were also replaced with 
an integrated system for reactor monitoring and control. International assistance and cooperation from 
other countries and the International Atomic Energy Agency have aided the overall facility operation 
and expertise and the conversion and upgrade through funding grants, expert help and fellowships. The 
new reactor capabilities include in-core experimental facilities with thermal flux values nearly six times 
greater than that of the original core, pulsing operation, and increased performance and enhanced safety 
generally.

INTRODUCTION

Construction of the first Philippine Research Reactor 

(PRR-1) began in 1960 and the reactor went critical in 1963. 
Until 1986 it was operated at a m a x imum power of 1 MW. It was 

originally fueled wit h  20% enriched M TR plate type fuel

91
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elements. As with most other MTR type reactors, replacement 
fuel has since utilized 93% enriched uranium.

CONVERSION/UPGRADE CONSIDERATIONS

Key elements in making the decision to upgrade the reactor 

Included demonstrated technical need followed by cooperation 

from the Government of the Philippines and expert support from 

other nations and particularly through the auspices of the 

International Atomic Energy Agency (IAEA). It is a simple task 

to determine whether a facility has reached the limit of 

effectiveness and efficiency based on the breadth and quality 

of its program. The more difficult evaluation of the future 

technical need involves a determination of the extent to which 
an upgrade could provide reasonably predictable advancement of 

the technical depth of a p r o g r a m  within a realistically 

achievable budget.

Following thorough evaluation of the proposed expanded

technical p r o g r a m  it was determined that an upgrade to 3 M W  

could meet the n e w  needs of the program, was technically 

feasible, and could be achieved with a reasonable level of

funding. A  major consideration was the required increase in 

coolant flow and heat rejection. Costs of this portion of the 

upgrade were greatly reduced by using personnel from the 

Philippine Atomic Energy Commission (PAEC) to install and check 

the purchased major system components such as the heat 
exchanger, cooling tower and piping. Some of the reactor 

instrumentation in use at the facility prior to conversion was 
becoming outdated. Other systems still met present require
ments. It was determined to provide a fully integrated 

replacement system. This included n e w  flux monitoring, reactor 
control and control blade/rod drives, and safety systems. Some 

of the n e w  flux monitoring channel hardware is the same as the 
earlier equipment, which will become available as spares. All 

of this equipment was also installed and checked by PAEC 

personnel.

While the physical conversion and upgrade of the PRR-1 was 

carried out entirely by the PAEC, there has been international 

assistance and cooperation, mainly through the IAEA, for the 

overall facility, for the research and experimental programs 

being carried out and for specific items of equipment for the 

upgrade. In 1985, a typical recent year, the Philippines

received financial aid in the nuclear field from the IAEA, 

other United Nations agencies, and other nations of about

US$ 1.6 million. This was about evenly divided between expert 

help, equipment, and overseas training. A  pneumatically 

operated irradiation system was one of the equipment items 

provided by this cooperative program. Two fellowship grants in
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recent years have also been directly related to the PRR-1. One 

was for training in research reactor safety assessment (one 

year). This was conducted at a university which has had 20 
years of experience operating a 1 M W  TRIGA research reactor. 

The trainee was a member of the PRR-1 engineering staff. The 

other fellowship was for attending the interregional training 

course in research reactor conversion in Caracas, Venezuela, in 

1985. The manager of the Reactor Division of the PAEC 

participated in this course.

CONYERSION/UPGRADE DESCRIPTION

The choice of the n e w  fuel was obviously a prime 

consideration for the upgrade. The selected fuel had to be 

capable of supplying the required flux and energy spectrum to 

meet the expanded technical program. The fuel had to be safe 

to operate within the limitations of achievable coolant flow 

and emergency conditions. The fuel had also to comply with the 

emerging (at that time) non-proliferation goals of both the 

Philippine Government and the majority of other nations. The 

result was conversion to less than 20% enriched (LEU) fuel of 

the TRIGA type utilizing uranium-zirconium hydride (UZrH) and, 

as a burnable poison, a small amount of erbium. The addition 

of the erbium allowed an increase in the weight percentage of 

uranium to 20%. This provided a relatively compact core with 
long core life (1000 MW-days until first fuel element 

replacement) which could be operated safely. The equilibrium 

core has an effective life of about 2000 MW-days. Also 

important in the fuel choice was the fact that for fuel of this 

type there was a significant amount of test data and operating 
experience available at the time of the decision. Finally a 
very large amount of international expertise b oth within the 
IAEA and elsewhere was available because of the many reactors 

initially fueled with or converted to similar fuel.

A  typical shrouded four-rod fuel cluster assembly is shown 
in Figure 1. These assemblies fit directly into the existing 

grid plate. The four existing control blades are utilized in 

the control system with the addition of a regulating rod and a 

pulse rod. As a result of using this replacement fuel, the 

conversion required no modifications to the core structure in 

spite of the increase in power. Figure 2 shows the design core 

configuration and gives the calculated thermal neutron flux 

values at key experimental locations. The flux per watt 

external to the core is generally about the same as for the 

previous plate core. However, the three-fold increase in power 

will similarly increase all flux values external to the core 

and, most importantly, the placement of irradiation facilities 
in the high flux, central part of the core greatly increases



404̂

FIG. 1. Fuel cluster assembly.
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FIG. 2. PRR-] TRIGA LEU core; peak thermal neutron flux values (n ■ cm'2 • s '1) in experimental loca
tions fo r  reactor power o f  3 MW.
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TABLE I. PRINCIPAL DESIGN AND OPERATING PARAMETERS

IAEA-SM-300/35

Reactor core

Maximum steady-state 
power level

Maximum pulse

Fuel element design:
Fuel-moderator material 
Uranium content 
Uranium enrichment 
Shape
Overall length of fuel 
Outside diameter of fuel 
Cladding material 
Cladding thickness

Number of fuel rods

Maximum excess reactivity

Reactivity loss due to 
equilibrium Xe

Cold-to-hot reactivity change

Number of control rods/blades: 
Blades
Regulating rod 
Safety/transient

Total reactivity worth of 
rods/blades

Calculated control system 
worth with maximum worth 
rod/blade stuck out

Reactor cooling

Maximum fuel temperature

Effective delayed neutron
fraction, в

•eff

Neutron lifetime, Z

Uranium-zirconium hydride

3 MW

1.4% Ôk/k ($2.00)

20 weight %
19.7% U-235 
Cylindrical
50.8 cm (20 in.)
2.97 cm (1.17 in.)
Incoloy 800
0.051 cm (0.020 in.)

114

9.0% 5k/k (cold, clean)

2.5% 5k/k 

3.0% <5k/k

4
1
1

13.5% 5к/к

9.2% 5k/k

Forced downflow of 
pool water at 160 L/s 
(2500 gal/min)

~650°C

0.0071 

42 ¡is
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the experimental usefulness of the flux. The thermal flux in 

these in-core flux traps will be nearly six times the flux in

the previous core and the flux will n o w  be available for
experimental use. A  plot of both fast and thermal fluxes is 

shown in Figure 3. The long life fuel also is a strong 
contributor to experimental flexibility in that the reactor 

operating schedule is set by the needs of the experimental 

p r o gram and not the need to reload fuel at frequent intervals 

to maintain operational reactivity. For example, long-term 

experiments (several months) can be conducted continuously with 

virtually constant flux. This can be particularly helpful in 

removing uncertainties in long-term physics experiments. 

Principal design and operating parameters for the core are 
given in Table I.

The n e w  core has a large, inherent, prompt negative

temperature coefficient of reactivity,' being about 1x10 Лк/ С. 

This fuel enhanced the safety characteristics of the facility 

and had an additional benefit of allowing pulsing operation, 

w hich had a positive impact on the proposed expanded technical 

program. Additionally, experiments in the high flux, central 

part of the core can have large reactivity worth without

approaching the safe operating limits of the fuel. The 

recommissioned reactor is designed to operate at 3 M W  with 

pulsing to 650 M W  ($2.00 reactivity insertion).

Technical program enhancements because of the higher power 
include increased isotope production and specific activities, 
production of useful quantities of short-lived isotopes, higher 

sensitivity neutron activation analysis to service commercial 

customer needs, delayed neutron activation analysis for u r a n i u m  

exploration, and higher b e a m  tube fluxes for conducting physics 
experiments. The addition of pulsing operation provides n ew 
capabilities of working with very short-lived isotopes not 
possible even with high flux steady-state reactors. It also 
makes possible power reactor fuel safety studies (e.g. heat 

transfer properties), and studies of rate/time dependent 

responses to irradiation of biological and other materials. 

The enhanced safety and higher power of the converted reactor 

are expected to also result in a more flexible training 
program.

The upgraded PRR-1 is scheduled for startup in November,
1987.
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Abstract-Resumen

RECONDITIONING OF THE TRIGA MARK III REACTOR.
The paper describes the activities carried out to recondition the TRIGA Mark III reactor at the 

Mexican Nuclear Centre, namely repair of its containment system, maintenance of its operational sys
tems, and the obtaining of a licence for the facility and its operating staff. The process of initially obtain
ing the operating licence from the regulatory authority was affected by the existence of water leaks in 
the pool which were detected in March 1985 and were caused by corrosion in the reactor containment 
system. Reconditioning began with a series of activities aimed at locating, delimiting and repairing the 
areas damaged by corrosion and involved establishing criteria for selecting the most appropriate inspec
tion, testing and repair methods. In order to obtain the operating licence, it was necessary to comply 
with various requirements laid down by the regulatory body. The most important requirements included:
(a) repair of the reactor pool; (b) maintenance of its operational systems; (c) preparation and implemen
tation of the Quality Control Programme; (d) updating of the Safety Report; (e) updating and preparation 
of operating, repair, radiation safety, emergency and administrative procedures; and (f) training of oper
ating staff. In addition, the paper describes the work carried out at this reactor to widen its field of 
research and range of utilization. This work includes the reconditioning of a neutron diffractometer, the 
design and construction of a neutron diffractometer to determine the textures of materials, and the 
analysis of a new mixed core configuration based on fuels with 20% and 70% 235U enrichment.

REACONDICIONAMIENTO DEL REACTOR TRIGA MARK III.
Se describen las actividades realizadas para el reacondicionamiento del reactor TRIGA Mark III 

del Centro Nuclear de México, es decir la reparación de su sistema de contención, el mantenimiento 
de sus sistemas de operación y la obtención del licénciamiento para la instalación y su personal de opera
ción. El proceso de obtención por vez primera de la licencia de operación ante el organismo regulador 
mexicano se vió afectado por la presencia de fugas de agua en la piscina, las cuales fueron detectadas 
en marzo de 1985 y habían sido ocasionadas por la corrosión en el sistema de contención del reactor. 
El reacondicionamiento se inició con una serie de trabajos dirigidos a la localización, delimitación y 
reparación de las zonas dañadas por la corrosión, estableciéndose los criterios para la selección de los 
métodos de inspección, pruebas y reparación más apropiados. Para el otorgamiento de la licencia de 
operación fué necesario cumplir varios requisitos impuestos por el órgano regulador. Entre los más sig
nificativos figuran: a) reparación de la piscina del reactor; b) mantenimiento de sus sistemas de opera
ción; c) elaboración y aplicación del Programa de Garantía de Calidad; d) actualización del Informe de 
Seguridad; e) actualización y elaboración de procedimientos de operación, reparación, seguridad radio
lógica, emergencia y administración; y f) calificación del personal de operación. Por otra parte se 
describen las actividades que se desarrollan en este reactor para ampliar su campo de investigación y 
de utilización, entre las cuales figuran el reacondicionamiento de un difractómetro de neutrones, 
el diseño y construcción de un difractómetro de neutrones para determinación de texturas de materiales 
y el análisis de una nueva configuración de núcleo mixto a base de combustibles al 20% y 70% de enri
quecimiento en 235U.
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1. ANTECEDENTES Y BASES PARA EL REACONDICIONAMIENTO

El reactor TRIGA Mark III del Centro Nuclear de México es un reactor para 
entrenamiento, investigación y producción de radisótopos, cuyo núcleo está formado 
por 85 elementos combustibles al 20% de enriquecimiento en 235U y 4 barras de 
control. Este núcleo está localizado dentro de una piscina de concreto que tiene un 
recubrimiento de aluminio en sus paredes interiores y una capacidad aproximada a 
150 m3 de agua. La potencia máxima que genera en estado estacionario es de 
1 MW(t) y puede pulsarse hasta una potencia máxima de 2000 MW(t) durante inter
valos de 10 ms.

La puesta en operación del reactor data del 8 de noviembre de 1968, cuando 
el Instituto Nacional de Investigaciones Nucleares (ININ) tenía las funciones de 
órgano regulador y de investigación. A partir de 1979, por necesidades del proyecto 
de la primera central nuclear de México, se requirió la creación de un órgano 
regulador independiente, que se llamó Comisión Nacional de Seguridad Nuclear y 
Salvaguardias (CNSNS) y que, desde 1980, estableció que este reactor y su personal 
de operación debían licenciarse.

Durante el proceso de obtención, por vez primera, de la licencia de operación 
del reactor ante la CNSNS, se presentó un problema de corrosión en el sistema de 
contención del reactor, que tuvo por consecuencia una fuga de agua descubierta en 
marzo de 1985 dentro del cuarto de exposición. Dicha fuga se manifestó en forma 
de goteos que provenían del espacio que se forma entre el tanque de aluminio y el 
concreto a razón de casi 5 L/h, disminuyendo posteriormente por sí sola hasta 
desaparecer 2,5 meses después [1].

Esta fuga nunca llegó a ser un riesgo, porque el agua que se utiliza es quí
micamente pura y por ello no está contaminada; además, se tiene un sistema normal 
de reposición de agua pretratada a razón de 50 L/h y otro de emergencia que 
propociona 35 000 L/h de agua cruda [2].

Con estos antecedentes, se inició una serie de tareas dirigidas hacia el reacondi
cionamiento del reactor, entre las cuales se tienen:

1) La reparación del sistema de contención del reactor.
2) El mantenimiento de los sistemas del reactor.
3) La continuación del proceso de licénciamiento de la instalación y de su personal

de operación.

Durante el desarrollo de estas tareas se presentaron factores que fueron 
decisivos en la obtención del licénciamiento, entre los que figuran: a) era el primer 
reactor de investigación crítico que sería licenciado en México, así como su personal 
de operación y esto ocurría después de 15 años de operación del mismo; b) la nor
mativa existente no era específica para reactores de investigación en operación, lo 
cual planteaba algunos problemas respecto a los criterios de aceptabilidad y requisitos 
solicitados por la CNSNS; c) debido a que por primera ocasión se presentaba un 
problema de corrosión en el sistema de contención de este tipo de reactores, no se
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encontraron reportes técnicos ni procedimientos de aplicación directa para la localiza
ción y reparación de estas fallas en particular; d) la falta de actualización de la 
documentación del reactor relativa a la reparación, operación, administración, 
seguridad radiológica y de emergencia, según lo establecido en el Programa de 
Garantía de Calidad, cuya aplicación se inició en 1983; e) la CNSNS requirió la 
actualización del Informe de Seguridad, donde se presentara la documentación 
técnica original del reactor y se complementara de acuerdo con la normativa vigente 
en seguridad nuclear y radiológica; f) la verificación del cumplimiento de las 
especificaciones técnicas de los sistemas de operación del reactor.

2. REACONDICIONAMIENTO

En base a la problemática presentada anteriormente, se describen las tres tareas 
realizadas para el reacondicionamiento de este reactor.

2.1. Reparación del sistema de contención del reactor

Para el análisis del problema y la selección de las técnicas a emplear durante 
las actividades de detección y reparación de la fuga de'água fué necesario formar un 
Comité Técnico en función de su experiencia y grado de especialización. Estas 
actividades fueron divididas en dos rubros.

2.1.1. Inspección y delimitación de las zonas dañadas

Para determinar las zonas dañadas se aplicaron pruebas hidrostáticas a las 
tuberías de enfriamiento contenidas en el blindaje de concreto del cuarto de exposi
ción y a la tubería de succión del sistema primario de enfriamiento del reactor. Los 
resultados de estas pruebas indicaron que estas tuberías se encontraban en buen 
estado.

En función de los resultados anteriores fué necesario aplicar técnicas de inspec
ción visual directa y con cámara de video en las paredes interiores de la piscina, lo 
cual dio una primera aproximación de localización de regiones afectadas. Para su 
estudio fué necesario vaciar la piscina a la mitad del volumen de agua total, efectuán
dose previamente una dosimetría para evaluar el nivel de exposición a la radiación 
en diferentes partes del interior de la misma, por medio de una red tridimensional 
de cristales termoluminiscentes. De este modo, las paredes superiores que quedaron 
al descubierto pudieron analizarse con la técnica de líquidos penetrantes, detectán
dose un total de 35 discontinuidades en el material de aluminio, concentradas en dos 
regiones principalmente y de las cuales 13 correspondían a defectos superficiales 
aceptables y 22 a picaduras abiertas [1]. La parte inferior de la piscina que contenía 
agua fué inspeccionada por métodos visuales en dos etapas. En la primera, se usó 
una grabadora de video y una cámara de televisión adaptadas para sumergirse y
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accionarse a distancia, para efectuar tomas de acercamiento de todas las paredes de 
la piscina. Con este método se encontró 1 imperfección de consideración en la pared 
y 9 sin consecuencia (7 en las paredes y 2 en el fondo). La segunda etapa consistió 
en la inmersión de buzos para análisis visual e inspección fotográfica a color de alta 
resolución de las áreas anteriores, así como la realización de un auscultamiento al 
tacto, con lo que se corroboró que solo una de las 10 imperfecciones era de considera
ción, mientras que las otras se debían a marcas superficiales resultantes de sedimenta
ciones e incrustaciones a través de los años.

Finalmente se llevó a cabo una última inspección por ultrasonido en la totalidad 
del recubrimiento de aluminio, con el propósito de identificar la existencia de otras 
áreas afectadas por problemas no détectables en la superficie y evaluar la integridad 
total del contenedor. Este método registra irregularidades en el espesor del material 
de hasta 1 mm, y por consiguiente fué posible detectar que 14 de las placas que com
ponen la piscina presentaban variaciones de distintas profundidades en su parte 
posterior [1].

Se cortaron dos secciones de la piscina para analizar y determinar las causas de 
la presencia de picaduras. Los análisis llevados a cabo de estas dos muestras incluye
ron exámenes visuales, estudios metalográficos y químicos, análisis de la composi
ción del concreto y aluminio, así como también del material aislante utilizado como 
recubrimiento del aluminio. Los resultados de las pruebas efectuadas en este Instituto 
y en los laboratorios de la Gulf General Atomic revelaron la presencia de los procesos 
de corrosión galvánica y corrosión por cavidades en la parte posterior de las paredes, 
en los cuales el aluminio actuó como ánodo, el agua atrapada entre el aluminio y el 
concreto como electrolito y alguna substancia en el concreto o en el material aislante 
como cátodo.

El problema de corrosión fué finalmente diagnosticado como resultado de dos 
factores: a) la presencia de agua entre el aluminio y el concreto, y b) la pérdida total 
o parcial del recubrimiento aislante, tanto del concreto como del aluminio.

2.1.2. Reparación y prevención de la corrosión

Las acciones correctivas que se realizaron incluyen el diseño y soldadura de 
placas de aluminio tipo 6061-T6 sobre las áreas afectadas de las paredes de la piscina, 
usando el proceso TIG Manual.

Para efectuar la reparación en las partes bajas de la piscina fué necesario dis
minuir el nivel del agua dentro de ésta, así como disminuir el nivel de exposición 
existente; esto se logró desmontando los elementos combustibles del núcleo. Con el 
objeto de detener el avance de la corrosión se aplicaron selladores a base de resinas 
epóxicas en la parte posterior de las paredes afectadas.

Para concluir la reparación del sistema de contención del reactor: se verificaron 
todas las soldaduras del reactor, utilizando el método de líquidos penetrantes; se 
realizó la inspección de elementos combustibles; se efectuó la limpieza de estructuras
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del núcleo, paredes y fondo de la piscina, rellenándose ésta con agua desminera
lizada; y finalmente se hizo la recarga de combustible en diciembre de 1986.

De acuerdo con el Programa de Garantía de Calidad se elaboraron para 
esta tarea 20 procedimientos, 11 instrucciones y 10 memorias de cálculo y 
especificaciones.

2.2. Mantenimiento de los sistemas del reactor

Para verificar el cumplimiento con las especificaciones técnicas establecidas en 
el Informe de Seguridad, fué necesario elaborar programas y procedimientos de 
inspecciones, pruebas, mantenimiento y calibración de los sistemas del reactor, los 
cuales fueron puestos en práctica con resultados satisfactorios.

Entre los sistemas que presentaron fallas por el tiempo de operación de sus com
ponentes se tienen los siguientes.

2.2.1. El sistema de refrigeración

Se detectaron fugas en 2 tubos del intercambiador de calor, que fueron 
reparados.

2.2.2. Sistemas de instrumentación

Se han observado, en función del tiempo, fallas en los canales de detección, así 
como inestabilidad en sus puntos de operación. Esto se atribuye al envejecimiento de 
las componentes electrónicas de estos sistemas. Para solucionar este problema se 
diseña y construye actualmente una consola de control, con componentes electrónicas 
actualizadas, la cual substituirá a la consola de control original. Además se substituye 
en forma gradual la instrumentación para protección radiológica.

2.3. Licénciamiento de la instalación y de su personal de operación

La falta de normativa específica en operación para reactores de investigación 
hizo necesario mantener un proceso de discusiones de carácter técnico con la CNSNS 
para unificar los criterios de aceptabilidad y las normas aplicables para el licencia- 
miento de este reactor. Como resultado de estas discusiones, se decidió tomar como 
referencia el 10 CFR 50 apéndice В [3], la RG-2 [4], y las normas ANSI/ANS-15
[5], las cuales tuvieron que ser adaptadas a las necesidades de esta instalación. Debe 
señalarse que este reactor operó durante 15 años antes de iniciar su proceso de licén
ciamiento y que cuando se construyó no existían los requerimientos de garantía de 
calidad hoy vigentes.
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Para el otorgamiento de la licencia de operación fué indispensable realizar las 
siguientes actividades: a) reparación de la piscina [1]; b) mantenimiento de los sis
temas del reactor; с) aplicación del Programa de Garantía de Calidad [6]; d) actua
lización del Informe de Seguridad [2]; e) actualización y elaboración de procedi
mientos e instrucciones de operación, seguridad radiológica, emergencia y adminis
tración, y f) calificación del personal de operación.

Las tres primeras actividades ya fueron tratadas anteriormente. En lo referente 
al Informe de Seguridad, se actualizó la documentación técnica original y se com
plementó de acuerdo con los criterios de la normativa seleccionada. Con respecto a 
los procedimientos e instrucciones, se elaboraron un total de 76 sobre operación, 
8 sobre seguridad radiológica, 5 sobre emergencias y 15 administrativos. Para la 
calificación del personal se realizó un programa de entrenamiento basado en la norma 
ANSI/ANS-15.4 [7]; este programa se dividió en dos etapas, para operadores y para 
supervisores del reactor. El entrenamiento de operadores tuvo una duración de 
250 horas y concluyó con 6 operadores licenciados, y actualmente se desarrolla el 
entrenamiento para supervisores del reactor, los cuales serán licenciados por la 
CNSNS.

Al término del entrenamiento para los supervisores del reactor se obtendrá la 
licencia definitiva de la instalación.

3. OTRAS ACTIVIDADES

Para ampliar el campo de investigación en el área de ciencia de materiales hacia 
sus aplicaciones de tipo industrial, se desarrollan trabajos para el reacondiciona
miento de un difractómetro de neutrones, así como para el diseño y construcción de 
otro difractómetro pequeño de neutrones. Estos trabajos se describen a continuación.

3.1. Difractómetro de neutrones triaxial, Mitsubishi, modelo NX-1320

El reacondicionamiento de este difractómetro consiste en la automatización de 
su operación, ya que anteriormente se efectuaba manualmente, y se planea utilizarlo 
en el estudio de las estructuras de los materiales, así como en la formación de 
recursos humanos en esta área.

3.2. Diseño y construcción de un difractómetro de neutrones para análisis de 
texturas

Uno de los problemas de los reactores de potencia inferior a 5 MW(t) es su 
intensidad relativamente baja de neutrones, por lo que los difractómetros asociados 
requieren un diseño cuidadoso para la optimización de su intensidad. El difractómetro 
Mitsubishi está diseñado para el estudio de colisiones inelásticas, las cuales son posi
bles en este reactor con cierto grado de dificultad, dada su potencia máxima de opera
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ción. Por lo tanto, sus dimensiones son muy grandes y, para las mediciones de 
colisiones elásticas, se deben considerar las pérdidas de intensidad.

El desarrollo de este difractómetro se efectúa en colaboración con el Instituto 
Politécnico Nacional de México y será empleado para el estudio de texturas metá
licas, la determinación de fases cristalinas y la difracción dinámica, utilizando un sis
tema de detección múltiple constituido por cuatro detectores y un monocromador fijo. 
Uno de los objetivos fundamentales de este proyecto es optimizar las técnicas para 
el análisis de texturas reduciendo los tiempos de irradiación y de colección de datos, 
con lo cual se abate el costo por estudio efectuado.

En este momento el exceso de reactividad del núcleo es muy bajo y no es sufi
ciente para cubrir a mediano plazo las necesidades de investigación y de producción 
de radisótopos. Por otra parte, ya no se tiene reserva de elementos combustibles al 
20% de enriquecimiento, pero se dispone de aproximadamente un 65% de la carga 
de elementos combustibles al 70% de enriquecimiento. Para solucionar este problema 
de falta de reactividad se están realizando estudios destinados a determinar la mejor 
configuración de núcleo mixto, que optimice el aprovechamiento de los dos tipos de 
combustibles con un exceso de reactividad mayor.

4. CONCLUSIONES

Fué un avance importante para esta institución el analizar la normativa vigente 
en reactores para adaptarse y aplicarse en esta instalación, así como concientizar al 
personal de la necesidad de aplicar una normativa en el desarrollo de su trabajo, lo 
cual fué uno de los objetivos más importantes en la aplicación del Programa de 
Garantía de Calidad. Para esto fué necesario, durante la reparación y para el licencia- 
miento del personal de operación, calificar a cada uno en su especialidad.

La experiencia adquirida durante el proceso de reacondicionamiento ha refor
zado el conocimiento, la conducción y las perspectivas de utilización de este reactor, 
así como la formación de especialistas en diferentes áreas para apoyar el desarrollo 
de la industria nuclear en México.
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Институт атомной энергии им. И.В. Курчатова,
Москва,
Союз Советских Социалистических Республик

Реактор МР представляет собой реактор для материаловедческих иссле
дований, позволяющий испытывать твэлы и материалы в ш ироком диапазоне 
условий облучения.

Для обеспечения проведения таких испытаний реактор оборудован 
водяными петлями, работающими в режимах ’’вода под давлением” и 
’’объемное кипение” , обеспечивающими проведение испытаний твэлов ВВЭР 
и РБМК. В реакторе установлена также газовая петля, предназначенная 
для проведения испытаний тепловыделяющих элементов реакторов ВТГР 
в атмосфере гелия при давлении 100 атм.

До относительно недавнего времени основным направлением исследо
ваний в реакторе МР было проведение ресурсных испытаний твэлов, направ
ленных на отработку конструкций и проверку различных вариантов кон
структивных и технологических решений. Это направление и сегодня 
занимает существенное место, однако за последнее время произошел боль
шой сдвиг в сторону инструментованных испытаний. Среди работ первого 
направления можно выделить следующие.

Испытания твэлов типа ВВЭР-1000, предназначенных для двухгодичной, 
а впоследствии для трехгодичной кампании. Работы были начаты в 1977 г. 
и за десять лет было испытано 27 ТВС, включающих 344 опытных твэла. 
Некоторые испытания продолжаются до сих пор. Испытания проводили 

при максимальной линейной нагрузке до 500 Вт/см в течение 1000-26  000 ч, 
при этом было достигнуто максимальное выгорание от 5 до Ю ОМ Вт-сут/кг 
урана.

В ходе исследований изучались размерные изменения твэлов, коррозия 
и гидрирование оболочки, изменение механических свойств, изменение 
структуры топлива и оболочки, выход газообразных продуктов деления 
под оболочку и т.п. Специальные испытания были посвящены изучению
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поведения оболочек из различных циркониевых сплавов, исследованию 
поведения твэлов при циклическом изменении мощности, для чего создана 
специальная установка локального регулирования мощности с помощью 
гелия-3, исследованию влияния влаги в топливе на работоспособность обо
лочки, изучению твэлов разных модификаций (различное начальное давле
ние гелия, разные методы финишной обработки поверхности, разные методы 
герметизации и т .п .) .

Испытания твэлов в  кипящ ем режиме применительно к  реакторам 
РБМК. До 1978 г. эти испытания были направлены на отработку конструк
ции и изучения поведения твэлов РБМ К-1000 при глубоком  выгорании 
топлива. Помимо изучения коррозии и гидрирования штатных оболочек 
твэлов, изменения их механических свойств, газовыделения из топлива 
и т.д. проводились испытания твэлов с оболочками из других циркониевых 
сплавов, твэлов с топливом повышенной плотности и твэлов, имеющих 
модифицированные конструкции.

В 1978 г. начались испытания твэлов в режиме РБМК-1500. До насто
ящего времени испытаны 4 ТВС, включающие 108 твэлов. Испытания
3 ТВС (90 твэлов) продолжаются. Максимальная продолжительность 
испытания достигла 22 000 ч, а максимальное выгорание топлива —
50 МВт- сут/кг урана. Особое внимание в этих испытаниях уделялось 
поведению твэлов в местах разрыва топливных столбов в центре активной 
зоны и влиянию интенсификаторов теплосъема на.коррозионное поведение 
оболочек.

С начала 1981 г. в МР функционирует петлевая установка для испы
тания твэлов реакторов атомных станций теплоснабжения. Две ТВС по 18 
твэлов испытываются уже в течение 35 000 ч. Основная цель испытаний — 
проверка коррозионной стойкости и охрупчивания оболочек в условиях 
длительного облучения в воде пониженных параметров.

С 1979 г. в МР работает высокотемпературная петля с гелиевым 
теплоносителем, в которой осуществляются испытания шаровых твэлов 

высокотемпературных реакторов с газовым охлаждением.
С начала 70-х годов начали развиваться испытания инструментован

ных твэлов, основной целью которы х была проверка расчетных кодов 

для моделирования поведения твэлов. Были разработаны методы изме
рения температуры топлива, давления под оболочкой, перемещения топ
ливного столба и осевой деформации оболочки. За истекшее время 
было проведено испытание свыше 30 инструментованных твэлов.
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Особое место в этой программе испытания инструментованных твэлов 
занимает совместная советско-финская программа исследования твэлов 
ВВЭР-440, которая освещена в отдельном докладе.

Помимо испытания твэлов на реакторе МР осуществляется широкая 
программа испытаний конструкционных материалов. В этой программе 
основными направлениями являются испытания сталей для корпусов реак
торов, исследование графита для реакторов РБМК и ВТГР, исследование 

циркониевых сплавов. В последнем направлении основным является 
изучение радиационной ползучести канальных труб для реакторов РБМК.

Для проведения испытаний корпусных сталей и графита разработаны 

специальные каналы, позволяющие термостатировать облучаемые образцы. 
Для исследования на ползучесть использовали несущие давление корпуса 
самих петлевых каналов.

Испытания сталей для корпусов реакторов направлены главным 
образом на установление влияния примесей фосфора и меди на кинетику 
накопления радиационного повреждения и восстановления при отжиге.

В области изучения реакторного графита ведется широкий спектр 
исследований, включая размерные изменения, физико-механических свойств, 
структуры. Получены данные о свойствах при различных условиях, охваты
вающих диапазон температур 400-1200° С и флюенса до 3 XIО22 нейтр/см2 .

При испытании ползучести получены данные для сплава циркония 
с 2,5% ниобия в различных состояниях (рекристаллизованном, после закалки 
в воду, охлаждении с различной скоростью ), которые позволяют прогнози
ровать поведение канальных труб в реакторах типа РБМК.
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Abstract

SOFIT: A JOINT EXPERIMENTAL PROGRAMME BETWEEN THE USSR AND FINLAND ON 
WWER-440 FUEL PERFORMANCE.

The joint Soviet-Finnish research programme, SOFIT, is described. The programme began in 
1982 with the objective of studying experimentally WWER-440 type reactor fuel. The first phase of the 
programme (SOFIT-1.1) has been successfully carried out. It involved steady state irradiation of test 
fuel up to a burnup of 8.8 MW-d/kg U. The test fuel parameters and major results are presented. Irradi
ation of the second test fuel assembly will start soon. This will allow studies of fuel burnup at around 
30 MW-d/kg U. The test fuel parameters and a list of fuel instrumentation are presented. Future plans 
for SOFIT-2 and SOFIT-3 are briefly described; these proposed fuel studies would include experiments 
at higher burnups and under transient conditions, respectively.

1. INTRODUCTION

In 1982 organizations from the Union of Soviet Socialist Republics and from 
Finland started preparations to launch a joint experimental irradiation and examina
tion programme on pressurized water reactor fuel rods. The programme was to 
reflect interest in a deeper understanding and further enhancement of the performance 
of the fuel for the WWER-440 type of reactor being utilized in the two countries. 
The programme, named SOFIT, is being carried out as a co-operative effort between 
the I.V. Kurchatov Institute of Atomic Energy of the USSR and the Finnish utility 
Imatran Voima Oy (IVO) with support from the Technical Research Centre of 
Finland. The experimental work takes place at the Kurchatov Institute’s MR test 
reactor and at laboratories in Moscow.

I l l
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A record of high reliability and effectiveness has been achieved during long 
experience with the operation of WWER-440 reactors at several locations in the 
USSR and other member countries of the Council for Mutual Economic Assistance, 
and at IVO’s Loviisa Power Station in Finland. Efforts to preserve and develop the 
safety and reliability in parallel with anticipated measures to advance fuel utilization 
warrant proceeding with detailed experimental fuel studies. Emphasis need then be 
put on the changes foreseen in the fuel design and operational modes. As concerns 
the latter, higher discharge burnups, enhanced heating rates and introduction of load 
following are topics that continue to receive extensive attention.

Within the SOFIT programme three major directions of research are planned:

— SOFIT-1: Parametric fuel rod irradiations with basic steady state power histo
ries, up to moderate burnups permitted by the endurance of the instrumentation;

— SOFIT-2: Parametric studies based on irradiation of reinstrumented high 
burnup rods;

— SOFIT-3: Irradiation tests of fuel rods under transient conditions.

The fuel will be irradiated in pressurized loops installed at the experimental pool 
type MR reactor. The arrangement makes it possible to closely approach the physical 
and thermal hydraulic conditions of a power reactor. To meet the programme 
requirements, modifications will be carried out in the test facility, making use of the 
experience from previous test campaigns at the MR reactor. A large portion of the 
programme will comprise the work performed at the Kurchatov Institute’s hot cell 
laboratory.

The post-irradiation examinations o f  the first o f two SO FIT-1 bundles are about 
to be started. Irradiation of the second SOFIT-1 bundle is also to commence shortly. 
For SOFIT-2 and SOFIT-3, conceptual plans have been proposed.

2. SOFIT-1

The purpose of the SOFIT-1 programme is to study fuel rod thermal and 
mechanical behaviour at moderate burnups. Two tests have been agreed upon and 
continuation of these tests is being planned. Rod bundles are manufactured that, 
except for the length of 1 m, possess the main properties of WWER type fuel rods. 
Within the bundle a distribution of design parameters is introduced. Prior to the 
assembly the materials and parts are thoroughly precharacterized. The bundles and 
rods carry a plentiful in-core instrumentation to determine the local power distribu
tion and the boundary conditions, and to yield thermal and mechanical fuel data.

The first test is mainly devoted to verifying the instrumentation and finalizing 
the adopted manufacturing technology. The irradiation of the first 18 rod bundle has 
been completed and results from the planned 2000 h period have been reported [1]. 
Measured temperature data were recorded until the termination of the test after 
4780 h.
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TABLE I. PARAMETERS OF INSTRUMENTED2 RODS IN SOFIT-1.1 
EXPERIMENT

Rod No. Fuel density 
(g/cm3)

Diametral
clearance

(mm)

He filling gas 
pressure 
(MPa)

1 10.60 0.21 0.1

2 10.65 0.15 0.1

3 10.65 0.21 0.1

4 10.65 0.21 1.5

5 10.60 0.27 0.5

6 10.60 0.27 0.1

a All rods fitted with fuel centre line thermocouple.

Table I lists the values of some of the parameters of the instrumented rods in 
the SOFIT-1.1 experiment. In rod 6 the measured fuel centre temperature reached 
1665°C at about 40 kW/m linear power, with a coolant temperature of 320°C. The 
thermocouples in rods 3 and 4 gave readings of about 1200° С at 32 kW/m towards 
the end of irradiation.

On the basis of the experience gained from the first test a second bundle of 
experimental rods was designed and is being constructed that carries a more versatile 
set of instrumentation. In addition to the basic W -Re fuel centre line thermocouples, 
rod inner pressure measuring instruments with strain gauge transducers and rod clad
ding and fuel stack extensometers, based on a linear differential transformer applica
tion, are included. The main parameters of the SOFIT-1.2 fuel are given in Table II.

The SOFIT-1.2 test is planned to produce essential thermal and mechanical data 
on fuel performance up to burnups around 30 MW • d/kg U. The parameters have 
been chosen to differentiate between the various factors affecting fuel behaviour. 
Rod 1, for example, with a narrow fuel-cladding gap and comparatively high initial 
density, is designated to detect some pellet-cladding mechanical interaction relatively 
early in life. On the other hand, the pressure sensors are placed-in rods where fission 
gas release is expected. The low density, large gap rod No.4 in particular is regarded 
as interesting in this respect. Rods filled initially with pure xenon allow one to study 
rod behaviour at high temperatures, probably with high gas release, without the ther
mal feedback present in a helium filled rod. The principle has been to cover a wide 
range of initial parameter values and provide for high quality data to validate fuel per
formance computer codes for a representative selection of conceivable operation 
conditions.

The SOFIT-1.2 irradiation is planned to begin by the end of 1987.
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TABLE II. PARAMETERS OF INSTRUMENTED RODS FOR SOFIT-1.2 
EXPERIMENT

Rod No. Fuel density 
(g/cm3)

Diametral
clearance

(mm)

Filling gas 
pressure 
(MPa)

Instruments“

1 10.60 0.15 0.1, He ТС, Д1

2 10.55 0.20 0.1, He TC

3 10.55 0.20 0.1, Xe ТС, Д1

4 10.45 0.27 0.1, He TC, p

5 10.50 0.15 0.1, Xe TC

6 10.45 0.20 0.1, He TC, p

a TC: fuel centre line thermocouple; Д1: extensometer (fuel and cladding); p: pressure sensor.

3. SOFIT-2

After SOFIT-Г a proposed follow-up programme would examine higher burn
ups. Special techniques then need to be developed and put into use owing to the 
limited ability of the thermocouples and other instrumentation to operate for extended 
periods in reactor conditions. So far, only a conceptual plan exists for the SOFIT-2 
programme.

For SOFIT-2 it is planned that the irradiation and hot workshop services, 
including the transport facilities, at the Kurchatov Institute, be reorganized so as to 
make it possible to intermittently transfer the irradiated fuel between the reactor, the 
reactor pool and the hot cells, and subsequently to reirradiate the fuel after possible 
examination or reinstrumentation. For this, a considerable amount of equipment and 
method upgrading and development is foreseen, requiring major investments.

The processes concerned in this context would include the following tasks:

— Initial irradiation: two main variants have been considered:
— Initial irradiation, in the MR reactor, of a six rod bundle with parameter 

values close to those of SOFIT-1.2 (Table II), up to a burnup of 
30-40 M W -d/kg U,

— Use of precharacterized normal fuel rods irradiated in WWER-440 power 
plants (either in the USSR or in the Loviisa Power Plant);

— Examination of irradiated fuel rods in the pool-side examination stand of the
MR reactor;

— Examination of fuel rods in hot cells;
— Fabrication and reinstrumentation of irradiated fuel rods in hot cells;
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TABLE III. TENTATIVE PLAN FOR INSTRUMENTATION OF TEST FUEL 
BUNDLE IN SOFIT-2

Rod No. Fuel centre line 
thermocouple

Fuel rod 
pressure 
sensor

Cladding
elongation

extensometer

1 + - +

2 - + +

3 + - +

— Assembly of the rod bundle using the pool-side examination stand;
— Irradiation of reinstrumented rods in the base load mode of the MR reactor until 

the desired burnup values are reached or the operation of the transducers is 
severely impaired.

A tentative plan for the instrumentation of a test fuel bundle in SOFIT-2 experiments 
is presented in Table III.

The economic and technical constraints of the SOFIT-2 programme have been 
quantified and the necessary equipment defined. According to the preliminary plans 
the experimental part of the SOFIT-2 programme will not start before 1990.

4. SOFIT-3

The SOFIT-3 programme will concentrate on fuel rod behaviour in transient 
conditions during normal reactor operation, including load following operation. A 
special irradiation rig capable of independent power operation has been developed for 
the MR reactor for studies of such conditions. The neutron power is controlled using 
3He gas. The rod power can be changed between 50 and 100% of nominal power at 
a maximum rate of 25%/min. A bundle of five instrumented fuel rods has been 
designed for the studies. Tentative characteristics and instrumentation of the fuel rods 
are presented in Table IV.

SOFIT-3 will also include studies of preirradiated and reinstrumented fuel rods, 
following the guidelines developed for SOFIT-2. The results obtained in SOFIT-3 
will form a basis for the decision on the enlarging of the programme to include power 
ramp studies.

5. EQUIPMENT

The proposed experimental programmes require considerable effort in the 
development of necessary equipment. The programmes will cover the manufacturing
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TABLE IV. TENTATIVE PLAN FOR FUEL ROD PARAMETERS AND 
INSTRUMENTATION IN SOFIT-3

Rod No. Fuel density 
(g/cm3)

Diametral
clearance

(mm)

He filling gas 
pressure 

(MPa)
Instruments3

1 10.60 0.14 0.1 ТС, Д1

2 10.60 0.20 0.1 TC, p

3 10.50 0.27 0.1 ТС, Д1

4 10.40 0.14 0.1 ТС, Д1

5 10.40 0.27 0.1 TC, p

a TC: fuel centre line thermocouple; Д1: extensometer (fuel and cladding); p: pressure sensor.

technology for test rods and in-core transducers, the hot cell technology for manufac
ture, examination and reinstrumentation of irradiated fuel rods, the pool-side fuel 
examination stand for the MR reactor, and the computerized data acquisition and 
processing system.

Co-operation in equipment development was started with the building of the 
experimental facility for SOFIT-1 experiments. The following process line was built 
for assembling and examining the instrumented fuel rods:

— Precharacterization of fuel and cladding;
— Instrumentation of fuel rods using an electron beam welding machine;
— Filling of the rods with helium or xenon and the subsequent gas-tight closure 

of the rods;
— Preirradiation testing of the operation of the rod instrumentation.

Special attention in the SOFIT programme is paid to the pool-side examination 
stand for the MR reactor. The specifications for the stand itself and the instrumenta
tion have been defined. The stand will be located in the storage pool of the reactor. 
It will have an interchangeable instrumentation system, which can be adjusted 
according to the requirements of the experiments. The main operations specified for 
the stand are:

— Visual examination of fuel rods and bundles;
— Assembly and disassembly of irradiated fuel bundles;
— Examination of the fuel rod cladding surface condition;
— Detection of surface defects in the cladding;
— Measurement of oxide layer thickness;
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— Profilometry, and measurement of fuel rod length;
— Measurement of diametral clearance between fuel and cladding;
— Measurement of fuel rod gas pressure with non-destructive testing methods;
— Neutron radiography.

The final timetable of SOFIT-2 will depend on the capability of the equipment 
intended for the process line of the hot cells. The technical specifications necessary 
for the equipment design and selection have been worked out. The preliminary design 
o f the hot cell process line for fuel rod reinstrumentation includes the following basic 
operations:

— Transportation of irradiated fuel rods from the MR reactor;
— Axial gamma scanning of the fuel rod for determination of fuel burnup and 

pellet locations;
— Cladding puncture, and measurement of fission gas amount and composition;
— Selection of rods for reinstrumentation, and preparation of material samples for 

later examination according to results of gamma scanning and defect detection;
— Cutting of fuel rods to proper length;
— Welding of the end caps with the transducers to the rods;
— Fuel rod filling, closure and testing;
— Fuel rod transfer to the MR reactor.

Measurement data obtained in the SOFIT programme are collected using a com
puterized data acquisition and processing system. Its main tasks are the following:

— Recording of measurement results at a rate of 4 measurements/h in stationary 
conditions and 1 measurement/s in non-stationary conditions;

— Data storage in original format;
— Conversion of data to engineering units, analysis and qualification;
— Data compression;
— Data presentation.

At present the data acquisition is based on the Soviet SM-4 computer system 
with an attached network of personal computers for data analysis and presentation.

In addition to the above mentioned main tasks, development work is carried out 
in the use and manufacture of in-core instrumentation, auxiliary equipment design 
and development, and preirradiation examination of fuel performed on reference 
samples in the USSR and in Finland.
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BOILING EXPERIMENTS IN 
THE ROSSENDORF RESEARCH REACTOR

H.-F. BRINCKMANN, R. FRANCO,
K. RICHTER, W. SCHMITT 
Zentralinstitut für Kernforschung,
Rossendorf, German Democratic Republic

Subcooled boiling has been investigated systematically at the Rossendorf 
Research Reactor (WWR-SM type) in the range between boiling onset and boiling 
crisis. This is of basic interest because in this reactor type the coolant flow is in the 
opposite direction to the bubble buoyancy. Furthermore, the question has been raised 
whether the thermohydraulic core design of the WWR-SM permits a further increase 
o f reactor power. The consequence would be that the differences in value between 
the operating parameters and the parameters of the boiling crisis would become 
smaller. Therefore, the specific thermohydraulic conditions for the different boiling 
states have to be known.

To make this investigation an instrumented fuel assembly was designed and 
inserted into the reactor core. By means of a throttle valve at the inlet of the fuel 
assembly the coolant flow can be reduced and different boiling stages in the cooling 
channel can be produced. Out-of-core ionization chambers and cobalt and rhodium 
self-powered neutron detectors in neighbouring fuel elements were used to detect 
neutron noise. Fifteen thermocouples were applied to monitor claddings and coolant 
temperatures in three coolant channels. Acoustic boiling noise was measured by 
means of a hydrophone located 50 cm above the core as well as with an accelero
meter. The boiling experiments were preceded by extensive safety studies and by a 
licensing procedure.

Thermohydraulic parameters of the boiling process were studied during normal 
reactor operation (10 MW) for several coolant inlet temperatures tin (Table I).

When the boiling crisis begins the coolant outlet temperature С ‘| is still 8°C 
lower than the boiling temperature of water in this system (104.8°C), indicating that 
volume boiling has not been reached. For safety reasons it is important to know the 
boiling coefficient S =  D0/Dcrit, where D represents the degree of coolant flow 
reduction. S is taken as the ‘distance’ from boiling onset to boiling crisis and 
corresponds to the specific enthalpy rise Ah:

= Ahcril = qcrit/mcrit

Ah0 q0/m0
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tin
(°C) D„ S ^c^cr::

tcril
oui

(°C)
SK = 1/Dcrit Ясгк

(W/cm2)

48.5 0.625 1.94 96.7 3.10 191

49.0 0.635 1.89 96.5 2.97 183

52.0 0.688 1.87 96.5 2.73 168

55.0 0.707 1.83 96.6 2.59 160

58.0 0.725 1.78 96.7 2.46 152

S can be determined from the ratio of the coolant heat-ups, the ratio of the mass fluxes 
m for constant heat flux q and the ratio of the q for constant m.

Comparison of columns 1 and 4 of Table I shows that C f is almost indepen
dent (97°C) of coolant inlet temperature tin. On the other hand, the boiling coeffi
cient S increases with decreasing tin, as do the safety coefficient SK and the critical 
heat flux qcrit.

Among the noise diagnostic functions characterizing subcooled boiling, temper
ature noise is of minor interest for boiling diagnostics as it is of a local nature. Under 
the particular thermohydraulic conditions in research reactors acoustic noise and neu
tron noise are much more important owing to their global character. During the boil
ing process high frequency acoustic pressure fluctuations are generated by the 
creation and collapse of small steam bubbles. The early nucleate boiling stages could 
not be detected because the corresponding signal was hidden in the high frequency 
coolant pump noise. However, in fully developed nucleate boiling the number of bub
bles is high, and the bubbles form and collapse in mutual correlation. This process 
is amplified and modulated by the overlying pressure fluctuations.

Modulation can be concluded from the autopower spectrum (APS) of the enve
lopes of the hydrophone signals in which several modulation frequencies could be 
observed. The main resonance frequency, called the boiling frequency, is o f particu
lar importance for boiling diagnostics as it decreases from 52 to 36 Hz as the boiling 
crisis is approached. This frequency depends linearly on the degree of outlet subcool
ing but it does not depend on the inlet temperature. In this manner one can obtain 
some knowledge of the distance to the boiling crisis.

The boiling frequency can also be detected in the APS of out-of-core ionization 
chamber signals and of in-core self-powered neutron detector signals. The high 
coherence between acoustic noise and neutron noise at the boiling frequency and the 
frequency shift on approaching the boiling crisis are further hints that this frequency 
is a characteristic of the boiling process.
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From the results of the investigations one can conclude that the detection of 
periodic boiling effects in neutron noise — a novelty in boiling diagnostics — can be 
utilized for instance in the surveillance of coolant channel blockages by means of out- 
of-core ionization chamber signals. Furthermore, the values of the safety coefficient 
SK and the boiling coefficient S, determined for subcooled boiling, have shown that 
there is still a power reserve in the core. In case of a power increase boiling can be 
permitted in hot channels within certain temperature limits. For safety reasons, 
however, the short time averages of the channel temperature tout as well as acoustic 
and neutron noise should be monitored.

IAEA-SM-300/51P

THE HIGH FLUX ISOTOPE REACTOR 
IRRADIATION FACILITIES IMPROVEMENT PROJECT, HIFI

G.R. HICKS, B.H. MONTGOMERY, I.I. SIMAN-TOV,
K.R. THOMS, C.D. WEST 
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America

A project to improve the materials irradiation facilities at the Oak Ridge High 
Flux Isotope Reactor (HFIR) was completed on 19 June 1987.

The first phase o f the project, completed in August 1986, provided two 
instrumented irradiation positions in the HFIR target region, where the fast neutron 
flux is 1.4 x  1019 n • m-2 • s '1, giving about 30 displacements per atom (dpa) per year 
in stainless steel. The project was initiated to meet the needs of the collaborative 
USA-Japan programme on fusion materials development. The first experiment in the 
new target facilities was a part o f this programme and has been successfully 
completed.

The first instrumented experiment in the target region revealed that in regions 
close to the ends of the core, the gamma heating rates are 50% lower than had been 
previously thought; these new data will allow experiments to be designed much more 
accurately.

Phase II of the project was completed in June 1987 as scheduled. The modifica
tions approximately tripled the amount of space for instrumented irradiation experi
ments in the removable beryllium region of the reactor. This work was also initiated 
in response to the needs of the USA-Japan fusion programme, but in addition, early 
experiments are planned by members of the USA-Japan gas cooled reactor 
collaboration.

The new removable beryllium facilities consist o f eight irradiation positions, 
each 46 mm in diameter. The fast flux is 7 X 1018 n-m"2-s_1, giving about 10 dpa 
per year in stainless steel.
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ANALYSIS OF INTEGRITY OF IRRADIATED FUEL 
ELEMENT CLADDING BY NEUTRON INTERROGATION

O. CALZETTA LARRIEU, H. AMATO 
Centro Atómico Bariloche,
Comisión Nacional de Energía Atómica,
San Carlos de Bariloche,
Argentina
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This presentation describes the method used to select fuel elements which have 
been irradiated for ten years in the RA-3 reactor (with low discharge burnup) and 
which are now used in the RA-6 reactor. The preselected fuel elements are of the 
MTR type, having 19 plates with an initial content of 150 g 235U and an enrichment 
of 90%, and an average burnup of 13%. Each plate is made up of three roll bonded 
layers, the two outer layers being of A1 (0.4 mm thick) and the middle layer of a 
U-Al alloy (0.52 mm thick). The work was carried out in two stages.

The first stage consisted of chemical cleaning to remove corrosion products, 
which were found to consist mainly of Fe and Si resulting from external plate friction. 
To carry out this work, a loop was built which allowed the solution for extracting 
corrosion products and demineralized water for final purification to pass, in turn, 
through the fuel element to be treated. The solution employed consisted of 20% nitric 
acid and 1 % hydrofluoric acid. Because of the high dose rate at the fuel element 
surface (10 Sv/h (1000 rem/h)), all operations were carried out under water in the 
RA-3 cooling pond.

The second stage of the work was the analysis of the integrity of fuel element 
cladding by neutron interrogation. For this stage, two cylindrical Sb-Be neutron 
sources 65 cm in height were designed and constructed. A scheme for irradiating 
Sb capsules clad in A1 in the RA-3 was devised so that constant neutron production 
could be achieved over the whole height of the source. A closed loop with demineral
ized light water was constructed, the water passing in turn through a compartment 
containing the fuel and a small mixed bed of ion exchange resins at a rate of 1 m3/h. 
The compartment containing the fuel was made of A1 and constructed in such a way 
that the two neutron sources could be positioned outside. Using a dummy fuel ele
ment made of Al, it was determined that the thermal neutron interrogation flux was 
almost constant over the whole fuel element and had a value of 6 X 105 n-cm  2-s_l 
with a maximum dispersion of 5%.

The method for analysing the integrity of the fuel element cladding was based 
on the assumption that the fission products which escaped through perforations in the 
cladding would be carried away by the water and deposited on the resin bed. Subse
quent gamma spectrometry of the resins would enable the losses to be quantified. To
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improve the efficiency of gamma spectrometry, a sodium iodide well type detector 
(3 x 3) and its measurement system were employed. The value used to quantify 
losses was expressed in terms of the equivalent surface contamination Cse. The limit 
for the approval of a fuel element was set at 1 Cse = 10'8 g U/cm2. In order to 
determine the optimum irradiation time and to calibrate the method, we used small 
unclad plates of U-Al fuel alloy: these were of different sizes and were affixed to 
the walls of the dummy fuel element. The sensitivity was determined to be
1 Cse =  5 x  10 '10 g U/cm2.

On the basis o f this method, 40 fuel elements were selected which are now being 
used in the RA-6 500 kW reactor and which have so far performed faultlessly. The 
method used (with the latest developments incorporated) will be applied to the RA-6 
as a non-destructive assay technique for monitoring irradiated fuel elements. For this 
purpose a research contract has been signed with the International Atomic Energy 
Agency under the BEFAST II programme.
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NEUTRONIC MODELLING FOR DESIGN OF 
AN AGR TEST LOOP IN PLUTO

J. NEEDHAM, N.P. TAYLOR 
Harwell Laboratory,
United Kingdom Atomic Energy Authority,
Harwell, Didcot, Oxfordshire,
United Kingdom

1. INTRODUCTION

There is a long standing requirement to support the experimental programme 
in the Harwell MTRs DIDO and PLUTO with theoretical methods to calculate the 
neutron fluxes expected in irradiation rigs located both in the reactor core and in the 
surrounding D20  reflectors. The PLUTO AGR Test (PAT) Loop is such an experi
ment [1], and is to be irradiated in a position in the D20  close to the core.

At this position there is a substantial gradient in the thermal neutron flux, which 
would lead to an uneven distribution of power around the ring of nine test fuel pins. 
An attempt has been made in the neutronic design of the rigs to reduce the flux gra
dient by the use of strategically placed neutron absorbing materials. Furthermore, it 
is desirable that any residual flux gradient remains unchanged as the rig power is 
cycled by the variation of 3He pressure in the surrounding annulus. This has been 
achieved by the choice of a non-uniform shape for this annulus.



124 POSTER PRESENTATIONS

2. NEUTRONIC MODELLING

Two independent methods were used for this study, based on the Monte Carlo 
method in three dimensions and on integral transport theory in two dimensions. The 
two models were developed chiefly because at the outset it was not possible to predict 
which, if either, of the techniques would be capable of providing the desired results. 
As it turns out both models have limitations, and it is necessary to use the results of 
both to obtain a full picture. Specifically, the Monte Carlo model is superior in its 
representation of the geometry of the rig and features of the reactor, in particular an 
important horizontal beam hole which passes close to the rig, while the transport 
model provides more information on the fluxes in the rig, and without the statistical 
uncertainties introduced by the Monte Carlo process.

The calculational models were backed up by measurements in an experimental 
mock-up of the PAT Loop rig in which many flux measurements were made in low 
power irradiations. This enabled the models to be verified and also, in the case of 
the two dimensional geometry, a correction for axial leakage to be adjusted to fit 
experimental results.

Neutron cross-sections were taken from the WIMS 69 group library [2], con
densed to 8 groups for the transport calculations.

3. MONTE CARLO MODEL

The Monte Carlo calculations used the neutron and photon transport code 
MORSE-H [3], which is a multigroup code featuring combinatorial geometry and 
weighted tracking. Fluxes were obtained by the track length method.

One 90° sector of the reactor was represented in this model, which includes the 
PAT Loop rig itself in detail, and the important horizontal beam tube close to it. The 
reactor core, however, is not represented; instead a fixed neutron source is used, 
emerging from a surface corresponding to the outer limits of the core. The energy 
spectrum of this source is determined from earlier detailed whole core calculations, 
also using the MORSE code.

4. COLLISION PROBABILITIES MODEL

The code used for this model was the W-PIJ [4] module of the WIMS-E suite
[5], a two dimensional collision probabilities code using (r, 0) geometry, in which 
a 90° sector of the reactor has been modelled.

The core is represented by a single region of a shape approximating that of the 
core outer boundary. The PAT Loop is represented in detail, except that the ring of 
fuel pins is modelled as a segmented annulus rather than as individual regions. Axial
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leakage, which has an important effect on the flux gradient, is approximated by a 
buckling correction, using values obtained by adjustment for agreement with results 
of the mock-up experiment.

5. RESULTS

Where comparisons were possible, the two alternative models were in general 
agreement. Agreement was also obtained with measurements in the low power mock- 
up experiment.

A wide range of options for flux flattening were investigated using the two 
models, based on the use of neutron absorbing screens of silver foil of various thick
nesses to tailor the flux profile. To maintain this profile at different power levels, the 
shape of the 3He annulus was adjusted until a satisfactory result was obtained. In the 
final design recommended, silver screens of two thicknesses were used between the 
fuel pins and the reactor core, coupled with a 3He annulus of a thickness which 
diminishes to zero on the side furthest from the core. Using this arrangement, both 
calculational models predicted a minimal variation of flux gradient with rig power, 
and a near-even distribution of power around the nine test pins.
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We shall discuss two areas of research which involve use of the Massachusetts 
Institute of Technology Research Reactor MITR-II and which are focused on 
improving the performance of power reactors.

The first addresses the need for dose and corrosion reduction in LWRs. Acti
vated corrosion products constitute a significant source of radiation fields in the 
primary circuits of current LWRs, resulting in major impacts on the costs of power 
plant maintenance [1]. The observed wide variation in primary circuit radiation fields 
underlines the need for improved understanding of the basic mechanisms involved in 
the production, release, activation and deposition of corrosion product crud 
in LWRs.

To develop a better understanding of the basic mechanisms, we have designed 
and are constructing in-pile test loops which closely simulate the relevant operating 
parameters of full sized LWRs. These loops will be used for a focused research and 
testing programme in realistically simulated PWR and BWR conditions. The loops 
feature a very compact and relatively inexpensive system which matches or approxi
mates LWR operating parameters, including:

(a) LWR neutron and gamma radiation environments
(b) Coolant temperatures
(c) Temperature gradients
(d) Heat fluxes of PWR fuel pins
(e) Construction material area ratios

(f) Hydraulic parameters
(g) LWR coolant chemistry.

These loops are well instrumented, permitting measurement of pH, 0 2, H:
conductivity, electrochemical potential, and eventually ion species with an ion 
chromatograph. Easy and inexpensive replacement of the entire loop piping is 
possible, so that an essentially ‘new reactor primary system’ can be tested in each 
experiment.
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FIG. 1. PWR loop (not to scale).

A PWR version of our in-pile loop has been completely designed and is under 
construction (Fig. 1). The development of the BWR loop version is in the final design 
phase.

A second area of research carried out with the MITR-II is the closed loop digital 
control of reactor power. This work, which has been in progress for several years, 
is well advanced. Accomplishments include:

(1) Use of reactivity constraints for the automatic control of reactor power [2],
(2) Experimental evaluation of a closed loop digital controller based on the alternate 

dynamic period equation [3],
(3) Construction and use of a knowledge base in the real time control of research 

reactor power [2],
(4) Licensing of a digital controller for reactor power [2], -
(5) Demonstration and experimental evaluation of an automatically reconfigurable 

controller for process plants [4],
(6) Development and experimental evaluation of control laws for the time optimal 

control of reactor power [5].
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Figure 2 depicts the experimental system as installed at the MITR-II. Shown are 
the safety, manual and digital control systems. The last system has several compo
nents, including a supervisory algorithm that precludes challenges to the safety 
system, a bank of control laws, a reconfiguration logic to select the most appropriate 
law, and the rudiments of an expert system to provide information to the operator.
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Abstract-Résumé

POLICY ON THE TECHNICAL, HUMAN AND FINANCIAL RESOURCES TO BE EMPLOYED 
IN THE OPERATION AND UTILIZATION OF RESEARCH REACTORS.

For more than 25 years, research reactors have played an important role in those areas of techno
logical research essential to the development of nuclear power plants, as well as in pure research, partic
ularly in nuclear physics, the physics o f condensed matter, biology, etc. They have been the basic means 
of radioisotope production and have been generally very useful in training the personnel necessary for 
the development of nuclear energy. After an analysis of how research reactor utilization has evolved 
up to the present time, an attempt is made to determine present and future requirements in order to pro
vide a framework for a policy on the technical, human and financial resources to be employed. A strict 
management policy is needed to ensure the judicious use of technical and human resources, particularly 
since the outlook, especially the financial one, is not very optimistic at present, with the future of many 
facilities being called into question. There is no doubt that the unfavourable attitude to nuclear power 
in most countries makes it necessary to be particularly careful to prevent an incident from occurring 
that might damage the image of nuclear power. The resulting safety criteria place a heavy financial bur
den on programmes and new experiments as well as on the development of those reactors where the 
re-evaluation of safety necessitates extensive research and work. There is therefore an urgent need to 
consider the advisability of developing still further international, and particularly European, co
operation, which already takes place in the case of pure research, in order to ensure a more complemen
tary and competitive utilization of the main multipurpose research reactors, especially for the production 
of radioisotopes.

POLITIQUE DES MOYENS TECHNIQUES, HUMAINS ET FINANCIERS A METTRE EN 
ŒUVRE DANS L ’EXPLOITATION ET L ’UTILISATION DES REACTEURS DE RECHERCHE.

Depuis plus de 25 ans, les réacteurs de recherche ont joué un rôle important dans les domaines 
de la recherche technologique qui ont assuré le développement des centrales nucléaires, ainsi qu’en 
recherche fondamentale, notamment en physique nucléaire et en physique de la matière condensée, en 
biologie, etc. Ils ont été des outils de base pour la production des radioéléments et, d ’une manière géné
rale, ont été très utiles pour former les hommes indispensables au développement du nucléaire. Après 
avoir analysé l ’évolution de leur utilisation jusqu’à nos jours, on s’efforce de cerner les besoins actuels
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et futurs pour situer le cadre d ’une politique des moyens techniques, humains et financiers à mettre en 
œuvre. L ’adéquation des moyens techniques et humains impose une politique de gestion d’autant plus 
rigoureuse que le contexte, en particulier financier, n’est pas des plus optimistes à l ’heure où l’avenir 
de nombreuses installations est mis en question. Il est certain que l’environnement peu favorable au 
nucléaire dans la plupart des pays oblige à être particulièrement rigoureux pour qu’aucun incident ne 
vienne perturber l ’image de l ’énergie nucléaire. Les critères de sûreté qui en résultent pèsent lourdement 
par leurs conséquences financières sur les programmes et les nouvelles expériences mais également sur 
le devenir des réacteurs pour lesquels des réévaluations de sûreté imposent des études et des travaux 
importants. La question se pose alors avec une réelle acuité de l ’opportunité de développer encore plus 
la coopération internationale, et notamment européenne, comme elle l ’est déjà en recherche fondamen
tale, ce qui conduirait à des utilisations plutôt complémentaires et concurrentielles des principaux 
réacteurs de recherche polyvalents, notamment pour la production de radioéléments.

1. INTRODUCTION

Le d é v e l o p p e m e n t  s c i e n t i f i q u e  et t e c h n i q u e  du 
C E A  et le d é v e l o p p e m e n t  é l e c t r o n u c l é a i r e  en F r a n c e  se 
son t  a p p u y é s  dès l ' o r i g i n e  en p a r t i e  sur la m i s e  en 
o e u v r e  de r é a c t e u r s  de r e c h e r c h e  n o m b r e u x  et v a r i é s  
d a n s  les d i f f é r e n t s  C e n tres d ' E t u d e s  N u c l é a i r e s  de
F o n t e n a y - a u x - R o s e s , Saclay, G r e n o b l e  et Cadarache.

A u t o u r  de te l s  é q u i p e m e n t s  c h e r c h e u r s  et i n g é 
n i e u r s  ont pu d é v e l o p p e r  leurs t r a v a u x  d a n s  des 
d o m a i n e s  aussi d i v e r s  que : r e c h e r c h e  f o n d a m e n t a l e
(physique des matériaux, p h y s i q u e  et c h i m i e  
nucléaire, p h y s i q u e  neutronique, etc. ), r e c h e r c h e  
a p p l i q u é e  aux m a t é r i a u x  c o n s t i t u t i f s  des f i l i è r e s  des 
c e n t r a l e s  électronuc l é a i r e s ,  p r o d u c t i o n  de n o u v e a u x  
m a t é r i a u x  o b t e n u s  p a r  t r a n s m u t a t i o n  n u c l é a i r e  ( radio
é l é m e n t s  artificiels, s i l i c i u m  d o p é ) , a n a l y s e  p a r  a c 
tivation.

Le r é a c t e u r  de r e c h e r c h e  e st av a n t  t o u t  un 
r é a c t e u r  n u c l é a i r e  a u t o u r  duquel, à p e t i t e  échelle, 
l' e n s e m b l e  des p r o b l è m e s  du n u c l é a i r e  o nt p û  êtr e  
po s é s  a u x  t e c h n i c i e n s  et à la c o m m u n a u t é  nationale.
Il fait appel à la m ê m e  p h y s i q u e  et a ux m ê m e s
p r i n c i p e s  d'exploitation, il est s o u m i s  a u x  m ê m e s  
ri s ques nucléaires, aux m ê m e s  c o n t r a i n t e s  de
règlementation, d ' A s s u r a n c e  d e  la Qualité, de 
p r o t e c t i o n  du personnel, d e  p r o t e c t i o n  de 
1'e n v i r o n n e m e n t .

Q u a r a n t e  ans après, il e x i s t e  dan s  le m o n d e  et 
en F r a n c e  en p a r t i c u l i e r  u n  p a r c  de r é a c t e u r s  de r e 
c h e r c h e  de t o u t e s  t a i l l é s  et de t o u s  t y p e s  a u t o u r  d e s 
q u e l s  des m o y e n s  d ' e x p é r i m e n t a t i o n  o nt é té c o n s t i t u é s  
et des é q u i p e s  s c i e n t i f i q u e s  de h a u t  n i v e a u  t r a v a i l 
lent.
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A  t r a v e r s  l ' e x e m p l e  fran ç a i s  d ' u n e  i n d u s t r i e  n u 
c l é a i r e  p a r v e n u e  à u n e  c e r t a i n e  m a turité, a p r è s  a v o i r  
b r i è v e m e n t  a n a l y s é  l ' é v o l u t i o n  d e s  b e s o i n s  et des 
i n s t a l l a t i o n s  en 4 0 ans, nous t e n t o n s  d e  c e r n e r  les 
b e s o i n s  a c t u e l s  et futurs p o u r  s i t u e r  le c a d r e  d ' u n e  
p o l i t i q u e  des m o y e n s  techniques, h u m a i n s  et 
fi n a n c i e r s  à m e t t r e  en oeuvre, au p l a n  n a t i o n a l  ou en 
coopération.

2. LES REACTEURS DE RECHERCHE ET LEUR EVOLUTION

En s ' a p p u y a n t  sur l ' e x e m p l e  français, nou s  
al l o n s  p o u v o i r  c o n s t a t e r  q ue les r é a c t e u r s  de 
r e c h e r c h e  ont été des i n s t a l l a t i o n s  é v o l u t i v e s  et 
t o u j o u r s  à adapter. Certaines, d é j à  no m b r e u s e s ,  ont 
d û  êt r e  arrêtées. C ' é t a i t  le p r i x  à p a y e r  p o u r  u ne 
a d a p t a t i o n  p e r m a n e n t e  a ux b e s o i n s  :

. ZOE (EL 1), les p r e m i è r e s  é q u i p e s  d e  p h y s i ciens, 
les p r e m i e r s  n e u t r o n s  v e n a n t  d ' u n  réacteur, les 
p r e m i è r e s  mesures, a f o n c t i o n n é  de 1948 à 1974 
j u s q u ' à  u ne p u i s s a n c e  n o m i n a l e  de 100 kW,

. E L  2, 2 MW, les p r e m i e r s  e s s a i s  d e  m a t é r i a u x  et de 
combustible, a v é c u  de 1952 à 1965,

. E L  3 , 18 M W  en 1957, f a i s c e a u x  sortis, e s s a i s  de 
c o m b u s t i b l e  et de matériaux, p r o d u c t i o n  de r a d i o -  
isotopes, a c é d é  la p l a c e  à O R P H E E  e n  1980. U n e  
g é n é r a t i o n  les sépare,

. PEGASE, r é a c t e u r  p i s c i n e  de 30 M W  à Cadarache, a 
ce s s é  s on a c t i v i t é  en 1974 q u a n d  les e x p é r i m e n t a 
tions, p o u r  l e s q u e l l e s  il a v a i t  é té c o n s t r u i t  (eau 
lourde, g r a p h i t e  gaz) ont été a b a ndonnées,

RAPSODIE, p r e m i e r  r é a c t e u r  rapide, a l a i s s é  sa 
p l a c e  à PHENIX,

. TRITON, p i l e  piscine, d o n t  la p u i s s a n c e  é t a i t  p a s 
sée de 1 à 6,5 MW, a lui aussi q u i t t é  la s c è n e  en 
1981.

Les a u t r e s  r é a c t e u r s  qui f o n c t i o n n e n t  a c t u e l l e 
ment, o nt e u x - m ê m e s  subi d es t r a n s f o r m a t i o n s  d o n t  le 
b u t  é t a i t  soit d ' a m é l i o r e r  leurs p e r f o r m a n c e s ,  soi t  
d e  les a d a p t e r  aux b e s o i n s  d es p r o g r a m m e s  :

. M E L U S I N E  (1958) a v u  sa p u i s s a n c e  p a s s e r  d e  1 à 
8 MW. Dans le m ê m e  temps, la m i s e  e n  p l a c e  d ' u n e  
cu v e  à e au l o urde de 300 l itres s u r  u n e  face du
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coeur, dans l a q u e l l e  p é n è t r e n t  les c a n a u x  r a d i a u x  
et tangentiels, a p e r m i s  d ' a c c r o î t r e  s e n s i b l e m e n t  
le n i v e a u  et la q u a l i t é  des flux de n e u t r o n s  d i s p o 
nibles,

. SI L O E  et OSIRIS, m i s  en s e r v i c e  r e s p e c t i v e m e n t  à 15 
et 50 MW, f o n c t i o n n e n t  m a i n t e n a n t  à 35 et 70 MW. 
Sur ces d e u x  réa c t e u r s  les b l o c s  c o e u r  o nt é t é  m o 
d i f i é s  af i n  de p o u v o i r  i n s t a l l e r  d e s  d i s p o s i t i f s  
d ' i r r a d i a t i o n  c o n t e n a n t  d e s  c r a y o n s  c o m b u s t i b l e s  de 
g r a n d e  longueur. Cette c a r a c t é r i s t i q u e  p e r m e t  la 
r é i r r a d i a t i o n  de c r a y o n s  c o m b u s t i b l e s  en p r o v e n a n c e  
de r é a c t e u r s  de puissance, en v u e  de r a m p e s  ou de 
c y c l a g e s  de puissance,

. A  OSIRIS, un p r o j e t  de b o u c l e  e st en c o u r s  de 
r é a l i s a t i o n  p o u r  c o m b u s t i b l e  de r é a c t e u r  à eau 
p r essurisée, b a p t i s é e  OPERA, qui ser a  i m p l a n t é e  
d a n s  le coeur. C e t t e  b o u c l e  n é c e s s i t e  de r é a m é n a g e r  
le coeur, de c r é e r  u n e  a l v é o l e  (172 x  172 mm) , 
c o r r e s p o n d a n t  à 4 é l é m e n t s  c o m b u s t i b l e s  d a n s  le 
c a s i e r  a l v é o l é  et de c h a n g e r  ce casier.

M ê m e  de t o u t  p e t i t s  r é a c t e u r s  c o m m e  S I L O E T T E  
(150 MW) et ISIS (700 MW) ont été réorientés, le p r e 
m i e r  v e r s  la f o r m a t i o n  en a s s o c i a t i o n  a v e c  les s i m u 
lateurs, le s e c o n d  v e r s  des u t i l i s a t i o n s  t e l l e s  que 
la n e u t r o n o g r a p h i e  et les f a i s c e a u x  s p é c i a l i s é s  ap r è s  
la r é a l i s a t i o n  d es t r a n s f o r m a t i o n s  n é c essaires.

3. ROLE ET UTILISATION DES REACTEURS DE RECHERCHE 
AUJOURD’HUI

A  la l e c ture d u  b i l a n  ci-dessus, u n e  c o n s t a t a 
t i o n  s ' i m p o s e  : le n o m b r e  de r é a c t e u r s  d e  ce t y p e
d o n t  l ' e x p l o i t a t i o n  a été a r r ê t é e  d e p u i s  20 ans, e st 
au m o i n s  égal au n o m b r e  de r é a c t e u r s  en f o n c t i o n n e 
ment. O n  d o i t  se d e m a n d e r  quel p e u t  ê t r e  leur r ô l e  et 
qu e l s  sont les p r o g r a m m e s  j u s t i f i a n t  l e u r  f o n c t i o n n e 
m e n t  aujourd'hui, à co u r t  et à m o y e n  terme.

Les d o m a i n e s  d ' u t i l i s a t i o n  a p p a r a i s s e n t  au 
n o m b r e  de 4 au m o i n s  :

- Le d o m a i n e  de la t e c h n o l o g i e  qui c o n c e r n e  p r i n c i p a 
l e m e n t  les r é a c t e u r s  de p u i s s a n c e  et les d o m m a g e s  
induits da n s  les m a t é r i a u x  m i s  en oeuvre, d a n s  p l u 
s i e u r s  d i r e c t i o n s  : la r e c h e r c h e  générale, l ' é t u d e  
d u  c o m p o r t e m e n t  dan s  les c o n d i t i o n s  n o r m a l e s  ou les 
c o n d i t i o n s  accidentelles, le c o n t r ô l e  d e s  m a t é r i a u x
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u t i l i s é s  ou envisagés. L ' e x p é r i m e n t a t i o n  en r é a c 
t e u r  de r e c h e r c h e  p r é s e n t e  des a v a n t a g e s  d é t e r m i 
n a n t s  t e l s  que : la p o s s i b i l i t é  d ' a c c é l é r a t i o n  des 
p hénomènes, la r é d u c t i o n  d es risques, la p o s s i b i 
lité de r é a l i s a t i o n  d ' e s s a i s  " s p é ciaux" (cyclage, 
rampe, réirradiation) et d ' e x p é r i e n c e s  d e  s û r e t é  
et, enfin, u ne i n s t r u m e n t a t i o n  et d e s  p o s s i b i l i t é s  
d ' a n a l y s e s  trè s  poussées.

Les t r a v a u x  r e l a t i f s  à ce d o m a i n e  o n t  montré, ces 
d e r n i è r e s  années, u n e  é v o l u t i o n  nette. Pl u s  que de 
m e t t r e  au p o i n t  d es matériaux, il s ' a g i t  a u 
j o u r d ' h u i  de m i e u x  c o m p r e n d r e  et a n a l y s e r  les p h é 
nomènes, d e  m i e u x  a p p r é h e n d e r  les l i m ites 
d ' u t i l i s a t i o n  d es p r o d u i t s  industriels, d ' a m é l i o r e r  
les c o n n a i s s a n c e s  en sûreté. Des e x p é r i e n c e s  très 
é l a b o r é e s  et l o n g u e s  à m e t t r e  au point, s o u v e n t  
c o u r t e s  p o u r  la p a r t i e  " i r r a d i a t i o n "  p r o p r e m e n t  
dite, r e m p l a c e n t  les e x p é r i e n c e s  n o m b r euses, à b ut 
statistique, des a n n é e s  60-70.

Ceci d o i t  se t r a d u i r e  p a r  u n e  r é f l e x i o n  sur 
l ' a d é q u a t i o n  d es m o y e n s  a ux besoins, m ê m e  s'il 
e x i s t e  en F r a n c e  u n  p r o g r a m m e  i m p o r t a n t  p o u r  les 
a n n é e s  à v e n i r  : i r r a d i a t i o n  de c r a y o n s  n o u v e a u x
(crayons M O X  dan s  la b o u c l e  IR E N E  à O S I R I S ) , cy- 
c l a g e s  et r a m p e s  d e  p u i s s a n c e  s ur c r a y o n s  n e u f s  
ou p r é i r r a d i é s  (boucle I S A B E L L E  1 à O S I R I S ) ,i n t e r 
a c t i o n  c o m b u s t i b l e - g a i n e  (boucle I S A B E L L E  4 à O S I 
RIS) ; é t u d e  d es p r o d u i t s  de f i s s i o n  (Labor a t o i r e  
A s s o c i é  à S I L O E ) ; i r r a d i a t i o n s  de m a t é r i a u x  p o u r  
gaines, s t r u c t u r e s  et c u v e s  ; i r r a d i a t i o n s  de c o m 
b u s t i b l e s  p o u r  les r é a c t e u r s  r a p i d e s  ; i r r a d i a t i o n s  
de m a t é r i a u x  dan s  le d o m a i n e  de la f u s i o n  ; é t u d e s  
g é n é r a l e s  d u  v i e i l l i s s e m e n t  accéléré, etc.

Le d o m a i n e  de la r e c h e r c h e  f o n d a m e n t a l e  o ù  le n e u 
t r o n  est d e v e n u  u n  outil de base. L ' e x p é r i e n c e  a c 
q u i s e  au c o u r s  des d e r n i è r e s  a n n é e s  a b i e n  fait 
a p p a r a î t r e  les a t o u t s  p a r t i c u l i e r s  et les l arges 
p o s s i b i l i t é s  o u v e r t e s  p a r  les f a i s c e a u x  d e  n e u t r o n s  
t h e r m i q u e s  p o u r  l ' é t u d e  de la m a t i è r e  c o n d ensée, en 
c o m p l é m e n t  a ux a u t r e s  m o y e n s  tel s  q u e  r a y o n s  X, 
photons, électrons, r a y o n n e m e n t  s y n chrotron.

Cel a  est d û  a ux q u a l i t é s  p r o p r e s  d es n e u t r o n s  (fort 
p o u v o i r  d e  p é nétration, d i f f r a c t i o n  n o t a m m e n t ) , a ux 
é q u i p e m e n t s  d é v e l o p p é s  et i n s t a l l é s  p r è s  d e s  r é a c 
t e u r s  (boucles froides, b o u c l e s  chaudes, g u i d e s  à 
n e u t r o n s ) .
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L ' a n a l y s e  des p r o g r a m m e s  s c i e n t i f i q u e s  d es d i f f é 
rentes é q u i p e s  de r e c h e r c h e  du CEA, d u  CNRS et des 
d i f f é r e n t s  l a b o r a t o i r e s  uni v e r s i t a i r e s ,  a m i s  en 
é v i d e n c e  des b e s o i n s  i m p ortants p o u r  l ' u t i l i s a t i o n  
d es s p e c t r o m è t r e s  i n stallés a u p r è s  des r é a c t e u r s  
SILOE, M E L U S I N E  et O R P H E E  p a r  e x e m p l e  :

. les e x p é r i e n c e s  de d i f f r a c t i o n  s ur d es p o u d r e s  
qui sont m e n é e s  en c o l l a b o r a t i o n  a v e c  des l a b o r a 
t o i r e s  d e  d i f f é r e n t e s  univer s i t é s ,  e n  p a r t i c u l i e r  
ave c  c e l l e s  de Nancy, Bordeaux, Toulouse, Rennes, 
T o u l o n  et le L a b o r a t o i r e  CNRS d'Odeillo,

. les e x p é r i e n c e s  de d i f f r a c t i o n  sur m o n o c r i s t a u x ,

. les e x p é r i e n c e s  de d i f f u s i o n  inélastique,

. et les e x p é r i e n c e s  de d i f f u s i o n  a u x  p e t i t s  a n g l e s

Les p r o g r è s  dans l ' e x p é r i m e n t a t i o n  so n t  
e s s e n t i e l l e m e n t  liés :

. à l ' e x i s t e n c e  de m u l t i d é t e c t e u r s  et de l ' é l e c t r o 
n i q u e  a s s o c i é e  qui p e r m e t t e n t  d es c o l l e c t i o n s  de 
n e u t r o n s  d i f f u s é s  ce n t  à m i l l e  fois p l u s  e f f i c a c e s  
q u ' a v a n t  1972,

. aux d é v e l o p p e m e n t s  de m o n o c h r o m a t e u r s  d e  n e u t r o n s  
qui sont d e u x  à d i x  fois p l u s  l u m i n e u x  q u e  ceu x  
u t i l i s é s  ve r s  1975,

. à l ' u sage s y s t é m a t i q u e  des p e t i t s  o r d i n a t e u r s  
p o u r  p i l o t e r  les e x p é r i e n c e s  et fa i r e  les c o r r e c 
tions i n s t r u m e n t a l e s  n é c e s s a i r e s  p o u r  o b t e n i r  de 
bo n s  résultats.

Si a ux r é a c t e u r s  c i - d e s s u s  on a j o u t e  le R é a c t e u r  à 
H a u t  Flu x  (RHF) de l'ILL, on d i s p o s e  d ' u n  e n s e m b l e  
a ux p o s s i b i l i t é s  r e m a r q u a b l e s  s a t i s f a i s a n t  
a c t u e l l e m e n t  a ux besoins, l ' e f f o r t  d e v a n t  p o r t e r  
sur la q u a l i t é  et les p e r f o r m a n c e s  d es équipe m e n t s .

- Le d o m a i n e  d es p r o d u c t i o n s  p a r  i r r a d i a t i o n s  n e u t r o -  
niques, en p a r t i c u l i e r  la p r o d u c t i o n  de r a d i o i s o 
topes, a r é g u l i è r e m e n t  a u g m e n t é  ces d e r n i è r e s  a n 
nées p a r  suite de l ' a c c r o i s s e m e n t  d es d e m a n d e s  p o u r  
le cobalt, l ' i r i d i u m  et le m o l y b d è n e  99 (9 9 T c ) , le 
d o p a g e  n e u t r o n i q u e  d u  silicium.

O u t r e  la médecine, l ' u t i l i s a t i o n  des r a d i o é l é m e n t s  
s' e s t  é t e n d u e  à p r e s q u e  t o u t e s  les b r a n c h e s  de
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l ' a c t i v i t é  s c i e n t i f i q u e  et technique, de la b i o l o 
g ie f o n d a m e n t a l e  j u s q u ' a u  c o n t r ô l e  n o n  de s t r u c t i f .  
Les u t i l i s a t i o n s  à des fins m é d i c a l e s  p o r t e n t  sur 
la t é l é g a m m a t h é r a p i e  et le d i a g n o s t i c  in v i v o  et in 
vitro. Les a p p l i c a t i o n s  i n d u s t r i e l l e s  s o n t  e s s e n 
t i e l l e m e n t  la g a m m a g r a p h i e  et le c o n t r ô l e  d e  f a b r i 
c a t i o n  p a r  d es j auges de mesure.

Les p r o d u c t i o n s  p r i n c i p a l e s  qui son t  f a i t e s  da n s  
les r é a c t e u r s  OSIRIS, S I L O E  et M E L U S I N E  sont 
c o n s t i t u é e s  p o u r  la m é d e c i n e  p a r  l ' i r i d i u m  sous 
forme de fils avec u n e  g a m m e  d ' a c t i v i t é s  é t e n d u e  
et calibrée, p a r  le c o b a l t  sous forme d e  grains, 
u t i l i s é  e s s e n t i e l l e m e n t  en c o b a l t o t h é r a p i e ,  p a r  le 
" m  T e  qui est p r o d u i t  à p a r t i r  d e  la f i s s i o n  de 
l ' u r a n i u m  2 35.

Les p r o d u c t i o n s  p o u r  l ' i n d u s t r i e  c o n c e r n e n t  p r i n c i 
p a l e m e n t  le c o b a l t  sous forme de p l a q u e t t e s  p o u r  le 
c o n t r ô l e  n on d e s t r u c t i f  des matériaux, la c o n s e r v a 
t i o n  d es aliments, la c h i m i e  sous rayonn e m e n t ,  la 
d é c o n t a m i n a t i o n  b a ctérienne.

U n e  e x i g e n c e  f o n d a m e n t a l e  liée à c es a c t i v i t é s  est 
la c o n t i n u i t é  de la fourniture. Les r a d i o i s o t o p e s  à 
v i e  c o u r t e  ou moyenne, d o i v e n t  p o u v o i r  ê t r e  fournis 
de façon régulière, ou à la demande, a u x  u t i l i s a 
teurs, en p a r t i c u l i e r  le m i l i e u  h o s p i t a l i e r .  Ceci 
p o s e  le p r o b l è m e  de la c o u v e r t u r e  d e  l ' a n n é e  e n 
t i è r e  p a r  au m o i n s  un r é a c t e u r  en f o n c t i o n n e m e n t  et 
d es p r o d u c t i o n s  de s e c o u r s  en cas d ' a r r ê t  imprévu. 
P o u r  s a t i s f a i r e  ce besoin, le c a d r e  n a t i o n a l  p e u t  
s ' a v é r e r  t r o p  étroit. U n e  c o l l a b o r a t i o n  i n t e r n a t i o 
n a l e  p a r a î t  souhaitable.

Enfin, le d o m a i n e  de la f o r m a t i o n  d e s  p e r s o n n e s  et 
des industriels, qui é t a i t  u n e  d e s  m o t i v a t i o n s  
p r i n c i p a l e s  à la c r é a t i o n  des p r e m i e r s  r é a c t e u r s  de 
r e c h e r c h e .

U n  c y c l e  d ' e n s e i g n e m e n t  s ' é t e n d a n t  d es b a s e s  de la 
p h y s i q u e  des réacteurs, p o u r  a b o u t i r  à l ' é t u d e  du 
f o n c t i o n n e m e n t  des r é a c t e u r s  d e  p u i ssance, d o i t  
p o u v o i r  faire appel à u n  s u p p o r t  e x p é r i m e n t a l  e f f i 
cac e  et b i e n  adapté. E n  son absence, les é l è v e s  
t r o p  é l o i g n é s  des r é a l i t é s  e x p é r i m e n t a l e s  r i s q u e 
r a i e n t  de m a l  a s s i m i l e r  c e r t a i n e s  n o t i o n s  et ne pas 
b r i s e r  le m y s t è r e  qui e n t o u r e  les t e c h n i q u e s  n u 
c l é a i r e s  q u ' i l s  ne p e u v e n t  pas, p a r  ailleurs, r a p 
p r o c h e r  d a n s  la v i e  courante.
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C ' e s t  le cas n o t a m m e n t  des futurs e x p l o i t a n t s  de 
ce n t r a l e s  qui n ' o n t  pas l ' o c c a s i o n  d a n s  les gro s  
ré a c t e u r s  de p u i s s a n c e  de " t o u c h e r  d u  d oigt" l 'ens- 
se m b l e  des phénomènes.

4. Q U E L S  M O Y E N S  ET Q U E L S  R E A C T E U R S  SONT-ILS NECESSAIRES?

A u  co u r s  des d e u x  d e r n i è r e s  d é c e n n i e s  il y a 
d o n c  eu à la fois u n e  é v o l u t i o n  des b e s o i n s  et des 
i n s t a l l a t i o n s  disponibles. L ' é v o l u t i o n  des besoins, 
d a n s  le sens d ' u n e  plus g r a n d e  t e c h n i c i t é  et d ' u n e  
r é d u c t i o n  du v o l u m e  d es irradiations, s' e s t  a c c é l é r é e  
ces d e r n i è r e s  a n n é e s  ? ceci p o s e  à l ' é v i d e n c e  le p r o 
b l è m e  d u  n o m b r e  des installations, m a i s  é g a l e m e n t  c e 
lui d es i n v e s t i s s e m e n t s  (en h o m m e s  et en matériel) 
p o u r  l ' e x p é r i m e n t a t i o n  p r o p r e m e n t  dite.

E n  effet, le r é a c t e u r  p r o p r e m e n t  d i t  ne c o n s t i 
tue que la s o u r c e  de neutrons. L ' é t u d e  sous r a y o n n e 
m e n t  d es m a t é r i a u x  et des c o m b u s t i b l e s  p a s s e  p a r  
l ' i n t e r m é d i a i r e  de d i s p o s i t i f s  e x p é r i m e n t a u x  p l a c é s  
d a n s  le c o e u r  des r é a c t e u r s  et qui ne p e u v e n t  pl u s  
êt r e  d e  s i m ples s u p p o r t s  d ' é c h a n t i l l o n s  m a i s  de v é r i 
t a b l e s  l a b o r a t o i r e s  très instrumentés.

P a r  ailleurs, les p r o g r a m m e s  e x p é r i m e n t a u x  o nt 
c h a c u n  leur s p é c i f i c i t é  et sont p a r  n a t u r e  e s s e n t i e l 
l e m e n t  évolutifs. Il faut d o n c  que les d i s p o s i t i f s  
e x p é r i m e n t a u x  p u i s s e n t  s uivre l ' é v o l u t i o n  d es b e s o i n s  
et da n s  b e a u c o u p  de cas s oient c a p a b l e s  d'anti c i p e r .

P o u r  être à m ê m e  de r e m p l i r  c es c onditions, il 
faut d i s p o s e r  d ' u n  p e r s o n n e l  h a u t e m e n t  q u a l i f i é  et 
d ' u n e  i n f r a s t r u c t u r e  c o m p l è t e  de m o y e n s  et de s e r 
v i c e s  spécialisés, à l ' a m o n t  et à l'aval :

. d es m o y e n s  en p h y s i q u e  des r é a c t e u r s  et en d o s i m é -  
tr i e  p o u r  l ' é t u d e  des c oeurs adaptés, et la m e s u r e  
des rayonnements,

. d es m o y e n s  p o u r  la conception, l'étude, la m i s e  au 
p o i n t  d es d i s p o s i t i f s  d'irradiation,

. d es é q u i p e m e n t s  s p é c i a l i s é s  te l s  q ue les m o y e n s  de 
métrologie, la n e u t ronographie, la s p e c t r o m é t r i e  
gamma, p o u r  a s s u r e r  le suivi s c i e n t i f i q u e  i n d i s p e n 
s a b l e  d es irradiations,

. d es c e l l u l e s  c h a u d e s  de déman t è l e m e n t ,  et les l a b o 
r a t o i r e s  c hauds p o u r  les e x a m e n s  a p r è s  irradiation.
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Dans la m e s u r e  où la c o m p l e x i t é  e t  la s p é c i f i 
c i t é  d es i r r a d i a t i o n s  s'ac c r o i s s e n t ,  les r é a c t e u r s  
c o n s t i t u e n t  de p l u s  en p l u s  de v é r i t a b l e s  s t a t i o n s  
d ' e s s a i s  d a n s  l e s q u e l l e s  les c h e r c h e u r s  t r o u v e n t  la 
p l u p a r t  des s e r v i c e s  n é c e s s a i r e s  à leurs p r o j e t s  a u x 
qu e l s  il faut s'adapter. P r e n o n s  q u e l q u e s  e x e m p l e s  :

. la c o n s t r u c t i o n  de b o u c l e s  à e a u  (ISABELLE 1, I S A 
BELLE 4, IRENE) à O S I R I S  p o u r  les r a m p e s  et les cy- 
c lages de combustibles,

. la c o n s t r u c t i o n  d ' u n e  b o u c l e  E L I S E  à S I L O E  p o u r  des 
e s s a i s  de s û r e t é  sur les c o m b u s t i b l e s  rapides,

. le d i s p o s i t i f  tr è s  c o m p l e x e  P A H R  à M E L U S I N E  p o u r  
les é t u d e s  sur les lits de d é b r i s  U 0 2 - acier,

. le p r o j e t  d e  b o u c l e  O P E R A  p o u r  les i r r a d i a t i o n s  (et 
r é i rradiations) de 3 6 c r a y o n s  R E P  à OSIRIS,

. le l a b o r a t o i r e  d ' a n a l y s e  d es p r o d u i t s  d e  f i s s i o n  
a u p r è s  de SILOE.

Des b e s o i n s  n o u v e a u x  e x i s t e n t  m a i s  les 
i n v e s t i s s e m e n t s  sont lourds. Il ne fau t  p a s  o u b l i e r  
les i n é v i t a b l e s  et n é c e s s a i r e s  r é é v a l u a t i o n s  de la 
S û r e t é  à la fois en ce qui c o n c e r n e  la r è g l e m e n t a t i o n  
g é n é r a l e  et les équipements. En France, la r è g l e m e n 
t a t i o n  r é c e n t e  sur l ' o r g a n i s a t i o n  d e  l ' A s s u r a n c e  de 
la Q u a l i t é  en exploitation, a p p l i c a b l e  à t o u t e s  les 
i n s t a l l a t i o n s  nucléaires, a r e n f o r c é  le p o i d s  de 
c e t t e  c o n t r a i n t e  de façon n o t a b l e  m a i s  a f i n a l e m e n t  
r e ç u  u n  b o n  a c c u e i l  pa r m i  les exploi t a n t s .  A u - d e l à  de 
la r é é v a l u a t i o n  p é r i o d i q u e  de la s û r e t é  d e s  i n s t a l l a 
tions, d es t r a v a u x  de m i s e  e n  c o n f o r m i t é  d e s  i n s t a l 
l a t i o n s  so n t  e x i g é s  et c o n d u i s e n t  à d es c o n s é q u e n c e s  
f i n a n c i è r e s  trè s  lourdes. O n  c i t e r a  p a r  e x e m p l e  la 
p r i s e  en c o m p t e  de l ' a c c i d e n t  B O R A X  et de t o u s  ses 
e f f e t s  m é c a n i q u e s  da n s  la s o l u t i o n  r e t e n u e  p o u r  r é a 
liser la d o u b l e  e n v e l o p p e  en p r é p a r a t i o n  p o u r  la p i s 
c in e  du r é a c t e u r  SILOE. Le m ê m e  c o n c e p t  a v a i t  été r e 
ten u  à la c o n s t r u c t i o n  du r é a c t e u r  ORPHEE.

En ce qui c o n c e r n e  les r é a c t e u r s  eux - m ê m e s ,  la 
q u a l i t é  d es p e r f o r m a n c e s  et la s o u p l e s s e  d ' a d a p t a t i o n  
re s t e n t  les q u a l i t é s  de base. Le p r o g r a m m e  t e c h n o l o 
g i q u e  français, tel qu'il est p r é v u  p o u r  les a n n é e s  à 
venir, a s s o c i é  à la r e c h e r c h e  f o n d a m e n t a l e  qui o c c u p e  
e n t i è r e m e n t  O R P H E E  et p a r t i e l l e m e n t  S I L O E  e t  a u x  p r o 
d u c t i o n s  diverses, j u s t i f i e  p o u r  l ' e s s e n t i e l
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l ' e x i s t e n c e  des réac t e u r s  français, m a i s  p a s  n é c e s 
s a i r e m e n t  u n  f o n c t i o n n e m e n t  s o u t e n u  sur l ' e n s e m b l e  de 
l'année. Se po s e  alors le p r o b l è m e  d ' u n e  s p é c i a l i s a 
t i o n  é v e n t u e l l e  des i n s t a l l a t i o n s  et le p r o b l è m e  de 
la c o u v e r t u r e  c o n t i n u e  de l ' a n n é e  p o u r  la f o u r n i t u r e  
de radioisotopes, qui est sans d o u t e  à r e c h e r c h e r  sur 
u n  e n s e m b l e  p l u s  large.

5. LES MOYENS HUMAINS

La q u a l i t é  et la c o m p é t e n c e  des h o m m e s  sont 
é v i d e m m e n t  de p r e m i è r e  imp o r t a n c e  dan s  t o u t e s  les a c 
t i v i t é s  n u c l é a i r e s  et p l u s  p a r t i c u l i è r e m e n t  dan s  
c e l l e s  qui c o n s i s t e n t  à e x p l o i t e r  et u t i l i s e r  d e s  r é 
a c t e u r s  de r e c h e r c h e  et d'essais.

La f o r m a t i o n  et la q u a l i f i c a t i o n  i n i t i a l e s  du 
p ersonnel, le m a i n t i e n  des c o m p é t e n c e s  acquises, la 
fo r m a t i o n  c o n t i n u e  en co u r s  de c a r r i è r e  a f i n  de 
s u i v r e  les é v o l u t i o n s  et les p r o g r è s  t e c h n o l o g i q u e s  
son t  des q u e s t i o n s  de p r e m i è r e  importance. Il faut y 
a j o u t e r  la d i f f i c i l e  q u e s t i o n  du t r a n s f e r t  d u  s a v o i r  
faire et de l ' e x p é r i e n c e  a c q u i s e  en cas de r e n o u v e l 
l e m e n t  et de r e m p l a c e m e n t  de p e r s onnel. Enfin, 
l ' o p t i m i s a t i o n  des e f f e c t i f s  n é c e s s a i r e s  e st à r e c o n 
s i d é r e r  r é g u l i è r e m e n t  en f o n c t i o n  de d o n n é e s  et de 
c o n t r a i n t e s  d i v e r s e s  t e l l e s  q ue d u r é e  a n n u e l l e  de 
f o n c t i o n n e m e n t  des installations, t y p e  de f o n c t i o n n e 
ment, r é g u l i e r  ou à la demande, p l a n  de c h a r g e  et n a 
tur e  des expériences, p l u r i d i s c i p l i n a r i t é  et i n t e r 
c h a n g e a b i l i t é  d es équipes, etc.

Po u r  la f o r m a t i o n  initiale, en F r a n c e  les s t r u c 
tu r e s  u n i v e r s i t a i r e s  et p r o f e s s i o n n e l l e s  n é c e s s a i r e s  
p o u r  f o r m e r  du p e r s o n n e l  q u a l i f i é  e x i s t e n t  d e p u i s  
très l o n g t e m p s  et le CEA l u i - m ê m e  a m i s  en p l a c e  d es 
s t r u c t u r e s  de f o r m a t i o n  d a n s  le d o m a i n e  n u c l é a i r e  
ave c  en p a r t i c u l i e r  l ' I n s t i t u t  N a t i o n a l  d e s  S c i e n c e s  
et T e c h n i q u e s  Nucléaires.

Le souci p r i n c i p a l  d a n s  ce d o m a i n e  c o n s i s t e  à 
b i e n  é v a l u e r  le n i v e a u  des c o m p é t e n c e s  n é c e s s a i r e s  à 
la r é a l i s a t i o n  d es objectifs, en a n t i c i p a n t  sur 
l ' a v e n i r  c a r  les d u r é e s  de f o r m a t i o n  so n t  r e l a t i v e 
m e n t  longues. Les é q u ipes de q u a r t  en p a r t i c u l i e r  
son t  f o r mées de t e c h n i c i e n s  de d i f f é r e n t e s  d i s c i 
plines, d o n t  la f o r m a t i o n  p r o f e s s i o n n e l l e  de b a s e  est 
o b l i g a t o i r e m e n t  c o m p l é t é e  p a r  une f o r m a t i o n  s p é c i 
fique.
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U n  p r o b l è m e  p l u s  d i f f i c i l e  à r é s o u d r e  e st ce l u i  
d u  m a i n t i e n  des c o m p é t e n c e s  et de la m i s e  à j o u r  des 
conn a i s s a n c e s .  Ceci est f o n d a mental p o u r  la q u a l i t é  
de l ' e x p é r i m e n t a t i o n ,  la f i a b i l i t é  de l ' e x p l o i t a t i o n  
et la s û r e t é  g l o b a l e  d es installations.

C ' e s t  le d o m a i n e  de la F o r m a t i o n  P e r m a n e n t e  av e c  
la n é c e s s i t é  de r e c y c l a g e  dan s  t o u t e s  les d i s c i 
plines. P o u r  ce qui c o n c e r n e  les d i s c i p l i n e s  n u 
cléaires, au CEA, d es s tages t h é o r i q u e s  son t  o r g a n i 
sés à l ' I n s t i t u t  N a t i o n a l  des S c i e n c e s  et T e c h n i q u e s  
N u c l é a i r e s  (I N S T N ) ; des stages t h é o r i q u e s  et p r a 
t i q u e s  se d é r o u l e n t  a uprès du r é a c t e u r  S I L O E T T E  et 
des s i m u l a t e u r s  associés. Ces s t ages son t  longs, c o û 
t e u x  m a i s  indispensables.

La m o b i l i t é  d u  p e r s o n n e l  a é té r e l a t i v e m e n t  
faible j u s q u ' i c i  sur b e a u c o u p  d ' i n s t a l l a t i o n s ,  m a i s  
un a s p e c t  n o u v e a u  c o m m e n c e  à d e v e n i r  de p l u s  en plu s  
inévitable, c ' e s t  le d é p a r t  à la r e t r a i t e  d e s  a g e n t s  
en fin d e  carrière. Ce p r o b l è m e  é t a i t  e n c o r e  i n c onnu 
il y a q u e l q u e s  a n n é e s  c a r  l ' é n e r g i e  n u c l é a i r e  est 
u n e  a c t i v i t é  r e l a t i v e m e n t  r é c e n t e  de s o r t e  q u e  l'âge 
m o y e n  des a g e n t s  est re s t é  l o n g t e m p s  i n f é r i e u r  à c e 
lui d es a u t r e s  a c t i v i t é s  industrielles. C e t t e  n o u 
v e l l e  d o n n é e  p o s e  le p r o b l è m e  s é r i e u x  et d i f f i c i l e  de 
la t r a n s m i s s i o n  d es c o n n a i s s a n c e s  et d u  s a v o i r  faire 
d a n s  u n  d o m a i n e  où l ' e x p é r i e n c e  a c q u i s e  s u r  le t e r 
ra i n  est s o u v e n t  essentielle, qu'il s ' a g i s s e  d e s  s e c 
t e u r s  de l ' e x p é r i m e n t a t i o n  et de l ' i n s t r u m e n t a t i o n  en 
p i l e  ou e n c o r e  de celui de la d o s i m é t r i e  et d e s  c a l 
culs de p h y s i q u e  d es réacteurs.

L ' o p t i m i s a t i o n  des e f f e c t i f s  a t o u j o u r s  été un 
souci t r è s  important. La r é d u c t i o n  p o s s i b l e  d e  la d u 
rée a n n u e l l e  d e  f o n c t i o n n e m e n t  de c e r t a i n s  r é a c t e u r s  
p o s e  ce p r o b l è m e  av e c  u n e  a c u i t é  nouvelle. U n e  r é 
f l e x i o n  est déj à  e n g a g é e  sur les r e l a t i o n s  e n t r e  la 
d u r é e  a n n u e l l e  d u  fonctionnement, l ' o r g a n i s a t i o n  et 
la r é p a r t i t i o n  en p é r i o d e  de f o n c t i o n n e m e n t  et les 
b e s o i n s  en p e r s o n n e l .

6 . LES ASPECTS FINANCIERS

Les d é p e n s e s  p e u v e n t  être d é c o m p o s é e s  en tr o i s  
p a r t i e s  p r i n c i p a l e s  : les d é p e n s e s  c o u r a n t e s
d ' e x p l o i -  t a t i o n  ; les d é p e n s e s  d ' e x p é r i m e n t a t i o n  ; 
les gro s  i n v e s tissements.
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Les d é p e n s e s  d ' e x p l o i t a t i o n  c o m p r e n n e n t  :

- la m a i n  d ' o e u v r e  n é c e s s a i r e  p o u r  a s s u r e r  le f o n c 
t i o n n e m e n t  d u  r é a c t e u r  (équipes de quart, m a i n t e 
nance, s u p port g é n é r a l ) ,

- le c o m b u s t i b l e  (uranium, fabrication, t r a n s p o r t  et 
r e t r a i t e m e n t  d es é l é m e n t s  u s é s ) ,

- les fluides (électricité, eau, etc.)#

- les d é p e n s e s  d e  m a t é r i e l  et de m a i n t e n a n c e ,

- les d é p e n s e s  r e l a t i v e s  a ux gro s  t r a v a u x  de m o d i f i 
c a t i o n s  et d ' a m é liorations,

- les d é p e n s e s  de t r a i t e m e n t  des e f f l u e n t s  r a d i o a c 
tifs liqui d e s  et solides,

- les d é p e n s e s  de gestion, etc.

Les d é p e n s e s  d ' e x p é r i m e n t a t i o n  c o m p r e n n e n t  de 
leur côt é  :

- les d é p e n s e s  de m a i n  d'oeuvre, de m a t é r i e l  et 
d ' é q u i p e m e n t s  liés à l ' i r r a d i a t i o n  p r o p r e m e n t  dite,

- les d é p e n s e s  d ' u t i l i s a t i o n  d es é q u i p e m e n t s  g é n é r a u x  
mis à la d i s p o s i t i o n  d es ex p é r i m e n t a t e u r s ,

- les d é p e n s e s  d ' é q u i p e s  de s u p p o r t  p h y s i q u e  (cal
culs, mesures, d é p ouillements) c o m m u n s  à l ' e n s e m b l e  
d e s  expériences.

Périodiquement, et de façon p l u s  n e t t e  
a c t u e l l e m e n t  c o m p t e  t e n u  du r a l e n t i s s e m e n t  d es 
p r o g r a m m e s  et des d i f f i c u l t é s  g é n é r a l e s  d u  budget, le 
p r o b l è m e  e st p o s é  du f i n a n c e m e n t  de c h a c u n  d es p o s t e s  
de d é p e n s e s  et tou t  p a r t i c u l i è r e m e n t  des d é p e n s e s  
d ' e x p l o i t a t i o n  et d es investissements.

Q u e l l e  p a r t  des co û t s  d o i t  êtr e  s u p p o r t é e  p a r  
les u t i l i s a t e u r s  ? La t e n d a n c e  g é n é r a l e  a c t u e l l e  est 
à u ne s u b v e n t i o n  g l o b a l e  c o u v r a n t  la m a j e u r e  p a r t i e  
des frais d'exploi t a t i o n ,  l ' u t i l i s a t e u r  ne p a y a n t  q ue 
les frais o c c a s i o n n é s  p a r  sa p r o p r e  irradiation. 
C e t t e  t e n d a n c e  d o i t - e l l e  se m a i n t e n i r  ? N e  s e r a i t - i l  
pas p r é f é r a b l e  d ' i n t é r e s s e r  l ' u t i l i s a t e u r  a u x  frais 
de fonctionnement. En France, la r è g l e  e s t  que les 
p r o g r a m m e s  s u p p o r t e n t  les c o û t s  associés, e x p l o i t a 
t i o n  et expérimentation, sans s u b v e n t i o n  a p r i o r i  des
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i nstallations. U n e  s o l u t i o n  en co u r s  d ' é l a b o r a t i o n  
est d e  d i s t i n g u e r  les frais di t s  "fixes" c o r r e s p o n -  
d a n t  au m a i n t i e n  des i n s t a l l a t i o n s  en é t a t  de f o n c 
tionner, et les frais dit s  " v a r i a b l e s " . la p r o p o r 
t i o n  des d e u x  p o u v a n t  êt r e  d i f f é r e n t e  s e l o n  les 
installations. Les frais fixes sont c o u v e r t s  p a r  les 
p r o g r a m m e s  n a t i o n a u x  p r i o r i t a i r e s  qui g a r a n t i s s e n t  
ai n s i  l ' e x i s t e n c e  des moyens. Les frais d i t s  "v a 
riables" r e s t e n t  à la c h a r g e  de t o u t  u t i l i s a t e u r .  Ils 
ne d o n n e n t  pas d r o i t  à p r i o r i t é  d a n s  l ' a c c è s  a ux 
m o y e n s  d'essais.

7. CONCLUSIONS

Le p a r c  des r é a c t e u r s  existants, s'il a fait 
l ' o b j e t  d ' u n  r e n o u v e l l e m é n t  p e n d a n t  la p é r i o d e  de 
c r o i s s a n c e  r a p i d e  des b e s o i n s  au c o u r s  d e s  a n n é e s  60, 
est d é j à  a n c i e n  à q u e l q u e s  e x c e p t i o n s  près. Ces r é a c 
teurs, b i e n  q u ' a y a n t  fait l ' o b j e t  d ' a m é l i o r a t i o n s ,  
ne r é p o n d e n t  p as t o u j o u r s  a ux c r i t è r e s  r é c e n t s  de 
c o n c e p t i o n  v i s - à - v i s  de la sûreté. De ce p o i n t  de v u e  
des i n v e s t i s s e m e n t s  s e r o n t  nécessaires.

D ' a u t r e  part, l ' é v o l u t i o n  r é c e n t e  m a i s  c o n t i n u e  
des b e s o i n s  en i r r a d i a t i o n s  de T e c h n o l o g i e  fait q ue 
l'on p e u t  se p o s e r  la q u e s t i o n  de l ' a d é q u a t i o n  d es 
installations, et de leur nombre, a ux p r o g r a m m e s .

E n f i n  les c o û t s  de f o n c t i o n n e m e n t  d e s  r é a c t e u r s  
a i n s i  que c e u x  de l ' e x p é r i m e n t a t i o n  a s s o c i é e  r e p r é 
s e n t e n t  d es b u d g e t s  c o n s i d érables.

Dans les d é c e n n i e s  passées, nou s  a v o n s  a r r ê t é  en 
F r a n c e  u n  c e r t a i n  n o m b r e  de r é a c t e u r s  d e  recherche. 
La liste en a é té ci t é e  p l u s  haut. P o u r  les i n s t a l l a 
t i o n s  én f o n c t i o n n e m e n t  t o u s  les e f f o r t s  nécess a i r e s ,  
e n  p a r t i c u l i e r  p o u r  O S I R I S  et SILOE, o nt é té faits 
p o u r  a s s u r e r  le u r  m o d e r n i s a t i o n  et les m a i n t e n i r  au 
n i v e a u  le p l u s  h a u t  d es p e r f ormances.

Ma i s  u n e  r é f l e x i o n  s ' i m p o s e  t o u t e f o i s  s u r  ce que 
d e v r a i e n t  êtr e  n os r é a c t e u r s  d a n s  5 ou 10 ans. S e r o n t  
ils des r é a c t e u r s  trè s  s p é c i a l i s é s  p a r  d o m a i n e  : p o u r  
la r e c h e r c h e  tech n o l o g i q u e ,  p o u r  la r e c h e r c h e  f o n d a 
m e n t a l e  (ils e x i s t e n t  d é j à ) , p o u r  la p r o d u c t i o n  de 
radioisotopes.

Dans t o u s  ces domaines, u n e  c o l l a b o r a t i o n  i n t e r 
n a t i o n a l e  ou t o u t  au m o i n s  européenne, s e m b l e  s o u h a i 
table, et san s  d o u t e  inévitable. P o u r q u o i  p a s  d ès 
mainte n a n t .
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Abstract

QUALIFICATION OF HTR FUEL AND GRAPHITE IN EUROPEAN MATERIAL TESTING 
REACTORS.

The Jülich Nuclear Research Centre (KFA) has been involved in development and irradiation test
ing of fuel and structural materials for high-temperature reactors (HTR) for 25 years. During this time 
several HTR reactor concepts have been designed and developed employing a variety of fuel element 
concepts with various fuel operating conditions. Coated particles and fuel element matrix components, 
as well as the integral fuel elements, have undergone extensive irradiation testing in various material 
testing reactors (MTR). Since 1962, about 150 irradiation experiments have been performed in the reac
tors R2-Studsvik, BR2-Mol, HFR-Petten, Siloé-Grenoble and FRJ2-Jiilich. Rapid feedback of the 
results from irradiation testing as an essential part of successful fuel element and material development 
requires above all short irradiation time and therefore high thermal neutron flux. The tests are carried 
out in instrumented capsules purged with He/Ne gas simulating HTR nominal and extreme operating 
conditions, including power and temperature transients. The irradiation temperature can be varied by 
changing the neutron flux and by changing the purge gas composition and is measured by thermocouples 
in the specimen or in the surrounding structure. The fission gases produced during irradiation are swept 
out and analysed for their activity. The amount of the fission gases and the composition indicate the 
fuel quality. Isothermal irradiations and experiments for the determination of neutron-induced creep 
have been carried out for graphite as structural material for core and fiiel elements. Specimen dimen
sions and physical properties were measured out-of-pile between the irradiation cycles. The tests were 
carried out at temperatures between 400 and 1200°C up to a fast neutron fluence of 2 x  1026 m~2, the 
typical lifetime conditions of the graphite side reflector in pebble bed cores.

1. INTRODUCTION

The provision of adequately tested fuel elements, their compo
nents and structural materials is a prerequisite for power reac
tor operation. Naturally, this requirement also applies to the 
high-temperature gas-cooled reactors (HTR). The Jlilich Nuclear 
Research Centre (KFA) has been involved in development and irra
diation testing of fuel and graphite since the beginning of HTR 
development approximately 25 years ago, in cooperation with in
dustrial partners and other research centres. During this time, 
several HTR reactor concepts have been designed and developed en
tailing most varied fuel element designs and different graphites 
as structural material.
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Mixed uranium/thorium oxide of 93 % uranium enrichment (high-en
riched uranium/thorium fuel) had been the reference fuel until 
1979. Thereafter, non-proliferation aspects and difficulties en
visaged with the long term supply of high-enriched uranium led to 
a change to a uranium fuel with an initial enrichment of around 
10 % (low-enriched uranium fuel) /1/. As a consequence, emphasis 
in research and development work on fuel fabrication and qualifi
cation is now placed on this type of fuel which will be used for 
THTR follow-on reactors.

Qualification of graphites exhibiting good irradiation behaviour, 
high strength, low anisotropy, and sufficient resistance to cor
rosion, accompanied by the development of suitable manufacturing 
processes, is another important research task. Already at the 
beginning of the seventies, a large program with a variety of 
graphite grades had been started. In the meantime, work is fo
cussed on two graphites which have been selected as reference 
materials.

2. DESIGN AND PERFORMANCE REQUIREMENTS

As shown in fig. 1, the HTR concept in the Federal Republic of 
Germany uses graphite fuel spheres with coated fuel particles as 
fuel element and graphite as reflector and core structure mate
rial .

2.1 Fuel Elements

The overall objective of the HTR fuel development program is to 
qualify an element which minimizes fission product release under 
normal and transient conditions and which can be used for all 
types of HTR application /2/.

The specification for the fuel element is given by the individual 
reactor concepts. After manufacturing of these elements and cha
racterization, irradiation testing in research reactors can 
start. Results from those tests and also from post-irradiation 
examination will influence a revised design of the fuel element.
A typical irradiation program for testing the operating beha
viour of fuel elements is given below:

- Determination of particle defect rate function: 
testing of fuel under conditions exceeding the demands of the 
HTR projects with reference to fast fluence and burnup to in
vestigate performance margins; irradiation at constant tempera
ture (800 - 1200 °C).
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Fuel  e l ement

FIG. 1. Cross-sections o f HTR, spherical fuel element and coated particle.
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FIG. 2. Neutron fluence values fo r  HTR reflector graphite predicted as a function o f temperature fo r  
reactor lifetimes o f different systems.

- Investigation of burnup influence:
irradiation of fuel in thermal test reactors with low fast neu
tron fluxes to separate burnup-controlled effects from neutron- 
induced effects (800 - 1300 °C).

- Investigation of solid fission product release:
generation of input data for release calculations; irradiation 
of particles with known failure fraction (800 - 1300 °C).

- Reference tests:
demonstration of reference fuel elements under conditions enve
loping the demands of the different HTR projects on tempera
ture, fast neutron fluence, burnup and transient conditions.

Typical specifications for an "HTR 500" reactor are:

Burnup: 12 % fimar
Fast neutron fluence: 4.5 x 10 m" (E > 0.1 MeV)
Irradiation temperature: 800 - 1200 °C
Fuel element power: max. 4.0 kW

2.2 Graphite

Graphite components of HTRs are subjected to different exposures 
depending on their position in the core:

- The top and upper side reflector^wi11„have to withstand a peak 
neutron dose in excess of 4 x 10 m" EDN (Equivalent Dido 
Nickel) at temperatures between 300 °C and 600 °C. Dimensional 
stability and structural integrity at high fluences are of 
great importance here /3/.
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FIG. 3. Testing sites fo r  HTR fuel and graphite development in Europe.

- The lower side reflector and bottom reflector experience a much 
smaller neutron fluence in the temperature range between 750 °C 
and 1000 °C. Because of the mechanical stresses due to the 
weight of the upper components and the pebble bed load, a high 
strength and - within the high temperature range - a good cor
rosion resistance against the impurities in the coolant gas 
(H?0, C0? etc.) will be required in addition to the irradiation 
benaviour.

The predicted distribution of fast fluence levels is shown in 
fig. 2 as a function of temperature for different HTR concepts.

3. IRRADIATION TESTING

Apart from fuel elements, the coated particles, the graphite ma
trix and the reflector graphite have been tested in a large num
ber of reactor experiments carried out in various material testing 
reactors under accelerated conditions up to the present day. Par
ticular mention should be made of the reactors R2-Studsvik, HFR- 
Petten, BR2-Mol, Siloé-Grenoble and FRJ2-Jü1 ich (fig. 3).
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FIG. 4. Cross-section o f  irradiation rig fo r  HTR fuel.

3.1 Fuel Elements

Rapid feedback of the results from irradiation testing is an 
essential part of successful fuel element development. This re
quires above all short irradiation time. In these accelerated 
tests the fuel is irradiated at high neutron fluxes. Since this 
would produce an excessively high power in the fuel elements the 
tests had to be carried out using elements either with a reduced 
amount of reference particles or with special particles of lower 
fissile content. These experiments have also been for the determi
nation of particle defects under conditions exceeding normal ope
rating conditions /4/.

Most of the MTR reactors provide irradiation positions permitting 
the irradiation of original fuel elements containing 1 g of 
fissile material. These experiments are carried out in instrumen
ted and gas-purged capsules (e.g. R2-Studsvik, HFR-Petten, FRJ2- 
Jülich). The limited space available for the irradiation allows 
only 4 spheres (6 cm dia.) in each test (fig. 4). Each 
fuel element is embedded in graphite cups and positioned into a 
steel cell. The irradiation temperature is measured by thermo
couples in the surface of the sample and in the graphite capsule
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FIG. 5. Characteristic fuel temperature fo r  HTR fuel element irradiation.

structure. The fission gas produced during irradiation is swept 
out by He or a He/Ne gas mixture for analysis in a separate cir
cuit by gamma spectrometry. By changing the gas composition 
(He/Ne), the thermal conductivity of this carrier gas will be 
influenced and the fuel temperature will be changed. The power 
history of a fuel element can be simulated either by using diffe
rent test reactor positions (different flux conditions) or by mo
ving the irradiation capsules in axial position, especially for 
simulating transient conditions (fig. 5). During irradiation tem
peratures, neutron flux, sweep gas composition and fission gas 
release (Kr, Xe isotopes) will be measured. Fig. 6 shows a typi
cal example of in-pile data measured or calculated in an irra
diation experiment: specimen temperature, fast neutron fluence, 
burnup and fractional fission gas release rates (R/B (re
lease/buildup ) Kr-85m, only one isotope in this diagram). The 
fission gas release during irradiation is an indicator of fuel 
quality and fuel performance.

3.2 Graphite

In irradiation tests neutron-induced changes of the following 
properties are determined:
Dimensions, dynamic Young's modulus, thermal expansion, tensile 
strength and creep behaviour. As indicated in fig. 2, the end of
life fast neutron fluence for HTR reflector material is 1 to 4 x
1(T0 m EDN.
This high neutron fluence can be reached in a short time in a high-
flux reactor (Rapsodie, PFR Dounreay) but the irradiation space is 
limited and the graphite damage functions differ from those in HTR 
reactors. Therefore these experiments will be used as pathfinder 
experiments.

J L JL

JL JL
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FIG. 6. Typical irradiation data from test JP 27 in the Jülich Dido reactor.

Several sets of samples can be inserted in "Standard Material 
Test Rigs" used in MTR reactors (e.g. HFR-Petten). Any tempera
ture between 300 °C and 1200 °C corresponding to the design of 
the experiment can be kept constant in a range of + 20 °C or + 3 % 
of the design temperature (fig. 7). The temperature regulation 
can be achieved by changing the composition of the capsule fil
ler gas (changing the thermal conductivity) and axial movement of 
the irradiation capsule according to the movement of the flux ma
ximum in each reactor cycle (100 to 200 mm).

By intermediate non-destructive measurements, characteristic data 
can be measured as a function of temperature and fast neutron 
fluence. Fig. 8 gives an example of the dimensional change of re
flector graphite. Stress calculations for the different HTR com
ponents require also the fast-neutron-induced dimensional chan
ges and information about the creep behaviour of the material. 
Creep facilities have been used in the reactors Siloe-Grenoble and 
HFR-Petten (fig. 9).

The basic approach to obtain creep data is the comparison between 
restrained and unrestrained samples. Two methods are applied to 
study these phenomena under irradiation. In the first method a



IAEA-SM-300/20 155

FIG. 8

FIG. 7. Standard graphite irradiation device (300-1200°C testing temperature).

Fast neutron fluence ( 1022 n/cm2 EDN)

Dimensional behaviour o f  reactor graphite as a function o f  accumulated neutron fluence.
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FIG. 9. Irradiation device fo r  measuring creep behaviour o f  graphite samples.

single sample is maintained under constant stress and the creep 
elongation is semi-continuously measured during the irradiation 
using a differential technique by which the dimensional change of 
the sample is compared with that of unstressed reference samples 
which lie adjacent to the stressed samples (fig. 9).
In the second method columns of samples are irradiated under ten
sile or compressive stress and measurements of creep elongation 
are performed out-of-pile at irradiation intervals. Current 
series of experiments include high-fluence experiments in tension 
and compression in the temperature range between 300 °C and 900 °C.

4. CONCLUSION

Fuel elements and graphite as structural material have been qua
lified for different HTR's by irradiation testing in material 
testing reactors (MTR) in Sweden, the Netherlands, Belgium, France 
and the Federal Republic of Germany. The operating conditions in 
power reactors could be simulated in various experiments. At the 
same time accelerated tests are necessary to influence the fuel
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development. Data for the design of graphite components have been 
obtained in different tests under accelerated conditions (factor 5
- 10). Graphite damage functions for these experiments have been 
calculated and confirmed by tests.
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Abstract

FAST BREEDER REACTOR FUEL PIN EXPERIMENTS IN THE HIGH FLUX REACTOR, 
PETTEN.

The Joint Research Centre of the Commission of the European Communities at Petten is perform
ing a series of transient irradiation experiments in the High Flux Reactor (HFR). The experiments study 
fuel pin behaviour under a variety of simulated transients in fast reactors (LMFBR’s). The majority of 
the experiments are on mixed oxide, (UPu)02, fuel pins and are sponsored by the Kernforschungszen
trum Karlsruhe (KfK), in support of the joint Federal German/Belgian/Dutch (DeBeNe) irradiation test 
programme for the SNR 300 fast breeder reactor project. Other LMFBR experiments carried out are 
sponsored by the Joint Research Centre at Karlsruhe, and are aimed at studying the more fundamental 
aspects of fuel behaviour. All the experiments are performed in a predominantly thermal neutron 
environment in either the pool side facility of the reactor, where the transients are achieved by displacing 
the complete experimental rig towards the reactor core, or in-pile in the reactor core, where, if required, 
increases in reactor power produce the necessary conditions. The paper gives a brief summary of the 
HFR itself, an overview of the current LMFBR experimental programme and a description of the main 
characteristics of typical experimental facilities, and briefly mentions the ancillary activities connected 
with the experiments.

1. INTRODUCTION

The High Flux Reactor (HFR) at the CEC Joint Research 
Centre, Petten, is a multi-purpose research reactor and is 
utilised for the execution of numerous irradiation experi
ments sponsored by various national agencies (predominantly 
Federal German and Dutch, and including the CEC). The 

characteristics of the reactor are briefly discussed in the 
following section and may be read in more detail in ref. 
/1/. The present paper describes the current activities in 
the field of liquid metal fast breeder reactor (LMFBR) fuel 
experiments. Features under investigation include: start-up 

behaviour, power cycling and ramping, fuel melting, 
fuel/cladding interaction, transient overpower and 
loss-of-flow behaviour.

159
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The majority of the experiments are primarily sponsored 
by the Kernforschungszentrum Karlsruhe (KfK) as part of the 

European DeBeNe (Federal German/Belgian/Dutch) group's 
programme in support of the SNR 300 fast breeder reactor 
project. In addition, a smaller experimental programme, 

sponsored by the European Commission's Joint Research 
Centre, also at Karlsruhe, is in progress.

The first LMFBR fuel experiments in the HFR were 
carried out in the mid-1970's, see refs. /2/ and /3/. Since 
then over 40 fuel pins have been irradiated under a variety 
of conditions. The current programme of experiments 
continues up to 1990. Some of these irradiations are 
described below. New experiments continue to be developed 
and are planned for irradiation through the early 1990's.

Since the mid-1970's, the experimental facilities have 

undergone various modifications and developments. For most 
experiments a standardized encapsulation system is now in 
use. The irradiations may take place in-core, or out-of- 
core in a pool side facility (PSF), where by means of a 
pivot attachment and trolley, the experiment can be moved 
towards the reactor vessel, thus simulating transients in a 
controlled manner. Descriptions of typical in-core and PSF 
experiments are given in more detail below.

The paper also gives a brief description of the 
numerous ancillary activities and equipment which are 
utilised to complete an experiment. These activities include 

neutron radiography, on-line data acquisition systems, 
gamma-scanning, etc.

2. THE HIGH FLUX REACTOR (HFR), PETTEN

The HFR at Petten is a 45 MW materials testing reactor, 
cooled and moderated by light water. The core is a 

9 x 9  rectangular array, consisting of 33 fuel 
assemblies of the MTR type, 6 control rods, 23 beryllium 
reflector elements and 19 free positions into which experi
mental facilities may be placed for irradiation. In addition 
to the in-core positions, the reactor is equipped with a 
pool side facility (PSF) which is designed to allow for 
power transients to be executed. In Fig. 1, a cross-section 
of the reactor set-up is shown indicating typical in-core 
and PSF experiments when positioned for irradiation.
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FIG. 1. Cross-section o f  reactor vessel, indicating in-core and PSF experiments in position.

Utilisation of the reactor falls predominantly into 3 
areas: nuclear fission energy, nuclear fusion energy and 
solid-state and nuclear physics (neutron b eams). Other 
activities include neutron activation analyses, production 

of radioisotopes and non-destructive testing by neutron 
radiography.

The reactor also offers standard services, in support 
of normal reactor operation, and experimental assistance. 

Standard services include a neutron radiography installation 
(in the PSF), see ref. /4/, a hot cell adjacent to the pool 
for loading and dismantling operations and a general data 
acquisition system, see ref. /5/, which can accumulate data 
from over 30 experiments simultaneously.



16 2 MOSS et al.

TABLE I. CURRENT LMFBR FUEL EXPERIMENTS

Experiment
identification

Fuel Purpose/Feature

D170 POCY (UPu)02 pellet/clad mechanical
interaction

D183 KAKADU (UPu)O in-situ transients
D184 POTOM (UPu)O power to melt
D192 OPOST (UPu)O slow overpower ramping
E211 NILOC (UPu)N overpower, steady state
D215 RELIEF (UPu)0„ fuel/cladding differentialt-

elongation
E226 POMPEI (UPu)N very high burn-up
E228 BUMMEL U°2 fission gas mobility
D235 TRAGA (UPu)0„ transient fuel/clad gap

Z
conductance

3. LMFBR FUEL EXPERIMENTS IN THE HFR

3.1 Current Programme of Irradiations

A summary of the current experiments, i.e. both in 

operation and under development, are given in Table I.

The fuel pins in the D-suffix experiments (DeBeNe 
sponsored) are of mixed oxide, (UPu)!^, with fuel pin outer 
diameters of 6.0, 7.6 or 8.5 mm. A  typical fuel pin with 
special adaptations at each end to accommodate the experi
mental facility is shown in Fig. 2. For the E-suffix experi 
ments (CEC sponsored), the fuel irradiations are in support 
of the activity programmes 'Operation Limits of Nuclear 
Fuels’ and 'Transient Behaviour of Oxide Fuels and Fission 
Product Release under Severe Fuel Damage Conditiotts'. Hence 

these are not standardised fuel pin geometries, but tend to 
be special one-off designs.

3.2 Simulation of LMFBR Fuel Pin Experiments

•The High Flux Reactor is, like all other materials 
testing reactors (MTR), a thermal reactor. Consequently, an 

experiment to simulate, in their entirety, fast reactor 
conditions is not possible. However, by suitable 
experimental design and choice of fuel material, namely 
highly enriched uranium, many of the requirements demanded 

by the experimenter for investigating fuel and materials
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FIG. 2. Typical fuel pin (dimensions in millimetres).

behaviour can be achieved. These include: central fuel 
melting experiments; fuel axial temperature distributions 
as in real reactors; fuel behaviour such as pore formation 

and migration, swelling and creep; changes due to cyclic and 
transient operation; fuel/cladding interaction; and in the 
case of material investigations, high temperature radiation 

induced embrittlement.

In this respect, and due to the different flux spectra 
in-core and out-of-core, the simulation of fast reactor fuel 
pin experiments in the HFR has been shown to be best 
achieved by irradiating the fuel pin: (i) for in-core 
experiments, under a cadmium screen, thus cutting off the 
low energy neutrons (E < 0.3 eV) and by using highly enriched 
UC>2 in the mixed oxide fuel, and (ii) for out-of-core (PSF) 
experiments, where the flux spectra are much softer and one 
cannot afford to have low energy neutrons cut off, by 
irradiating at higher linear fissile powers, using the 
criterion that the average temperature over the fuel is 
similar to that in a fast reactor.

3.3 Irradiation Device (Experimental Assembly)

Over the years, the irradiation capsule into which the 
fuel pin is positioned has evolved into a standardised 
element, which is fully instrumented, and hence fully 

controllable in temperature and power. Clearly, each 

experiment differs in detail, with some experiments, 
particularly the E-experiments, differing quite considerably 
due to the investigative needs of, for example, irradiating
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individual fuel pellets. These types of experiments, for 
reasons of brevity, will not be discussed here.

For PSF experiments, the fuel capsules are placed into 

either single or double channelled carriers, whilst for the 
in-core experiments, 3-channelled carriers (TRIOX) are 
utilised. Typical cross-sections of loaded double (PSF) and 
triple (in-core) carriers are shown in Figs 3 and 4. In the 
design of the PSF carrier, specially shaped absorber shields 
are attached to combat asymmetry effects in the flux 
distribution across the fuel pin due to its neighbour. In 
both designs, the capsules consist of a double walled 
stainless steel containment. Within the inner containment, 
the fuel pin is placed and fully immersed in liquid metal 
(Na or N a K ) . Within the liquid metal, a molybdenum shroud 
(tube) is placed, which serves both to carry thermocouples 
and flux detectors, and to reduce convection effects which 
would occur in the liquid metal. The double walled contain

ment not only acts as an additional safety barrier, but is 
primarily utilised to aid control of the temperature 

distribution throughout the fuel pin, i.e. both radially and 
axially. Radial temperatures are controlled by changing the 
gas mixture which is injected into the space between the 
containments. The gas, which is a single or binary mixture 
of He, Ne or N^, can be changed during experimental 
operation to control the fuel cladding temperatures. For
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FIG. 4. Cross-section (one third) o f  in-core three-channelled carrier (TRIOX) (dimensions in 
millimetres).

axial temperature distribution, machining in steps of the 
outer diameter of the inner containment, as calculated by 
heat transfer analyses, fixes the cladding temperature as 
required.

The fuel capsules are placed for irradiation into the 

specially designed single, double or triple channelled 
carriers. A carrier is typically 4 m in length and is 
connected to the reactor water circuits such that each fuel 
capsule is individually cooled. All carriers have thermo
couples which measure the inlet and outlet temperatures of 
the coolant. Additional instrumentation includes self- 
powered neutron detectors, pressure transducers, linear 
variable differential transducers (LVDT) and other 
specialist needs depending on the individual experiment.

3.4 Present Experimental Programme, with some Results

Brief descriptions of each of the current LMFBR 
projects under irradiation and in development are given 

below. Only the salient features are given, as each 
experiment in detail would warrant a paper in itself. For 
example, the experiment D215 RELIEF is presented separately 
at this symposium, see ref. /6/.
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3.4.1 D170 POCY

This is a single fuel pin irradiation carried out in 
the PSF, with the aim of studying fuel/cladding mechanical 
interaction under power cycling conditions for different 
types of mixed oxide fuel, i.e. different manufacturing 
processes, and hollow versus solid pellets. The irradiation 

will continue to a burn-up of approximately 10 at.% (per
centage of heavy atoms burnt). The facility is instrumented 
to carry out measurements of the outer surface deformation 
of the cladding at regular intervals. This procedure is 
executed by vertically withdrawing the fuel pin along a 

mechanical sensor.

3.4.2 D183 KAKADU

The KAKADU experiment is a series of irradiations 
carried out in the PSF on mixed oxide fuel. The experiments 
aim to investigate fuel performance due to in-situ 
operational ramps at different rates, i.e. between 5% per 
hour and 10% per minute, and following different periods of 
irradiation. Up to now 10 fuel pins have been irradiated, 
with 4 more irradiations presently planned. A typical 
irradiation history is shown in Fig. 5.

3.4.3 D184 POTOM

This in-core experiment investigates the power at which 

melting first occurs in mixed oxide fuel pins. Parameters 
studied are fresh and pre-conditioned fuel, and percentage 
Pu-content in the fuel. In each experiment, 3 fuel pins are 
irradiated simultaneously. A typical pin is shown in Fig. 2. 
Up to now, 4 irradiations have been executed. A fifth is 
planned at the end of 1987. Initial results from post
irradiation examination (PIE) work on the earlier experi
ments compare well with predictions from computer codes.
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3.4.4 D192 OPOST

This project is an extension of the POTOM irradiations 
and aims to investigate fuel performance and behaviour over 
a prolonged period of irradiation with partially melted 
fuel. The experiment is planned for the beginning of 1988.

3.4.5 E211 NILOC

Two irradiations, each with 3 fuel pins, have been 

completed in the last 12 months. The irradiations took place 
in-core in a TRIOX carrier. The fuel was (UPu)N, i.e. 
nitride fuel, but each pin having been manufactured by a 
different process. Also, in the two irradiations different 

diameter fuel pins were used. The PIE work is at present in 
progress. A third irradiation is planned for the beginning 

of 1988.

3.4.6 D215 RELIEF

The RELIEF experiment investigates, by means of 

measuring the fuel and cladding elongations during 
transients, reactivity feedback questions. The experiment 
irradiates simultaneously one or two mixed oxide fuel pins. 
The axial measuring probe is supported by a specially 
constructed system of bellows which, by means of adjusting 
the differential pressure across the bellows, forces the 
bellows to contract or expand, thus moving the probe 

vertically up or down. By means of an LVDT above the fuel 
capsule, the results are recorded and processed by a 
dedicated fast-scanning data acquisition system. A  schematic 
of the experiment is shown in Fig. 6. A  typical irradiation 
history over one reactor cycle is shown in Fig. 7, 
indicating transient rates, power and cladding temperature 

changes, etc.

3.4.7 E226 POMPEI

This in-core experiment studies the effect of very high 

burn-up (> 20 at.%) on nitride fuels. Small coin-like discs 
of fuel pellets will be irradiated. The experiment will 

begin in 1987.

3.4.8 E228 BUMMEL '

The BUMMEL irradiation will irradiate 2 fuel pins, each 

made up of 10 disc-like fuel pellets. The irradiation
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FIG. 6. Schematic o f  RELIEF experiment, indicating measuring probe with bellows.

requirements demand that, following a long period at 700°C, 
one pin is removed and the other irradiated further at 
temperatures ranging from 1000 to 1800°C. The aim is to 
observe, by later PIE, the fission gas mobility over a range 

of temperatures within UO^ fuel.

3.4.9 D235 TRAGA

This experiment, in the PSF and using mixed oxide 

fuels, will investigate the effect of operational transients 
on the fuel/cladding gap conductance or mainly the 
fuel/cladding gap closure. The experiment will utilise the 
technique of noise analysis, which has already been 
developed to an advanced stage at Petten, see ref. /7/. The
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FIG. 7. Power history o f  a typical power cycle fo r  the RELIEF experiment.

effect will be studied for the loss of flow (LOF), loss of 
coolant accident (LOCA) and transient overpower (TOP) 
scenarios, which will be simulated in the facility by with
drawing the experiment on the PSF trolley, hence reducing 

the power, whilst replacing a layer of the liquid metal by 
injecting gas from below, thus raising the cladding temper
ature accordingly. The experiment will start irradiation in 

1988.

4. ANCILLARY ACTIVITIES

To support experimental activities, supplementary 
installations are available to give all the necessary 
additional information and data that an experiment should 
produce. These include:

( i )  neu tron  rad iography  -  in  the  pool i s  a n eu tron  r a d io 
graph camera, which by means o f  a cadmium f i l t e r  and 
u t i l i s i n g  gold f o i l ,  see r e f .  / 8 / ,  can be e s p e c i a l l y  used 
fo r  tak in g  rad iog raphs  of LMFBR f u e l  p in s .
(ii) gamma-scanning - a facility available on the adjacent 
Dutch Research Centre site enables both axial and radial 
(tangential) scanning of fuel pins to be done . The inform
ation determines the power or flux profile during irrad
iation. In addition the relative activity of various 

isotopes may be studied.
(iii) data acquisition - the reactor facilities offer an 
extensive data acquisition system, comprising 8x128 channel 
data loggers, 2xPDPll/40 front-end computers and a VAX11/750 
for processing. The system is presently undergoing a major 
up-date and will include faster scanning loggers,
2 x PDPll/73's and greater storage capacity. The system is 
used to give almost directly plotted results of temper
atures, powers, flows, etc. of any experiment.
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(iv) in addition to the above 'data-producing' facilities, 

the reactor offers the usual operational facilities, i.e. 
hot cells, waste disposal facilities, transport containers, 
etc. These facilities are discussed elsewhere at this 

symposium, see ref. /9/.

5. CONCLUDING REMARKS

Whilst the future of fast reactor development 
throughout Europe is undergoing a major re-think, research 
to assess fuel performance and behaviour by means of irrad
iation experiments continues. In this respect, the present 
LMFBR programme of irradiations in the HFR is still 
relatively extensive and will continue under its present 
planning through to the mid-1990's.

In conclusion, without an actual fast reactor testing 
facility, research reactors having the characteristics of 
the HFR have proved in terms of costs, availability, access
ibility and results to be the best and only alternatives 
for simulating LMFBR fuel irradiation experiments.
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Abstract

ENEA RESEARCH PROGRAMME ON FUSION TECHNOLOGY MATERIALS.
In the last two decades, neutron scattering techniques and in particular small angle neutron scat

tering (SANS) have found an increasingly wide application to the study of materials related to nuclear 
technology and, most recently, to the construction of the future fusion reactor. The paper presents a 
research programme developed by the Comitato Nazionale per la Ricerca e per lo Sviluppo dell’Energia 
Nucleare e delle Energie Alternative (ENEA), in co-operation with the University of Ancona and the 
Commission of the European Communities Joint Research Centre, Ispra. The main objective of this 
programme is to carry out microstructural investigation of the irradiation behaviour of a high Cr steel 
developed for the Next European Torus by using SANS. Details of previous studies of structural 
materials such as AISI 304 stainless steel and alloy 800 are given. The possible extension of the present 
research programme is discussed with reference to the international co-operation involved.

1. INTRODUCTION

Over the last two decades, the construction of conventional nuclear power 
plants — as well as of fast neutron reactors — has required a considerable research 
effort to develop new materials, such as the superalloys, to be used under severe serv
ice conditions, specifically thermomechanical stress and radiation damage; much 
effort has also been devoted to studying the corresponding microstructural modifica
tions of these materials, by means of suitable techniques of physical investigation.

A similar situation prevails today for the design of prototype or demonstration 
fusion reactors, which require the development of special purpose materials designed 
to withstand exceptionally severe conditions, mainly the radiation damage produced 
by the fusion reaction:

D +  T =  He +  n (14 MeV)

in the first wall, directly facing the plasma. Therefore, also in the case of fusion tech
nology materials (both metals and non-metals, such as ceramics and composites) spe
cial attention has to be given to irradiation behaviour and to the microscopic effects 
associated with radiation damage.
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Neutron scattering techniques, using ‘cold’ (E ~  10“2 eV) neutron beams as a 
probe, provide a unique tool for investigating such problems, as has been shown by 
recent work, and can play a relevant role in the future development of materials 
related to fusion technology.

In the next section, after a summary of the advantages of using neutron scatter
ing techniques, the results of some recent small angle neutron scattering (SANS) 
studies of structural materials will be discussed. Section 3 illustrates the present 
research programme of the Comitato Nazionale per la Ricerca e per lo Sviluppo 
dell’Energia Nucleare e delle Energie Alternative (ENEA) based on SANS investiga
tion of the irradiation behaviour of a steel developed as first wall material for the Next 
European Torus (NET); in Section 4 the possible extension of this programme will 
be discussed, as well as the international co-operation involved.

2. NEUTRON SCATTERING TECHNIQUES

In the last 20 years, owing to the construction of intense neutron sources and 
to progress in data acquisition and treatment facilities, it has been possible to extend 
the use of neutron scattering techniques from fundamental research to more applied 
fields, such as metallurgy and materials science in general [1 , 2 ].

The advantages of using neutron beams for similar applications are manifold; 
first, thermal or cold neutrons have characteristic energies and wavelengths cor
responding to elementary excitations and interatomic distances in condensed matter; 
owing to their magnetic spin moment, neutrons provide a unique tool for investigat
ing magnetic materials; owing to their relatively low absorption coefficient they allow 
the study of bulk (~ 1  cm 3) samples, providing a non-destructive technique [3]. 
Furthermore, since the neutron-nucleus interaction varies irregularly from one ele
ment of the periodic table to another, neutrons provide an excellent tool for distin
guishing between elements that are close in atomic number (e.g. Fe and Cr) or 
between light elements such as H and He. Last but not least, sample handling is 
considerably reduced with neutron scattering techniques: this is particularly apprecia
ble when dealing with irradiated specimens.

Concerning SANS in particular, this technique, first developed for investigating 
relatively simple metallurgical systems such as binary alloys, has found an increas
ingly wide field of application in the study of complex alloys [3 ,4 ], especially when 
coupled with electron microscopy.

In fact SANS can give detailed, quantitative information on microstructural 
defects — such as precipitates, microvoids or bubbles — namely: the average shape 
and size of the scatterers, and the volume fraction they occupy. For polydisperse sys
tems, the size distribution function (sdf) o f the particles can also be determined by 
suitable transformation of the scattering data from reciprocal space. As illustrated 
below, this can be particularly useful for analysing time dependent phenomena such 
as precipitation kinetics or cavitation or the clustering of radiation induced defects.
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C R E E P  T IM E  (h)

D IS T A N C E  FR O M  F R A C T U R E  (m m )

FIG. 1. Volume fraction o f microvoids versus (a) creep time and (b) distance from fracture surface in 
AISI 304 stainless steel [6].

Since macroscopic characteristics, such as strength or swelling, are related to 
the time evolution of these microstructural features, the technological relevance of 
SANS is easily understood.

An example of SANS application concerns the study of austenitic steel 304, 
developed for PWR technology (while the similar 316L steel is the primary candidate 
for the NET). SANS measurements were carried out at the D l 1 facility of the Institut 
Max von Laue-Paul Langevin (ILL), Grenoble, to investigate the precipitation of 
(Cr,Fe)23C6 carbides in simply aged samples [5] and to evaluate the microscopic 
effect of creep damage in samples subjected to different creep conditions [6 ]. Signifi
cant information could be obtained about the growth of inter- and intragranular car
bides and on the related Cr depletion of the austenitic matrix, while in the case of 
crept samples the volume fraction corresponding to creep damage (to microvoids, 
possibly) could be estimated by comparison with the samples simply aged at the same 
temperatures, 500 and 600°C. These results are reported in Fig. 1.

SANS was also used to study the precipitation of y ' phase Ni3(Ti,Al) in alloy 
800 — developed for the construction o f Superphénix 1. Since this phase is the main 
strengthening agent for alloy 800, knowledge of its kinetics is relevant for evaluating
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P A R T IC L E  S IZ E  (nm)

FIG. 2. 7 ' precipitation kinetics in alloy 800: number o f particles per cubic micrometre per nanometre 
versus particle size fo r  three ageing times [7].

the long term behaviour of this material. Samples issued from heats of different Ti 
and A1 content were aged at 575 °C for times up to 12 000 h; the computation of the 
SANS measurement results included fine corrections for background effects [7] and 
gave, for every sample, the average size, volume fraction and sdf of the 7 ' precipi
tates. An example is shown in Fig. 2, where the distributions obtained for different 
samples — i.e. for different instants of the coarsening process — give quantitative 
information on the precipitation kinetics. Also, the effect of pre-ageing and of applied 
stresses on 7 -precipitation was studied by SANS, and the results are discussed in Refs 
[7, 8 ].

As a last example, the SANS study of the ageing process in 
A l-0.72% M g-0.34% Si alloy, developed as a possible first wall material, will be 
mentioned [9, 10]. Both polycrystalline and single crystal samples were analysed 
and, in the second case, SANS raw data were treated by an original model [10] 
describing the growth of rod shaped Mg2Si precipitates along preferred crystallo- 
graphic axes; an example is shown in Figs 3(a, b), which give respectively the 
experimental data and the best fit, and Fig. 4 shows the obtained volume distribution 
for these precipitates.

3. RESEARCH PROGRAMME ON 1.4914 STEEL FOR THE NET

Owing to its attractive physical properties, and in particular to its good 
resistance to He effects (swelling), niobium stabilized martensitic 12% Cr steel
1.4914 has recently been proposed as a structural and first wall material for the NET 
[11]. This material is being supplied by the Kernforschungszentrum Karlsruhe to 
different European laboratories both for irradiation and mechanical tests and for 
microstructural analyses.
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(a)

FIG. 3. SANS isointensity contours fo r  Mg2Si precipitates in a single crystal o f  A l-M g-Si alloy aged 
fo r  24 h at 175°C: (a) experimental data, (b) best fit.

In co-operation with the Commission of the European Communities Joint 
Research Centre, Ispra, and the University of Ancona, the ENEA is presently 
engaged in a fundamental research programme concerning this material. The main 
objective of this programme is to study the microstructural features of irradiated
1.4914 steel specimens by use of the SANS technique.

Irradiation tests are carried out at the Ispra cyclotron [12] by means of the a- 
implantation technique, simulating the (n, a) reaction damage of a tokamak; thin foils 
of 1.4914 are implanted with 38 MeV He4+ ions, for doses up to 1000 appm, and 
then annealed at high temperature in order to produce the coalescence of He bubbles, 
which are mainly responsible for deterioration effects such as He embrittlement or 
swelling.

SANS has already been used in two recent experiments [13, 14] to study the 
growth of He bubbles in pure 58Ni samples implanted by the same technique; in par
ticular, by comparison with an implanted “ Ni specimen, the He pressure inside the 
bubbles, related to the neutron ‘contrast’ between the two isotopes, could be deter
mined [13].

For the case of a complex alloy, such as 1.4914 steel, SANS effects will arise 
from both bubbles and precipitates, such as M23C6 carbides. Preliminary electron 
microscopy observations, carried out both on non-implanted and on implanted sam
ples [15], showed, however, that the typical sizes of carbides and of bubbles are of 
the order of 2 0  nm and 2  nm respectively; a typical picture of an implanted specimen 
is shown in Fig. 5. Therefore, apart from overlapping ‘tails’, these two kinds of 
defect should easily be distinguished from one another by an appropriate selection 
of the experimental angular range, and with a medium resolution SANS instrument.
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R (nm)

FIG. 4. Mg2Si precipitate volume distribution obtained from the data in Fig. 3(a). Shading indicates 
the error band.

A complementary SANS study of non-implanted, simply annealed samples 
would not only be necessary to determine the SANS ‘background’ of implanted ones, 
but also relevant in itself for investigating the precipitation phenomena in this steel.

SANS measurements might be performed on samples implanted at different 
doses and subjected to different annealings, in order to obtain basic information on 
the kinetics of He bubbles; furthermore, since this particular kind of material shows 
a relatively limited degree of swelling, that is, relatively small He bubbles are 
formed, SANS is particularly suited, in comparison with other techniques, for such 
microstructural characterization. A medium or high flux reactor will be necessary for 
this study and preliminary contacts have been established with some European 
laboratories.

4. FUTURE PERSPECTIVES

This programme could easily be extended in the near future to study, by means 
of SANS, the He effects in a-implanted samples of A1 alloys of interest to fusion 
technology, such as A l-M g-Si or A l-Li, drawing on previous scientific investigation 
of these alloys, already mentioned in Section 2. Also, for this class of materials, neu
trons provide an excellent probe to distinguish between elements such as A1 and Mg 
and to detect ‘small’ He clusters.

A complementary aspect of this project could consist of fundamental studies of 
texture evolution, during different thermomechanical treatments, by means of neu
tron diffraction; preliminary measurements were performed at the Ris0  DR3 reactor 
on extruded samples of 7012AA alloy [16]. On the other hand, the structure evolution 
during heat treatments of 1.4914 steel has been investigated by X-ray diffraction line 
profile analyses and texture measurements [17] and a similar study might be per-
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FIG. 5. Transmission electron micrograph o f  a sample o f  steel 1.4914 fo r  the NET machine, implanted 
with a-particles and annealed at high temperature. Helium bubbles are visible as white spots surrounded 
by dark circles [15].

formed by neutron diffraction techniques in order to extend such investigation to bulk 
samples. Finally, a SANS study of ceramics developed at ENEA—Casaccia in the 
context of a project of the European Economic Community could also be considered 
[18].

As illustrated in the previous sections neutron scattering techniques, and in par
ticular SANS, can have considerable impact in the study of materials for fusion tech
nology, especially when used to integrate other metallurgical investigations carried 
out by different microscopic techniques. This could be particularly relevant for 
medium or long term planning, since the design of post-NET reactors will involve 
the study of a large variety of both metallic and non-metallic materials.

Such studies could preliminarily be performed by using the 1 MW TRIGA reac
tor at Casaccia [19], but a medium or high flux source is necessary to investigate 
complex materials, as illustrated in Section 3.
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Abstract

EXPERIMENTAL DETERMINATION OF IODINE RELEASE FROM LOCA-DEFECTIVE PRE
IRRADIATED FUEL RODS.

In connection with the TMI-2 accident, research programmes have been initiated to investigate 
the magnitude of fission product release after a postulated loss-of-coolant accident (LOCA); these 
programmes comprise the international source term effort. Simulated LOCA tests performed out-of-pile 
at the Kernforschungsanlage Jülich are described. The results obtained are in good agreement with the 
TMI-2 release measurements. The planned ISOLDE in-pile experiment at the High Flux Reactor, Pet
ten, is presented; preliminary out-of-pile experiments to characterize the experiment facility have been 
carried out successfully.

1. INTRODUCTION

A  total of 555 GBq (15 Ci) 1-131 was released to the 
biosphere in connection with the accident at Unit 2 of the 
Three Mile Island plant in March 1979. This low value 
contrasts sharply with the estimated values of the American 
Reactor Safety Study (WASH-1400) and those calculated using 
existing safety codes for licensing of light water reactors, 
which are orders of magnitude higher.

Amongst the radioactive isotopes which might be released 
during a nuclear power plant accident, 1-131 is regarded as 
the most significant from a biological point of view.

If a main coolant pipe of an LWR breaks, the resulting 
pressure drop in the core and overheating of the fuel rods

* Present address: Joint Research Centre, Petten Establishment, CEC, P.O. Box 2, 
NL-1755 ZG Petten, Netherlands.
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may cause clad failure before they are recooled by the 
emergency coolant. Fission products accumulated in the gap 
between the fuel pellets and the cladding can consequently be 
released spontaneously. This so-called gap release is 
decisive for any further iodine release in the course of the 

accident /1,2/.

Several research programmes are being carried out 
internationally to investigate the physico-chemical processes 
of fission product release from defective fuel rods during a 
postulated loss-of-coolant accident (LOCA).

A programme jointly sponsored by the Vereinigung 
Deutscher Elektrizitätswerke (VDEW) and the Kernforschungs
anlage Jülich (KFA) to determine the iodine release from 
LOCA-defective fuel rods has been in progress since 1983.
This programme encompasses hot cell tests of pre-irradiated 
fuel rods which are made defective by overheating in a 
special oven, and will include in the near future in-pile 
LOCA tests performed with a specially designed blowdown 
capsule in the High Flux Reactor (HFR), Petten.

This paper outlines the results obtained so far and 
describes the blowdown capsule to be used for the 
forthcoming in-pile tests.

2. IODINE CHEMISTRY

Iodine, belonging to the halogen group, is a very 
reactive chemical element. Elemental iodine (I~) is a 
crystalline substance with a boiling point of 184.4°C though 
it sublimates noticeably at room temperature. This quality 
accounts for the fact that in nuclear reactor accident 
assessment iodine is treated like a noble gas.

However, due to its chemical reactivity, iodine's 
behaviour in contact with the coolant and the structural 
materials in the reactor must be taken into account.

The reaction with water produces iodide (I ), hypoiodite 
(HOI) and iodate ) '•

I2 + H20 <=> H+ + i " ' + HOI

3 HOI <=»>
I03~

+ 21“ + 3H+

3 I, + 3H,0 <=> 1 0 - + 5l” + 6H+
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These reactions depend on various parameters such as 
temperature, pH, radiation, oxygen concentration, etc. Unlike 
I2 » the two iodine species I and 10^ are not volatile, 
remaining dissolved in the sump water.

Only if the acidity of the water attains pH-values less 
than 6 or lower does the chemical equilibrium shift to the 
left hand side to re-form ï alternatively, I can be 
oxidized to I^ by air oxygen /3/.

I2 reacts with metals to form non-volatile iodides, 
particularly at higher temperatures and in the presence of 
water :

I2 +  2Me <=> 2Me+  +  2l"

For example, iodine reacts with Zr to form Zrl^. This 

compound as well as non-volatile compounds from metallic 
fission products such as Cs can be formed in the intact fuel 
rod, thus binding a major fraction of the iodine inventory, 
and leaving only a small fraction of the iodine in a 
volatile, elemental form for instant gap release if the 
cladding ruptures /4/.

3. HOT CELL TESTS

A test programme on 19 pre-irradiated fuel rods has been 
carried out. The test fuel rods were provided by Kraftwerk 
Union AG (KWU), and the burnup levels varied between 8 and 
44 GWd/t(U). The fuel rods had been stored for more than a 
year so that the short lived fission products, including
1-131, had decayed. The rods were therefore re-irradiated at 
HFR at specific powers between 210 and 400 W/cm to an 1-131 
inventory of 5 to 11 X 10 Bq (140 to 300 Ci). The test rods 
were then transported to the hot cells at KFA Jülich for the 
tests proper.

3.1. Hot cell test facility

A schematic representation of the test facility is shown 
in Fig. 1. The four main components are described below :

- A  pressure vessel (1) located in an oven; the fuel rod to 
be tested is brought to the desired test temperature 
(1200°C max.) and thermocouples monitor the oven 
temperature. A  pressure gauge (3) registers the oven 
pressure.
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FIG. 1. Hot cell LOCA test device. I: pressure vessel; 2; fuel rod; 3: pressure gauge; 4: water/inert 
gas supply; 5: inlet tube; 6: inert gas (He) supply; 7: water injection pump; 8: inert gas supply fo r  9;
9: condensate trap; 10; steam outlet pipe; 11: sampling pipe; 12: filter and decay vessel; 13: needle 
valve; 14: mechanical filter (fibre); 15: charcoal filter; 16: decay vessel and filters.

-  A combined gas/water feed system (A) : the supply through 
the inlet tube (5) is either sweep gas (6), or water via an 
injection pump (7). The injected water is fed to the 
hottest section of the pressure vessel.

- Cooled condensate trap (9). In this container steam coming 
from the pressure vessel through the outlet pipe (10) is 
condensed. When the pressure vessel is swept with an inert 
gas, the trap contains sodium hydroxide solution to 
dissolve soluble iodine. The trap contents are then sampled 
through a pipe (11) for analysis.

- Any iodine remaining in the carrier gas from the condensate 
trap is collected in the filter system (12). The gas stream 
passes through a fibre filter (14) and a charcoal filter (15). 
Before the gas is released to the hot cell atmosphere, it
is routed through a safety filter (16) which mainly absorbs 
fission gases.

3.2. Test procedure

The test parameter values were chosen to be as close as 
possible to those in a reactor pressure vessel during a LOCA, 
namely :

- test fuel rods with typical burnup and specific power 
history,

- test temperatures between 800°C and 1100°C,
- test pressures between 1 and 6 bar (0.1 - 0.6 MPa),
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- a steam atmosphere and a test device structure similar to 
the core structure of an LWR (stainless steel, Zircaloy).

The clad fracture was generated by one of three methods :

- a saw cut was made in the fuel cladding in the region of 
maximum temperature,

- by milling a pre-break in the cladding and bursting the 
cladding during the heat-up phase, the burst being 

detectable by a pressure peak,
- clad bursting during the heat-up phase without any clad 

pre-treatment.

The method by which the clad fracture was generated did not 
influence the release of 1-131.

During the oven heat-up phase, the pressure vessel was 
swept either with steam or with an inert gas (He).

3.2.1. Water injection

The major part of the 1-131 released from the defective 
fuel rod that did not deposit on the hot metal walls in the 
pressure vessel was dissolved in the water in the condensate 
trap and could be withdrawn via the sampling pipe (11) 
without interrupting the experiment. This rendered possible 

the time-dependent measurement of the 1-131 release from the 

pressure vessel.

3.2.2. Inert gas sweeping

Three test fuel rods were heated in an atmosphere of 
helium to investigate iodine behaviour in the absence of 
water/steam. The sweep gas was injected through the inlet 
tube (5) and the condensate trap was filled with a sodium 
hydroxide solution to avoid oxidation of I by air.

3.2.3. Post-heating procedure

To simulate the release of non-volatile soluble 1-131 
occurring during and after the reflood phase of a LOCA, in 
some tests the pressure vessel containing the ruptured fuel 
rod was filled with water after having reached room 
temperature and was left for four hours.
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3.2.4. Identification of iodine species

Two different chemical forms of 1-131 released from the 
defective fuel rods could be detected :

- the non-volatile iodine retained in the pressure vessel and
- the iodine that was collected in the condensate trap and in 

the charcoal filter.

The deposited iodine in the pressure vessel is not elemental 
iodine; if it were, it would have evaporated during the high- 
temperature stage of the tests.

In the condensate trap, iodine can exist both as 
volatile I2 and as non-volatile I . Liquid/liquid 
extraction was performed to separate I„ and I . The fraction 
of iodine collected in the charcoal filter was less than 1 % 
of the total released iodine (except for the tests with 
He-sweeping).

For all samples, 1-131 was determined by gamma 
spectrometry, using the area of the photopeak at 364 keV as a 
measure of 1-131 activity.

3.3. Hot cell results

Clad bursting occurred at a pressure vessel temperature 
between 730°C and 780°C with the exception of two rods with 
the highest preconditioning linear heat rate, which ruptured 
at 640°C and 620°C.

The results are grouped in two parts :

- The 1-131 release added up from the various parts of the 
test apparatus into the total release from the ruptured 

fuel rod and

- the time-dependent release of 1-131 from the pressure 
vessel into the condensate trap.

All release values are expressed as fractions, i.e. the 

quotient of the 1-131 released and the 1-131 inventory of the 
tested rod. In all cases, the volatile I and non-volatile I 

were determined.

Both the fuel rod burnup and linear rod power during the 
preceding reconditioning period influence the release of 
fission products from the fuel. According to the results 
obtained, the release increases with both burnup and 
preconditioning rod power.
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3.3.1. Burst release

Representative of the burst or "gap" release is the 
first sample taken from the condensate trap. Ideally, this 
sample should be taken 2 to 3 minutes after the fuel rod 
burst, which in the present case was not possible for all 
fuel rods due to experimental conditions.

For the rods bursting inside the pressure vessel, the 
first condensate sample was taken between 2 and 30 minutes 
after the fuel rod burst. However, the time between fuel rod 
bursting and first condensate sampling did not play a 
significant role. The different release values corresponded 
rather with the different load factors. The load factor is 
defined as the product of total burnup (GWd/t(U)) and linear 

power (W/cm).

The results obtained shgwed a remarkably low fractional 

release of less than 4 x 10 of the 1-131 inventory. The 
fraction of volatile iodine was much less, 20 % of the above 
figure at the most. This fraction decreases further with 
increasing fuel rod load factor and heating temperature.
The volatile iodine gap release was below 10 for the 
highest loaded fuel rod; for £gds operated at typical PWR 
fuel rod power, it was 3 x 10 at the most.

3.3.2. Total condensate release

The fuel rods were heated for between three and eight 
hours. Every 15 to 30 minutes the content of the condensate 
trap was sampled in order to determine the time dependency of 
the 1-131 transport out of the pressure vessel by the carrier 
stream (steam or inert gas).

Fig. 2 presents three typical release curves for a 
pressure vessel temperature of 800°C, showing the dependence 
on burnup and the linear rod power.

Fig. 3 shows the fractions of ^  and I taken from the 
upper curve of Fig. 2. Nearly all of the volatile was 
released to the first condensate sample, the subsequent 
samples contributed less than 1 % I^ each.

The corresponding release curves for the rods heated to 
1100°C are given in Figs 4 and 5. The volatile I fraction is 
smaller than it was at 800°C.
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HEATING TIME (h)

FIG. 2. Release o f 1311 from pressure vessel 
at 800°C.

HEATING TIME (h)

FIG. 3. Fractions o f I2 and Г  at 800°С 
(21 GWd/t(U), 300 W/cm).

3.3.3. Total release

A summary of the release results for all tested fuel 
rods is shown in Fig. 6.

Except for rods with both high burnup and high^specific 
rod power, the total 1-131 release is less than 10 of the 
inventory. A maximum of 10 % of this release is in the form 
of elemental, volatile iodine. As a consequence, the 1-131 

release to the air after a LOCA should not exceed 10 of the 
ruptured fuel rod inventory.
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FIG. 4. Release o f 1311 from pressure vessel at 1100°C.

HEATING TIME (h)

FIG. 5. Fractions o f I2 and Г  at 
1100°C (sample D225).

3.4. Hot cell test conclusions

The results obtained from the hot cell tests demonstrate 
that the release of 1-131 is significantly lower than assumed 
in the existing safety regulations. The evaluation of the 
TMI-2 accident and the results published elsewhere /5/ show 
similar results, indicating that a factor of 100 or even 
higher exists between the real and assumed releases of 1-131 
from a ruptured fuel rod under LOCA conditions. (See Ref. /6/
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FIG. 6. Release o f 1311 from 19 test fuel rods heated under LOCA conditions.

for details of the obtained results and Ref. /7/ for an 
overview and an appreciation of the results in the context of 
iodine chemistry.)

The reason for this discrepancy is the neglect of the 
chemical reactivity of iodine. Iodine reacts not only with 
other fission products in the fuel rod and structural 
material in the reactor core but also with the coolant water 
existing in abundance in all water reactors. Iodine should be 
treated like a reactive substance, forming compounds in the 
LWR environment which are not volatile and are easily soluble 
in water.

4. IN-PILE TESTS

To corroborate the results obtained in the hot cell 
tests, a test project was initiated to perform similar 
experiments under typical LOCA conditions in-pile. This, the 
ISOLDE1 project is described below.

4.1. In-pile LOCA test procedure

For the planned tests, a total of 5 pre-irradiated PWR 
fuel rods will be reconditioned in a standard LWR irradiation

1 ISOLDE: Iodine Solubility and Degassing Experiment.
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capsule for one reactor cycle 26 days) to accumulate the 
required iodine inventory. After the conditioning period, the 
fuel rod to be tested will be subjected to a LOCA transient 
in a specially designed irradiation device.

The test scenario for the ISOLDE experiments is shown in 

Fig. 7. From a system pressure of 145 bar (14.5 MPa), the 
blowdown is initiated. Depending upon the fuel rod and heater 
power level, the cladding surface reaches a temperature of 
900°C after approx. 30 seconds.

Rod bursting is expected to occur when the cladding 
temperature reaches a value between 800°C and 900°C. As soon 
as fuel bursting is detected and a predefined waiting time 
has elapsed, a steam sample is drawn from the capsule.
The sump pump is then started, simulating the temperature 

reduction during low-pressure injection in a PWR LOCA and the 
attendant leaching process in the fuel/cladding gap. After an 
aggregate elapsed timé of approx. 140 seconds, the in-pile 
experiment is terminated by reflooding the capsule from the 
high-pressure system.

The condensed steam sample and the water in the 
irradiation device are separately extracted shortly after the 
experiment is terminated and transported to the hot cells for 
gamma spectrometric and chemical analysis. The state of the 
fuel rod and irradiation device will be checked by neutron 
radiography in the HFR pool. The test rig with the defective 
fuel rod will then be transported to the hot cells for 
f u r t h e r  investigation.

4.2. In-pile test capsule and ancillary systems

Fig. 8 shows schematically the irradiation device to be 
used for the LOCA tests together with the main out-of-pile 
system components. See also Ref. /8/.

The in-pile section consists of the following components

- Fuel rod, re-instrumented in the hot cell with a pressure 
transducer for the detection of rod bursting /9/,

- an inner cylindrical shroud equipped with a concentric 
electric heater along the fuel rod,

- the pressure vessel proper,
- an outer shroud with integral gas annulus for radial 

temperature control,
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FIG. 7. PWR LOCA and ISOLDE test scenarios (I bar = 105 Pa).
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FIG. 8. Layout o f  ISOLDE irradiation device. B I-3: pressure control vessels; DBsI, 2: fuel pressure 
transducers; EH I-3: internal electric heaters; H l-6; hand-operated valves; MPI; magnetic pump; 
PB1, 2: insulation buffer vessels; SPN1, 2; neutron detectors; TC1-12; thermocouples; BWFC; boiling 
water fuel rod testing capsule (1 bar = 10s Pa).
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Linear fuel rod power (W/cm)

FIG. 9. Influence o f electric heater on clad tem
perature o f fuel rod.

- a concentric electric heater located along the fuel rod 
plenum,

- a concentric electric heater below the fuel rod providing 
steam during the sampling phase,

- a sump tank with integral pump and a steam sampling tank 
connected to the capsule via a one-way valve.

2
The capsule is connected to the BWFC installation 

(standard facility for LWR fuel rod irradiation) for the 
supply of primary system water and to the ISOLDE out-of-pile 
installation providing high- and low-pressure water 
conditions during low-power operation (e.g. 50 W/cm max.) and 
the LOCA test proper, e.g. blowdown, steam sampling, 
recooling and reflooding. This out-of-pile installation is 
run by a programmable logic controller (PLC) during the LOCA 
experiment; the electric heater and process control system 
are also integrated in this system. A fast digital data 
system for data acquisition is also available.

The electric heater elements are integrated in the 
capsule structure to ensure that the temperature level and 
distribution can be adjusted after the blowdown has occurred, 
thereby permitting clad temperatures independent of the fuel 

rod power production. The influence of the electric heater 
power on clad and shroud temperature is shown in Figs 9 and 10.

2 BWFC: boiling water fuel rod testing capsule.
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Linear fuel rod power (W/cm)

FIG. 10. Influence o f electric heater on tempera
ture o f inner capsule structure.

The radial heat loss of the capsule to the surroundings 
can be adjusted by varying the gas mixture in the isolation 
annulus between 100 % He and 100 % Ne.

Thermocouples integrated in the capsule structure and at 
the fuel rod surface monitor the time-dependent temperature 
evolution during the LOCA transient. Pressure transducers 
located in the out-of-pile installation are used for 
monitoring and running the experiment according to the 
specified pressure/time scenario. In addition, the water 
flows to and from the various vessels during the blowdown, 
steam sampling, recooling and reflooding phases are 
controlled from the out-of-pile installation.

4.3. ISOLDE qualification tests

Extensive out-of-pile LOCA tests using electric fuel rod 
simulators have been carried out. In addition, modelling 
calculations using LOCA codes such as RELAP5, MULTIVOL and 
ISOGRP have been performed.

A  comparison between results from representative out-of
pile experiments and modelling calculations is given in 
Fig. 11, showing a good agreement.
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Linear fuel rod power (W/cm)

FIG. I I .  Comparison o f results from out-of-pile tests and modelling calculations (I bar =  10s Pa).

Fig. 12 presents a complete blowdown scenario performed 
out-of-pile. With an electric power supply of 40 W/cm to the 
fuel rod simulator, a maximum rod surface temperature of 
1070°C was measured after the blowdown. When the steady-state 
temperature level in the capsule was attained, fuel rod 
bursting was simulated by introducing a small volume of 
helium into the capsule. This "rod burst" could be detected 
by a small pressure peak as well as by a distinct temperature 
drop in the capsule.

4.4. ISOLDE out-of-pile test conclusions

The performed out-of-pile tests with an electric fuel 
rod simulator and the results of modelling calculations 
confirm that the in-pile experiment can be carried out as 
planned with respect to the objectives of the experiment 
series. The first in-pile test is scheduled for the end of 
1987.

5. SUMMARY

The out-of-pile hot cell tests and the forthcoming 
in-pile experiments are contributions to the international 
source term effort. The results obtained so far agree very 
well with the release measurements performed after the TMI-2 

accident.
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FIG. 12. LOCA simulation with ISOLDE out-of-pile test installation. TC1-3: clad temperatures; TC8: 
inner pin temperature; D-3: capsule pressure (1 bar = 105 Pa).

In view of the biological impact of the iodine species 
for the safety assessment of nuclear power plants, these 
results can have an influence upon emergency contingency 
plans and safety rules related to nuclear power plant 
licensing.
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Abstract

IRRADIATION FACILITIES AT THE MPR-GA.SIWABESSY REACTOR FOR R&D 
PROGRAMMES. '

The MPR-GA.Siwabessy research reactor, located at the Center for Science and Technological 
Development (PUSPIPTEK), has recently been, inaugurated. It is considered to be the world’s first 
research reactor designed and constructed for the use of low enriched (19.75%) uranium. The 
MPR-GA.Siwabessy is a high flux MTR with a thermal neutron flux of the order of 1014 n-cm “2-s_1. 
Such a high neutron flux is available for high quality irradiations and neutron beam experiments. The 
paper describes briefly various irradiation facilities at the reactor.

1. INTRODUCTION

The MPR-GA.Siwabessy multipurpose reactor (formerly MPR-30), located at 
the Center for Science and Technological Development (PUSPIPTEK) in Serpong, 
has recently been inaugurated. It is a light water, open pool reactor with a thermal 
power of 30 MW, and is considered to be the first reactor in the world to have been 
designed and constructed for the use of low enriched (19.75%) uranium.

The core is assembled of 21 standard U3Og-A l alloy MTR type fuel plates and 
A g-In-C d alloy fork type control elements. A typical working core configuration 
consists of 40 fuel elements, 8  control elements and 24 beryllium reflector elements 
(Fig. 1). The calculated thermal neutron flux is 2.4 x  1014 n-cm “2 -s_1 in the central 
irradiation position, 1.4 X 1014 n -c m ^ -s ’ 1 in the active core irradiation posi
tions and 1.1 X 1014 n-cm"2 -s_l in the beryllium reflector irradiation positions 
(Figs 2(a, b)).

199
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LIGHT WATER R EFLECTO R

FIG. 1. Set-up o f the typical working core and arrangement o f irradiation facilities. BE: beryllium 
reflector element; CE: control element; FE: fuel element; IB: irradiation with Be element; IC: in-core 
irradiation; CIP: central irradiation position; PR: power ramp test facility; TD: transmutation doping; 
H: hydraulic rabbit; N: neutron source; P: pneumatic rabbit.

The in-core and out-of-core irradiation positions are arranged to support com
mercial R&D activities. The power ramp test facility, an irradiation facility for test
ing of power reactor fuels, is one of the advanced features installed. Other facilities 
that are operational are one neutron radiography and five rabbit systems; under con
struction or installation or being designed are a neutron transmutation doping facility, 
an iodine loop facility, neutron beam experimental facilities, and in-pile loops in the 
central and other irradiation positions.

For the purpose of radioisotope manipulation and fuel preparation, the reactor 
is also equipped with one isotope cell and one hot cell. The hot cell complex actually 
consists of one cell for dimensional measurement and gamma scanning and one for 
dismantling of the fuel elements.
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FIG. 2(a). Flux shaping fo r the typical working core: fourth group flux, axially averaged over core 
height (in units o f  10 l4 n-cm~2- s 1).



202 ARBIE et al.

Radius (cm)

FIG. 2(b). Flux shaping fo r the typical working core: fourth group flux from R -Z  calculation (in units 
o f 1014 n-cm~2-s '1).
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TABLE I. GENERAL SPECIFICATIONS OF RABBIT SYSTEMS

Normal rabbit system Fast rabbit system

Number 4 1

Transmission tube Inside diameter Inside diameter
dimensions approx. 36 mm approx. 20 mm

Transportation and 
cooling medium

Water Nitrogen gas

Transportation speed Approx. 0.6 m/s Approx. 10 m/s

Sample size Approx. 25 mm dia. 
Approx. 70 mm length

Spheres up to 2 mm dia.

Sample weight Max. 70 g 0.01-0.05 g

Rabbit size Outside diameter Outside diameter
approx. 33 mm approx. 18 mm
Total length Total length
approx. 96 mm approx. 46 mm

Weight of rabbit 
plus sample

Max. 120 g Max. 10 g

2. IRRADIATION FACILITIES

2.1. Vertical irradiation holes

There are four vertical irradiation Holes arranged in the beryllium reflector (IB1 
to IB4). These are planned to be used for production of radioisotopes for medical, 
industrial and agricultural purposes. Owing to the high neutron flux in the reactor 
core, it is possible to produce high quality radioisotopes by fast and efficient 
irradiation. ¡

2.2. Rabbit systems

The rabbit systems permit the rapid transportation of irradiation samples into 
the core area for irradiation and then out again. Five rabbit systems are provided for 
the irradiation of different materials: four hydraulic systems with normal rabbit speed 
(HI to H4) and one pneumatic system with higher speed (P). The general specifica
tions of the hydraulic and pneumatic rabbit systems are presented in Table I.

The rabbit systems essentially consist of irradiation stations, connecting tubes, 
dispatching and receiving stations, process components and the electrotechnical, 
instrumentation and control elements.
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FIG. 3. Simplified flow diagram o f  the PRTF. 1: capsule carrier; 2: irradiation capsule; 3: fuel pin.

2.3. Neutron transmutation doping facility

The neutron transmutation doping facility (TD) is planned for uniform irradia
tion of crystalline materials. It will consist o f an irradiation stand and tubes capable 
of rotation and variable positioning of irradiated samples, and a number of self- 
powered detectors. It will be possible to irradiate samples of up to 205 cm diameter 
and 500 cm height. This facility will also be used for studies of irradiation damage.

2.4. Power ramp test facility

The power ramp test facility (PRTF) is used to carry out startup ramping and 
in situ ramping on power reactor fuels. The experiments take place in a rechargeable 
capsule and are part o f a programme for non-destructive fuel examination. The 
arrangement of the PRTF is located outside the core shroud (PR). The PRTF includes 
capsule drive equipment, a primary circuit, a cooling water system and instrumenta
tion and control equipment.
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TABLE II. GENERAL SPECIFICATIONS OF PRTF

205

Primary circuit Experimental fuel pin (PWR type)

Design pressure 20 MPa Cladding material Zircaloy
Operating pressure 13-16 MPa \ Outer diameter 10.75 mm
for PWR fuel pin I' Inner diameter 9.30 mm
Flow rate

li
Approx. 3.6 L/h ; Total length 

Pellet diameter
Max. 400 mm 
9.08 mm

Cooling water system Heat transfer coefficient 0 .1-1 .0  W -cm ' 1

Required heat dissipation 
Coolant flow 
Nominal flow rate 
Maximum temperature rise 
of cooling water

30 kW i 
800-2000 L/h ‘ 
1200-1500 L/h 
Approx. 22°С ,

Heat conductivity 
Linear power 
Surrounding pressure 
Cladding temperature 
Maximum ramp 
Ramp velocity

0.03 W -crrr '-K ' 1 
Max. 700 W -cm “1 
Max. 16 MPa 
Max. 350°C 
500 W -cnT 1 
100 W -cnT '-m in-1 or

Irradiation capsule
20% min“1

Capsule material Al-Mg alloy !;
Total length 588.3 mm
Outer diameter 35 mm
Inner diameter 26 mm

The capsule drive equipment is a mechanical system in the reactor pool and 
storage pool for accommodation, positioning and handling of test pins.

The primary circuit is required for simulation of power reactor conditions. It 
serves simultaneously for monitoring and control o f the experiment. The cooling 
water system is provided for cooling of the capsule in which the test pin is located 
during the experiment and for measurement of power generated by the test pin. A 
simplified flow diagram is shown in Fig. 3, and the general specifications are given 
in Table II.

The control and instrumentation equipment serves to operate and monitor the 
primary circuit, cooling water system and mechanical displacement equipment. All 
of the data acquisition and display systems are also included in the instrumentation 
equipment.

2.5. Neutron radiography facility

The neutron radiography facility (N, Fig. 1), comprising an underwater 
camera, a guide rail system and associated accessories, is provided in the reactor pool 
for use especially in the fuel development programme.
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TABLE III. INSTRUMENTATION OF NEUTRON BEAM EXPERIMENTAL 
FACILITIES

Beam tube Instrumentation Features

SI Iodine loop 1-125 production

S2 Non-destructive test 
(NDT) 1

Examination of, e.g., machine spare parts, 
flow of lubrication oil in machines

S3 Texture diffractometer 
(TD)

Texture research, e.g. into distribution of crystal 
orientation (important for aircraft industry, steel 
industry, manufacture of electrical equipment, 
e.g. transformers)

Four circle diffractometer 
(FCD)

Measurement and determination of crystal 
structure (important for electronics industry)

S4 Triple axis spectrometer 
(TAS)

Measurement of frequency and amplitude of 
atomic or molecular vibrations in material (this 
information is needed to predict material charac
teristics, e.g. thermal capacity)

S5 Small angle neutron 
spectrometer (SANS)

Measurement of homogeneity and microscopic 
defects (porosity, disorder, etc.), which are too 
small to study by conventional microscopy 
(important for refrigeration industry, oil industry, 
cement industry, steel industry, chemical industry, 
etc.)

High resolution triple 
axis spectrometer 
(HRTAS)

Accurate measurement of frequency and amplitude 
of atomic or molecular vibrations in solid state 
material

High resolution powder 
diffractometer (HRPD)

Same use as for PD, but accuracy is higher

S6 Powder diffractometer 
(PD)

Measurement of mechanical stress, microphases, 
etc. (of importance for understanding mechanical 
characteristics of material)

2.6. Iodine loop facility

The iodine loop, arranged in beam tube SI (Fig. 2(a)), is used for irradiation 
of 124Xe gas to yield the 125I isotope. This facility is being installed.

2.7. Neutron beam experimental facilities

All of the horizontal beam tubes except SI are provided for neutron beam 
experiments. Two of the tubes are arranged tangentially to the core and the remaining
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three radially. A neutron diffractometer is being installed in beam tube S6 . It is 
planned that the other tubes will be equipped for neutron scattering and other facilities 
for research in materials science. A summary of the instrumented neutron beam 
experimental facilities is given in Table III.

2.8. Central irradiation position and other irradiation positions for in-pile loops 
and rigs

The central irradiation position and other irradiation positions in the active core 
are arranged to accommodate in-pile loops. These facilities, each of which has a 
closed loop, are capable of operating under conditions of constant temperature, pres
sure and mass flow rate. There are special loops dedicated to LWR, PHWR and MTR 
fuel elements. The in-pile loop now being installed is expected to be operational in 
1990.

3. SUMMARY

When all of the facilities described are operational, the MPR-GA.Siwabessy 
reactor will offer many more opportunities to experimenters (domestic and foreign) 
for carrying out R&D activities. With this reactor, the National Atomic Energy 
Agency (BATAN) can participate in R&D programmes that cover fuel technology, 
materials science, radioisotope production, activation analysis and training of reactor 
personnel.
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A study of blanket technology for a nuclear fusion reactor is in progress at the 
Japan Atomic Energy Research Institute. However, since the study is mainly based 
on experiments with irradiation capsules, conversion of the in-pile water loop OWL-2 
of the Japan Materials Testing Reactor (JMTR) into an irradiation test facility for a 
solid breeder blanket is being planned to investigate the irradiation behaviour of 
breeder materials and to obtain engineering data under operating conditions on a 
practical blanket design.

O f the items to be investigated, the following are particularly important:

(a) The nuclear properties of breeder materials,
(b) The temperature distribution in breeder materials and the temperature control 

technique,
(c) The characteristics of tritium release and transport,
(d) Tritium permeation into the coolant from the breeder material region,
(c) Irradiation effects on breeder materials.¡I

The planned facility consists of a cooling system for an irradiation test sample, 
a tritium sweep system and the cleanup system of a glove box.

An irradiation test sample contains Li20  or LiA102 in the form of pebbles 
3-5 mm in diameter as breeder material. The sample will be irradiated under the fol
lowing conditions:

209
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He GAS INLET LINE NEUTRON FLUX MONITOR

FIG. 1. Cross-section fo r  a typical irradiation test sample (dimensions in millimetres). SPND: self- 
powered neutron detector.

— Average thermal flux (< 0 .6 2 5  eV) 4.1 x
— Average fast flux (> 1  MeV) 4.2 x  1012 n -c irr2 -s_1

— Temperature in breeder material region 400-1000° С
— 6Li(n,a)T heating 13.4 W /cm 3

— Gamma heating 0.5 W/g
— Tritium production rate 1.55 TBq/d (42 Ci/d)
— Total breeder material weight 5 kg
— Sweep gas He with 0.1 vol.% H2

— Coolant temperature 120-285°C

The cross-section for a typical irradiation test sample is shown in Fig. 1.
The produced tritium is carried to the sweep system by sweep gas passing 

through the breeder material region, and is recovered by Z r-N i or U beds. These 
beds are transported to a laboratory and various experiments are performed. The 
sweep system is situated in a glove box and its capability of tritium recovery is about 
185 TBq (5000 Ci).

The tritium leaking out of the sweep system to the glove box can be removed 
by the cleanup system. The removed tritium will be contained by cement, which will 
be transferred for waste treatment.
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From the preliminary design study it was found that the irradiation test facility 
was very effective for generating engineering data and could be established in the 
JMTR in the near future. Furthermore, it was concluded that it is necessary to design 
each sample and system in detail, to evaluate the safety of the facility and to perform 
research and development on, for example, the cooling system and the checking of 
reactivity, as well as on sample and system design.

IAEA-SM-300/13P
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AT THE FRJ-2 RESEARCH REACTOR
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1. TEST FUEL RODS FOR PRESSURIZED AND BOILING
WATER REACTORS

The FRJ-2 research reactor has two boiling water loops available for testing the 
performance of fuel rods designed for PWRs and BWRs. In each loop two irradiation 
inserts can be connected to a common pressurized water circuit. Each insert can hold 
two test rods fitted with measuring sensors and placed one above the other along the 
axis. During irradiation the temperature in the middle of the rod and/or the internal 
pressure can be measured. Furthermore, the energy released from the rods, which 
turns into heat within the insert, can be measured through the heat-up of the coolant.

The study described here is an investigation of the temperature in the middle 
of the fuel, the internal rod pressure, reactor power and rod load over time. The pres
sure in the pressurized water circuit may reach 12.5 MPa. At this pressure a rod load 
of up to 800 W/cm can be controlled by means of the coolant system. At this power 
the melting point on the rod axis has already been exceeded in the case of uranium 
dioxide tablets. Hence, it is also possible to test for overloading. However, in the 
case of a fuel rod leak, irradiation has to be discontinued since the pressurized water 
circuit, which would then take up radioactive fission products, is not sufficiently 
shielded all the way along. Removal of an irradiation capsule with a damaged fuel 
rod is nevertheless possible.

To exchange the highly radioactive fuel rod gas during irradiation a fuel rod can 
be attached to a filtering system with heavily shielded filters. It is also possible 
thereby to alter the internal rod pressure during operation. Thus one can make tests 
showing, for example, the way in which the fuel temperature depends on the internal 
rod pressure or how wide the actual gap is between the fuel and the cladding.
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A large part of the irradiation data will not be known until further examination 
of the rods in hot cells. Examples of data obtained from such examination are:

— Changes in diameter induced by irradiation,
— Gamma activity along the rod,
— Ceramographic pictures of the fuel showing rupture patterns and changes in

texture.

2. REDUCED ENRICHMENT URANIUM TEST PLATES FOR MATERIALS
TESTING REACTORS

Under the AF (Anreicherungsreduzierung für Forschungsreaktoren) 
Programme 20 test plates with reduced enrichment uranium (REU) fuels of high U- 
density have been irradiated in the FRJ-2.

The irradiation device, called the AF Loop Jülich, mainly consists of an in-pile 
section, a loop system and an electrical instrumentation and control system. The in
pile section contains ten test plates partially instrumented and arranged in two groups 
of five.

The loop system, a separate closed circuit, cools the test plates with deionized 
water of a controlled conductivity of less then 3 pS/cm  at a constant overpressure of
0.3 MPa. Mass flow, temperature, pressure and activity are controlled continuously. 
In case of a failure, the reactor will be scrammed automatically. To avoid overheating 
of the test plates caused by failure of the main pumps (one in operation, one on stand
by), the auxiliary cooling system, which works independently, will be automatically 
put into operation in case of a scram.

All safety data are indicated, registered and controlled by the instrumentation 
and control system. The experimental data are recorded by a data acquisition system.

The first irradiation campaign (AF1) with ten test plates started in July 1983 and 
was completed in October 1984 after 321 full power days. An average burnup of 
more than 80% 235U had been achieved. The second campaign (AF2), also with ten 
plates, began in March 1986 and had to be stopped in January 1987 owing to plate 
failure. A total of 130 full power days and an average burnup of about 43% 235U 
had been achieved. The thickness of all test plates was 1.27 mm, and the 235U con
tent per plate was 4.7 g for AF1 and 6.0 g for AF2.

The following post-irradiation examinations (PIEs) for the AF1 test plates were 
performed: visual inspections, analysis of plate layers, gamma scanning, dimensional 
measurements, metallographic examinations, blister tests and bumup determinations.

Visual inspections revealed that all ten plates were covered with a reddish 
brown layer about 25-50 ftm thick. The layer partly came off in small chips. This 
A120 3 layer was caused by abnormal cooling water quality conditions during the 
startup phase of the experiment (about 20 h). No significant changes in plate dimen
sions were observed, with one exception: one U3Og plate showed a great increase in 
thickness in an area of about 20 mm diameter. But no damage to the metal surface 
could be determined.
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Eight plates were examined for dimensional changes. Volume change rates 
were determined from plate weight and volume before and after irradiation, the loss 
of cladding due to oxide film formation being taken into account.

The U3Si2 plates showed the lowest swelling, with an average rate of 6 % 
(‘meat’ volume). They seemed to be far from the break-away swelling threshold, 
which was also confirmed by examination of the microstructure. The U3Si plates 
seem to have exceeded this threshold. Plate thickness measurements showed that they 
did not swell uniformly as the U3Si2 plates did. Although one U3Os plate pillowed 
(one blister with a diameter of 2 0  mm) the swelling of this fuel remained moderate.

Metallographie examinations of plate and fuel microstructures were performed 
by optical electron microscopy. The U3Si fuel is in the initial state of break-away 
swelling. The linkage of the number of fission gas bubbles and the size of the gas 
regions is already significant. The U3Si2 fuel, however, shows no signs of greater 
fission gas bubble formation; the bubbles are small and uniformly distributed.

Visual inspection of the ten AF2 plates only revealed a slight discoloration, as 
is normally known from reactor fuel plates. A crack was discovered in the region of 
a thermocouple attachment, combined with local buckling to both sides of the plate. 
This leak caused the early termination of the AF2 campaign owing to fission gas 
release into the cooling water. PIE will be continued.

IAEA-SM-300/14P

GAMMA IRRADIATION PLANT 
AT THE FRJ-2 RESEARCH REACTOR

R. HOFFMANN, R. NABBI, H. PIEPER 
Kernforschungsanlage Jülich GmbH,
Jülich, Federal Republic of Germany

The storage pool for spent fuel elements from the FRJ-2 research reactor has 
been in intensive use for materials testing and for the proving of component resistance 
to gamma irradiation since 1974. The pool consists of an austenitic steel plated 
arrangement with an area of 5.5 m x  6  m and an overall height of 6.5 m.

Spent tubular fuel elements from the FRJ-2 serve as the radiation source. The 
fuel elements achieve an average burnup of 45 wt% 235U [1]. The total radioactivity 
of one element at the time of discharge amounts to 1.55 x  1017 Bq with a gamma 
activity of 1.14 X 1017 photons/s. This relatively high radiation consists of gamma 
quanta with an energy distribution from 0.1 to 6.0 MeV and a mean energy of
0.90 MeV. The high energy part of the spectrum, i.e. from 3 MeV upwards, dis
appears one day after discharge, resulting in a lower average energy of 0.7 MeV.
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Because of the high activity, the discharged fuel elements are first placed in the 
intermediate store for a period of four to five weeks, during which time the level of 
decay heat decreases by a factor of 85. The intensity of the gamma radiation at the 
beginning of material irradiation amounts to 2.92 X 1015 photons/s.

The material irradiation takes place over a period of 50-360 days after fuel ele
ment discharge. During this time the gamma field decreases to 10% of the initial 
value. The energy of the gamma radiation in the same time goes down from 0.7 
to 0.6 MeV only. These results have been achieved by using the computer code 
ORIGEN, taking into account the neutron physical burnup conditions of the fuel 
elements in the reactor core [2 ].

The four fuel tubes removed from the fuel element are stored upright as a tube 
bundle in a double walled aluminium case with an insert of cadmium foil. The speci
mens or components are placed into watertight containers of aluminium or austenitic 
steel for the purpose of irradiation. The containers have a height of approximately 
700 mm; the round containers range from 150 to 445 mm in diameter and the rectan
gular containers from 115 mm X 115 mm to 630 mm X 630 mm. Irradiations for 
small, narrow specimens can also be carried out in aluminium tubes 8  m in length 
with an internal diameter of 48 mm, and closed at the bottom.

The sealed containers are placed in prepared irradiation positions at a water 
depth of 6  m. The tube bundles located in the protective cases are positioned around 
the external walls of the container according to the predefined dose rate. The long 
irradiation tube, on the other hand, can be placed directly into the inner tube of a fuel 
tube bundle.

The positioning of the specimens and components in the containers and tubes 
is carried out in such a way that a homogeneous gamma flux with a flux depression 
of less than 4% is ensured for the irradiation event.

In order to determine the energy dose absorbed by the irradiation specimen, the 
transmitted ion dose is established by a calibrated glass dosimeter with an accuracy 
of ±  10%. A high power ionization chamber is also available for the rapid monitoring 
of dose rates.

The ambient atmosphere of the specimens under irradiation is normally air with 
a relative humidity of <15% . The sweep and energy supply lines attached to the seal
ing covers of the irradiation boxes allow continuous or intermittent air renewal. The 
ambient atmosphere can be heated via these lines to approximately 100°C, whereas 
in standard irradiations the temperatures are between 23 and 32°C. The functioning 
of the electronic assemblies can be monitored by recorders.

An average gamma dose rate of 500 Gy/h has proved desirable in most of the 
irradiation examinations in the course of the past three years. The energy doses to 
be applied are generally in the region of 300 kGy (max.) and only rarely at
2-10 MGy, in which case longer irradiation times are naturally also required.

International regulations and particularly regulations of the Federal Republic of 
Germany form the basis for the irradiation experiments to be carried out, e.g.:
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— KTA 3505: Type testing of measuring and testing equipment for reactor protec
tion systems;

— DIN 53781: Testing of coating materials, and methods of testing the resistance 
of coatings to ionizing radiation in the nuclear industry;

— IEC 544, parts 1 to 4: Guide for determining the effects of ionizing radiation
in insulating materials. ;

The irradiation specimens include a broad range of all the familiar plastics 
products used in the nuclear industry, as well as electronic assemblies and measure
ment equipment, propulsion motors for pumps and control rods, automatic valves, 
etc., and greases and hydraulic oils. Recently, the corrosion behaviour of special 
alloys under prolonged irradiation in the presence of concentrated saline solutions has 
been studied within the framework of a national research programme for final 
storage.

Good co-operation has been established with national and international nuclear 
research establishments in the field of gamma irradiation technology and is supported 
by membership and participation in specialist conferences.

The number of specimens treated annually in the irradiation facility has fluctu
ated between 2000 and 5000 depending on the investigation priorities set by industry 
and the authorities. Correspondingly, the order volume in the past few years has been 
between DM 55 000 and DM 8 6  000.
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A chief difficulty in developing and testing blanket wall and bulk materials for 
fusion reactors is the lack of powerful 14 MeV neutron sources. Therefore, questions
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arising in this work must be tackled by complementary simulation techniques, and 
some final confirmations will have to be postponed to the completion of the first large 
neutron producing fusion machine itself. This lack of fast neutron sources, however, 
scarcely impedes the investigation of ceramic breeding materials because: (a) the 
tritium production in such ceramics, i.e. solid lithium compounds, will mostly be due 
to the capture of thermal and epithermal neutrons, whereas the fast neutrons will 
predominantly be used for neutron multiplication in other blanket materials; and 
(b) irradiation damage in the ceramics is not expected from fast neutron interactions 
but from short range recoils, i.e. from the triton and alpha particle reaction products. 
Thus, the neutron flux in a fission reactor is well suited for the testing of fusion breed
ing materials.

The irradiation experiment TRIDEX (Tritium Recovery Irradiation DIDO 
Experiment) has been developed for the investigation of ceramic breeding materials 
at temperatures between 300 and 800°C. With a cadmium screen, typical operation 
conditions of a fusion blanket can be realized:

— Power density 2-20 W • cm ' 3

— Tritium generation rate (0.2-2) X 1013 cm '3 -s_1

In TRIDEX, the tritium release is measured continuously during irradiation and the 
tritium inventory is measured in situ during shutdown periods.

TRIDEX includes up to 12 individually swept and heated irradiation capsules, 
in which test samples of various sizes and forms (solid pellets, hollow pellets, granu
lated material) can be irradiated. The released tritium is swept by a continuous helium 
flow through heated zinc beds into ionization chambers, where the activity is meas
ured. In the zinc beds, which are arranged directly behind the capsules inside the 
in-pile section, T20  and/or НТО is reduced to T2. Therefore only tritium gas is 
transported along the connection tubes, which are electrically heated, to the ioniza
tion chambers. But it is also possible to measure the fractions of НТО and T20 .

The irradiation capsules are arranged in modules; one module contains three 
capsules. Each module represents a complete and separate irradiation device, which 
can be inserted in any irradiation position of the FRJ-2 (DIDO type) research reactor 
using a corresponding adaptor (single module). The main irradiation position for 
TRIDEX is the 6  in1 vertical channel, in which a section containing three modules 
can be installed (triple module). The modules of the triple module are independent 
of each other and each can be irradiated as long as necessary or can be exchanged 
at any time.

The typical features of TRIDEX are:

— Up to 12 individually swept and heated irradiation capsules (temperature range 
300-800°C).

— 1 2  separate sweep circuits each containing a zinc bed and an ionization cham
ber, with the possibility to inject H2 or 0 2.

1 1 in =  2.54 cm.



POSTER PRESENTATIONS 217

— Heatable ionization chambers (300 °C).
— Coaxial sweep gas flow in capsules and inside the in-pile section.
— Short (< 1 0  m), heated (150°C) connection pipes between capsules and ioniza

tion chambers.
— Different methods for the determination of the released tritium:

— individually: ionization chambers (continuous), molecular sieves (integral) 
or cooled traps (sequential);

— totally: common cooled traps in combination with a preceding Pt catalyst.
— Determination of the chemical form of the released tritium as T2 (ionization 

chambers, total sampling) and T20  or НТО (molecular sieves, cooled traps).
— Measurement of the tritium inventory in situ during shutdown periods.
— Measurement of the development of the neutron flux (relative) by self-powered 

neutron detectors and measurement of the neutron fluence by monitors.

Commissioning of TRIDEX has been scheduled for the end o f 1987. First of 
all, lithium aluminates and silicates will be investigated. The programme is per
formed in close collaboration with the Kernforschungszentrum Karlsruhe.
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J. AHLF, D. BELLMANN 
GKSS-Forschungszentrum Geesthacht GmbH,
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G. POTT
Kernforschungsanlage Jülich GmbH,
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It is well known that irradiation by fast neutrons leads to embrittlement of reac
tor pressure vessel steels, which is manifested by an increase of the brittle to ductile 
transition temperature. In current licensing rules, safeguarding of reactor pressure 
components against brittle fracture is based on linear elastic fracture mechanics. The 
materials property entering safety analyses is the fracture toughness, which must be 
determined for the component under consideration either experimentally or by apply
ing the KIR (reference fracture toughness) procedure as outlined in the American 
Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, 
Section III, or in Kerntechnischer Ausschuss (KTA) Rule 3201.2 of the Federal 
Republic of Germany.
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FIG. 1. Fracture toughness o f HSST03 steel. Кк:: critical fracture toughness; KJc: fracture toughness 
defined in ASTM E813-81.

As it is generally not possible to measure the K1R curve for a vessel in the 
irradiated state, embrittlement is taken into account by shifting the KIR curve of the 
unirradiated state by the amount of the Charpy 41J shift as determined from the sur
veillance programme for the vessel under consideration, or as taken from trend 
curves (e.g. from the United States Nuclear Regulatory Commission Regulatory 
Guide 1.99 or from KTA 3203).

It is the main aim of several research efforts to validate these procedures and 
to quantify their safety margins as well as to improve them, for instance by introduc
ing the concepts of elastic-plastic fracture mechanics. In the Federal Republic of 
Germany these problems are treated within the Research Programme on Safety of 
Components and within the International Atomic Energy Agency (IAEA) 
co-ordinated research programme sponsored by the International Working Group on 
the Reliability of Reactor Pressure Components.

For determining KIR curves of samples after irradiation it is necessary to 
irradiate large fracture mechanics specimens, which is a challenging task in a 
research reactor with its generally limited space.

On the basis of experience with irradiation of small specimens in cylindrical 
rigs, as is common practice in several laboratories, irradiation techniques for large 
fracture mechanics specimens were started in 1977. The details were reported earlier 
[1 ,2 ]. Capsules with large specimen volume (500 mm high, 260 mm broad,
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60-120 mm deep) are irradiated behind stainless steel gamma shields in border posi
tions of the FRG-2 at the GKSS-Forschungszentrum Geesthacht; this was also done 
at the FRJ-1 (since shut down) in the Kernforschungsanlage Jülich (KFA). Both of 
these are swimming pool type research reactors with powers of 15 and 10 MW 
respectively. Specimen temperature is controlled by gas mixing and electrical heat
ing. Dosimetry is based on threshold detectors (mainly Fe, Ni, Nb). Spectrum aver
aged cross-sections are determined by two dimensional transport calculations.

Seventeen of these large capsules containing CT and WOL specimens up to 
100 mm thick and large numbers of conventional tensile, Charpy and drop weight 
specimens have been irradiated in the FRG-2 and 12 in the FRJ-1, all with very good 
performance as regards reliability of components and stability of irradiation 
conditions.

For testing the irradiated specimens the appropriate shielded testing machines 
have been installed in the hot laboratories in Geesthacht and Jülich. Particularly 
powerful tools are a 2500 kN tensile testing machine at the GKSS and a 250 kN 
machine at the KFA.

As a representative example the effect of neutron irradiation on fracture tough
ness of HSST03 steel investigated in the IAEA co-ordinated research programme is 
shown in Fig. 1.
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1. SCOPE

In the context of LWR fuel irradiation research support at the High Flux Reactor 
(HFR), Petten, more than 250 separate tests with preirradiated fuel rods have been 
carried out since 1973. These tests have examined the load following and power 
ramping behaviour of PWR, PHWR and BWR rods, and have been performed in 
jointly sponsored international programmes for Battelle Pacific Northwest Laborato
ries, Richland, Washington State, Combustion Engineering, Inc., Windsor, Connec
ticut, the Kernforschungsanlage Jülich GmbH, the Kernforschungszentrum 
Karlsruhe GmbH, Kraftwerk Union AG, Erlangen, and Nuclear Fuel Industries Ltd, 
Tokai-mura.

2. OBJECTIVES

The main objective of these programmes was to investigate the fuel rod failure 
mechanisms related to pellet-cladding interaction (PCI) which may occur when a fuel 
rod is subjected to a power increase. Other major objectives of the programmes have 
been in the following areas:

•  Utilization enhancement:
— Study of transient behaviour with regard to determination of:

— Safe power step, safe ramping speed and failure thresholds,
— Effect of pre-ramp power level,
— Effect o f design modifications;

— Study of multiramp and load following behaviour;

* Present address: Joint Research Centre, Petten Establishment, CEC, P.O. Box 2, 
NL-1755 ZG Petten, Netherlands.
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•  Basic investigations:
— Transient fission gas release,
— Thermal fuel rod behaviour.

3. HFR TEST FACILITIES AND THEIR SPECIAL CHARACTERISTICS

For the experiments at the HFR, á variety of LWR fuel rod testing facilities 
(irradiation devices, reactor pool based testing equipment and dedicated hot cell facil
ities) are available (Figs 1 ,2 ) . Special features of these facilities are as follows:

— The irradiation capsules can be reloaded in the HFR pool and can be used both 
in the core and in the large pool-side facility (PSF).

— LWR fuel rods up to 2 m long can be tested.
— Reactor independent testing and handling are possible.
— The fuel rod power in the PSF is controlled by position adjustment relative to 

the HFR core; in-core, this is done using an adjustable absorber screen contain
ing boron fluoride; local neutron flux tailoring for spectrum adaptation purposes 
is done with an exchangeable solid absorber.

FIG. 1. Overall arrangement o f LWR fuel rod test equipment in the pools o f  the HFR. I: Dry neutron 
radiography installation; 2; transport container fo r  dry neutron radiography; 3; HFR core; 4; PSF; 
5; PSF irradiation device; 6; neutron radiography camera; 7; reactor pool; 8: loading and discharging 
station fo r  fuel rod irradiation devices; 9: eddy current check and profilometry measuring rig; 10; fuel 
rod storage rig; 11; gamma scanning installation; 12; storage pool.
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FIG. 2. LWR fuel rod testing capsule with integrated length monitoring system. 1: Displacement trans
ducer core; 2: displacement transducer coil; 3: pressure vessel; 4; fuel rod; 5: ribbed basket; 6: upper 
measuring datum o f  length measuring system; 7: metal seal and fuel rod support; 8: minitubes o f primary 
system; 9: thermocouples at coolant outlet/mixing chamber; 10: thermocouple at coolant inlet; 11: cap
sule carrier; 12: lower fixed datum o f  length measuring system.
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— Individual test scenarios with linear heat generation rates of 0-700 W/cm and 
with power change rates of 0.05-1000 W -cm -1 -min“ 1 using standard LWR 
fuel are routinely carried out. ,

— Fuel rod failures can be ‘frozen’ in their nascent state in the PSF by fast with
drawal to the zero power position!

— Neutron radiography, eddy current1 testing and profilometry of the fuel rod can 
be performed directly in the reactor pool.

4. DEVELOPMENT OF NEW TEST DEVICES

Development work under way will extend capabilities in the following areas:

— Reinstrumentation of preirradiated fuel rods with internal pressure and tempera
ture sensors in the hot cells,

— Profilometry on fuel rods being irradiated.

5. FUTURE DIRECTIONS

Future directions in load following and ramp testing of preirradiated fuel rods 
comprise: •

— Determination of defect threshold land fission gas release of MOX fuel rods,
— Ramping behaviour of high burnup PWR and BWR fuel rods,
— Fission gas release of high burnup BWR fuel rods,
— Transient fission gas release and temperature behaviour of reinstrumented fuel 

rods equipped with pressure and temperature sensors,
— Dimensional behaviour of fuel rods being ramp tested.

6 . RESULTS
I!

To a large extent, the results obtained from the load following and ramp test 
programmes have been internationally published [1-13].
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Fusion reactor experiments have been in progress in the High Flux Reactor 
(HFR), Petten, since 1974. They are conducted within the framework of the Euro
pean Fusion Technology Programmes. Their primary objective is to supply design
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data for the Next European Torus. They occupy about 20% of the HFR irradiation 
capacity.

Four areas of irradiation experiments are considered:

— First wall candidate materials, mainly stainless steels;
— Ceramic and liquid breeders;
— Non-breeding ceramics;
— Different experiments of smaller volume, with various targets, such as low acti

vation materials or superconductors.

Experiments on first wall materials include post-irradiation tensile, creep and 
crack growth tests, and in-pile creep tests with either on-line or intermittent measure
ment. Data have so far been generated for 1, 5, 10 and 15 displacements per atom 
(dpa), in the temperature range from 250 to 650°C. An experiment aiming at 35 dpa 
and covering 150-700°C is about to begin irradiation.

Irradiation studies of ceramic blanket breeder materials are being carried out 
with the objective of measuring in-pile tritium release and permeation, and evaluating 
their physical properties. Data have so far been generated for a variety of Li com
pounds, e.g. Li20 ,  Li2S i03, Li2Z r0 3, LiA102, Li6Zr20 7 and Li8Z r0 6, in the temper
ature range 280-750°C. One experiment is being designed to study tritium extraction 
from liquid breeder material, Pb-17Li.

Different non-breeding ceramic materials for first wall protection as well as for 
insulators and diagnostic windows are being irradiated, in the temperature range from 
400 to 1500°C, for 3 and 10 dpa damage.

Other experiments with smaller volumes are examining the behaviour of:

— Low activation structural materials, e.g. V -Ti alloys;
— Superconductors such as V3Si, PbMo8S6 and YBa2Cu30 7.

IAEA-SM-300/56P

‘RELIEF’: AN EXPERIMENT TO MEASURE DIFFERENTIAL 
FUEL-CLADDING AXIAL DISPLACEMENT OF FBR FUEL PINS 
UNDER SIMULATED OPERATIONAL TRANSIENTS 
IN THE HIGH FLUX REACTOR, PETTEN

R.L. MOSS, G. TSOTRIDIS, M. BEERS 
Joint Research Centre, Petten Establishment,
Commission of the European Communities,
Petten

The investigation of fast reactor fuel pin behaviour under transient reactor con
ditions is the aim of the DeBeNe group in support of the SNR-300 Operational Tran
sient Programme. In connection with this, numerous experiments, sponsored by the
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FIG. I. Experimental set-up (dimensions in millimetres).

Kernforschungszentrum Karlsruhe, are executed in the High Flux Reactor (HFR), 
Petten.

The HFR is a 45 MW materials testing reactor, cooled and moderated by light 
water. Up to 19 in-core positions are available for accommodating irradiation experi
ments. Outside the reactor vessel, two pool-side facilities (PSFs) are available which 
allow for up to 14 transient experiments to be carried out whilst the reactor is main
tained at steady power. The majority of the LMFBR irradiations are performed in 
the PSFs. An overview of the complete LMFBR irradiation programme is given in 
another presentation at this symposium [1 ].
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One of the LMFBR experiments, named RELIEF, has the objective of measur
ing the differential and absolute fuel-cladding elongations during typical operational 
transients. A schematic of the experiment is shown in Fig. 1.

The measurements are performed by a specially designed sensor which is 
attached to the fuel pin by means of a series of concentric bellows. The sensor can 
be moved vertically by changing the differential pressure across the bellows, thus 
causing the series of bellows to contract or extend. By this means, the sensor alter
nately contacts and records the fuel and cladding axial displacements during a tran
sient. The intention of the experiment is to show that the axial displacement during 
various types of transient is limited. Therefore, in terms of reactor operation, limited 
reactivity changes would be a ‘re lief to the operators.

The first RELIEF experiment began operation in December 1986 and the com
ing series of experiments is planned to end in 1990.

REFERENCE
1

[1] MOSS, R .L., TSOTRIDIS, G., BEERS, M., IAEA-SM-300/58, these Proceedings.
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Since 1979, the BR3 PWR power plant and the BR2 MTR at the CEN/SCK 
have been jointly involved in international irradiation testing programmes for LWR 
fuels on behalf of some twenty organizations, including fuel vendors, utilities and 
national laboratories.

The location of both reactors at the same site results in outstanding advantages 
with respect to the transportation and intermediate examination of the tested fuel rods 
and permits the scheduling of the testing programme to be very flexible.
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Two international programmes have been carried out so far, together compris
ing the testing of more than 80 fuel rods:

— The TRIBULATION Programme is concerned with the behaviour of commonly 
used PWR fuels at high burnup after an accidental overpower transient.

— The GAIN Programme provides an experimental database on the in-pile 
thermomechanical behaviour of U 0 2-G d20 3 fuel rods of PWR design.

A third international programme, called HBC (High Burnup Chemistry), has 
been launched recently at the CEN/SCK. It aims at the characterization of the thermal 
and chemical behaviour and the determination of the ‘power to melt’ level of U 0 2 

and U 0 2-G d 20 3 fuels.
Other future testing programmes will focus on the irradiation of full length fuel 

pins from commercial power reactors, taking advantage of the special geometry of 
the BR2 irradiation facility.

All these irradiation testing programmes include a preirradiation campaign 
either in the BR3 or in any (commercial) PWR or BWR power reactor followed by 
a transient or a load following campaign in the BR2, where transient conditions are 
obtained by using 3He neutron absorbent devices. After the transient the PWR fuel 
rods originating from the BR3 can be reloaded in this reactor to accumulate more 
burnup. Non-destructive examination can be performed at any intermediate stage of 
the irradiation history.

IAEA-SM-300/73P

IN-REACTOR GAS LOOP FOR TESTING 
FULL LENGTH FUEL CLUSTERS FOR 
CIVIL ADVANCED GAS COOLED REACTORS

D.B. HALLIDAY, L.S. EVANS, E.J. MITCHELL 
Harwell Laboratory,
United Kingdom Atomic Energy Authority,
Harwell, Didcot, Oxfordshire,
United Kingdom

The PLUTO AGR Test (PAT) Loop is being commissioned at Harwell. The 
purpose of the PAT Loop is to test fuel clusters for the civil advanced gas cooled 
reactor (CAGR) under normal and abnormal operating conditions. Such tests will 
include:

(a) Power ramping of fuel leading to eventual cladding failure;
(b) Power cycling of fuel clusters;
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TABLE I. PAT LOOP BASIC DATA

Primary circuit

Design pressure 

Operating pressure 

Design temperature

Coolant temperature at fuel inlet/outlet 
(typical steady state conditions)

Peak outlet temperature (transient conditions)

Coolant temperature at inlet to circulators

Loop coolant

Mass flow rate

Loop heater rating

Recuperator performance

Cooler capacity

Primary circuit material

Fuel

Fuel cluster (9 AGR fuel pins)

Fuel composition 

Fuel cladding 

Normal rating

Heat output from fuel cluster (typical)

Fuel cladding temperature 
(typical steady state conditions)

Neutronics

Position in PLUTO 

Thermal neutron flux

Power cycling medium and max. power ratio

5.25 MPa (761 psi)

4.45 MPa (645 psi)

625 °C 

440/490°C

600°C 

250° С

C 0 2 +  additives

1.5 k g -s '1 

192 kW

400 kW (max.)

300 kW

Type 316 stainless steel

15.3 mm dia., 1000 mm long

U 0 2 (2.5% U-235 enrichment)

20/25 stainless steel

24 kW -m '1

100-215 kW

730°C

V3 hole, 190 mm dia., in D20  reflector

1.5 X  1018 n - m ‘ 2- s" '

He-3, 3:1
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(c) Coolant chemistry tests covering
(1) C 0 2-graphite interaction,
(2) Carbon deposition on fuel pins;

(d) Testing of advanced fuel pins.

The PAT Loop is particularly suitable for the study of fuel transient behaviour 
and is flexible enough for experiments in the areas of carbon deposition and fuel ele
ment development. The fuel pins are subjected to fully representative CAGR condi
tions of coolant flow, pressure, coolant chemistry, temperature and rating. The loop 
can accommodate up to nine full length CAGR fuel pins, which can be either new 
or highly burnt-up fuel transferred from a CAGR. A variable pressure 3He neutron 
absorber screen provides the capability of carrying out both power transient and 
power cycling experiments. The loop primary circuit isfully contained and shielded 
so that fuel failure tests can be safely conducted and radioactive coolant can be 
dumped into delay tanks if necessary. The coolant chemistry can be varied over a 
range of gas compositions and various impurities can be introduced and monitored. 
The loop is highly instrumented and is controlled and monitored by computers. A list 
of basic parameters is presented in Table I.

This loop will be the main research vehicle in support of CAGR fuel and coolant 
chemistry development in the future. It is the result of close collaboration between 
the United Kingdom Atomic Energy Authority (UKAEA) and the Central Electricity 
Generating Board (CEGB) on power reactor research and development, and its con
struction and programme are funded jointly by the UKAEA, the CEGB and the South 
of Scotland Electricity Board.
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Abstract

PAST, PRESENT AND FUTURE REACTOR NEUTRON RESEARCH REQUIREMENTS AT THE 
KERNFORSCHUNGSANLAGE JÜLICH IN AN INTERNATIONAL CONTEXT.

Since the early 1960s two research reactors, FRJ-1 (MERLIN) and FRJ-2 (DIDO), designed as 
multi-purpose facilities (design powers of 5 and 10 MW were increased to 10 and 23 MW in the early 
1970s), have served a wide spectrum of uses, ranging from fundamental nuclear physics through medi
cal research, materials testing, radiochemistry and isotope production to thermal and cold neutron scat
tering in condensed matter research. Technical developments in irradiation facilities and techniques 
applied on a large scale have frequently been carried over to other research reactors, especially those 
at Studsvik and Petten, in continuing collaborative programs. While the need for materials testing has 
declined as the nuclear power industry has become more and more established, there has been a continu
ous growth over the years in the importance of neutron scattering research. This growth has been stimu
lated also by the construction of the first cold neutron source in the Federal Republic of Germany at 
FRJ-2, together with an external neutron laboratory connected to the cold source by newly developed 
neutron guides. Several.novel experimental techniques, such as small angle neutron scattering, neutron 
back-scattering and diffuse elastic neutron scattering, have been implemented at these neutron guides. 
These techniques have since become firmly established as valuable research tools also in other laborato
ries, especially at the high flux reactor in Grenoble. For many years there has been an active exchange 
of information and experience with universities and laboratories of neighboring countries. In order to 
secure and possibly improve the supply of neutrons at the Kernforschungsanlage Jülich in the medium 
term future, refurbishment concepts for FRJ-2 are being studied which range from simple replacement 
of older parts to a complete exchange of the whole reactor block and use of a new core concept to 
improve the flux level as well as to reduce the. high energy neutron contamination in the thermal and 
cold beams.

1. EVOLUTION OF SCIENTIFIC RESEARCH AT THE JÜLICH 
REACTORS

Scientific large scale devices and an efficient 
scientific/technical infrastructure not only have shaped the 
image of the Kernforschungsanlage (KFA) Jülich in the past, but 
they are also indispensable at present and in the future for

* Present address: Dr. Werner International, Horbacher Strasse 28-30, D-5100 Aachen, Federal 
Republic of Germany.
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outstanding scientific work and thus of particular significance 
for this national research facility. KFA's large scale devices 
include supercomputers (Cray X-PM), a synchrotron under 
construction with special beam qualities and energies up to 
2.5 GeV (COSY), the TEXTOR fusion experiment and, above all, 
the DIDO research reactor which, with respect to its 
experimental use, is a very typical example of 
interdisciplinary cooperation between scientists and 
technicians trying to find solutions to common problems, which 
is a characteristic working method of the KFA Jülich. The high 
quality of neutron research has found expression recently in 
the construction of an optimized cold neutron source together 
with the External Cold Neutron Guide Laboratory (ELLA) 
connected to this source by means of several efficient neutron 
guides to accommodate a wide range of neutron scattering 
experiments.

With the expectations running high in terms of nuclear re
search and peaceful uses of nuclear energy in those days, two 
research reactors were built at the Kernforschungsanlage 
Jülich soon after its foundation in the late 1950s. FRJ-1, a 
pool-type reactor (MERLIN), and FRJ-2, a heavy water moderated 
and cooled DIDO-type reactor, were both designed as typical 
multi-purpose reactors with numerous horizontal beam ports and 
vertical irradiation positions. Due to its design FRJ-1 was 
mainly used for materials and sample irradiations, whereas 
nuclear physics and solid state physics research clustered 
around FRJ-2 because of its softer neutron spectrum and more 
favorable horizontal beam ports.

First critical in 1962, FRJ-1 and FRJ-2 reached their full 
design powers of 5 and 10 MW respectively in 1963. To 
accommodate the ever increasing demands, several modifications 
were carried out during the following years until the early 
1970s, improving the experimental conditions by making 
available more space and better power supplies for the 
experiments and in particular by increasing the available 
neutron flux: by going from 5 to 10 MW at FRJ-1 a maximum 
thermal flux of 1 x 1014 cnf^s" 1 was achieved, while the power 
increase of FRJ-2 to 15.and then to 23 MW yielded a thermal 
flux up to 2 x 10 cnf^s . Furthermore, a cold neutron source 
using liquid hydrogen was installed at FRJ-2. Up to 270 days of 
experimental data taking were possible in 10 to 12 operational 
periods per year.

At a very early stage both reactors were fully equipped with 
beam hole and irradiation experiments, serving mainly the fol
lowing fields of research:

- neutron scattering
- nuclear physics
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- nuclear and radio-chemistry (isotope production)
- neutron activation analysis
- medical applications
- fuel and fuel element technology and
- investigation of (structural) materials.

Even after the upgrades it was not possible to cover fully 
the demand for neutrons at KFA. Therefore, starting in the late 
1960s, numerous experiments were carried out at powerful Euro
pean reactors. These included fuel and materials irradiations 
mainly for the development of the HTR reactor at BR-2 in Mol, 
HFR Petten, R-2 in Studsvik and Osiris in Saclay /1/. 
Furthermore many neutron scattering experiments were and still 
are carried out by the Jülich group at the HFR of the Institut 
Laue-Langevin (ILL), Grenoble, with preparatory work done at 
FRJ-2 in most cases.

The development of LWR's and of the HTR was far enough ad
vanced in the early 1980s for it to be possible to forecast a 
significant reduction in the demand for materials irradiation. 
For this reason and also owing to economic considerations FRJ-1 
was shut down in 1985. At the same time beam hole experiments 
became more and more predominant at FRJ-2, which led to the 
construction of an optimized cold source and a new External 
Cold Neutron Guide Laboratory (ELLA) in 1986 (see Section 2).

Although by design equally well suited for beam hole and 
irradiation experiments, 64 % of the present use of FRJ-2 
comprises beam hole experiments, with forecasts indicating that 
this will increase to 81 % within a few years (see Fig. 1) and 
even up to 90 % in the long run. The remaining fraction mainly 
comprises the use of rabbit facilities for isotope production 
and neutron activation analysis (NAA).

2. THE REACTOR FOR BEAM RESEARCH IN SOLID STATE 
PHYSICS AND CHEMISTRY; THE NEW EXTERNAL COLD 
NEUTRON GUIDE LABORATORY (ELLA)

Originally, only thermal neutrons of the FRJ-2 beams were 
used for investigations in condensed matter physics, and the 
first generation of instruments consisted of a triple axis 
spectrometer, a time-of-flight spectrometer and two diffrac
tometers. The number of instruments later increased to two 
triple axis spectrometers, which are mainly applied for the 
study of excitations in glasses and of phonons in organic ma
terials and in metals; three diffractometers, which are mainly 
used for magnetic problems, for texture investigations and for 
routine problems arising from physical chemistry.
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FIG. I. Experimental utilization o f FRJ-2 (DIDO) according to design, present status and future plans.

In 1971, the cold source in FRJ-2 was connected with a time- 
of-flight spectrometer and a small external laboratory by means 
of neutron conducting guides which had been invented at that 
time. A time-of-flight spectrometer, a small angle scattering 
instrument, an instrument for diffuse neutron scattering and a 
back-scattering spectrometer were installed. The last three 
became the "precursors" of the very successful instruments 
D 11, 0 7 and IN 10, built later at ILL. This External Cold 
Neutron Guide Laboratory (ELLA) was completely dismantled in 
1983, reconstructed and replaced by a new, bigger and improved 
laboratory /2/.

The operation of the new laboratory started gradually in 
early 1986. Fig. 2 shows the overall layout of the main reactor 
building and its thermal beam instruments. The neutron guide 
system commences as an in-pile port within the beam tube 
containing the cold source. The initial cross-section of 
100 x 100 mur is divided up for two and finally for four 
guides.

A number of improvements were implemented which have led to 
higher intensities at the instruments. In particular, the nic
kel coatings of the glass guides were replaced by üöNi 
coatings. This yields an increase by a factor of 1.4 in 
intensity because of the larger critical angle. The new cold 
source was optimized after computer calculations of the 
spectra, which led to a 4 cm thickness of the ^-moderator
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Thermal neutron instruments in the reactor hall

Gold neutron instruments in the guide hall

FIG. 2. FRJ-2 and its neutron scattering facilities. DAS: triple axis spectrometer; TOF: time-of-flight 
spectrometer; DIFF: diffractometer; DNS: diffuse neutron scattering spectrometer; DKD: double crystal 
diffractometer; BSS: back-scattering spectrometer; ß-NMR: nuclear spin resonance facility; EKN: 
general cold neutron facility; HADAS: high resolution triple axis spectrometer; KWS: small angle scat
tering spectrometer; ISOL: isotope separation on-line fo r  nuclear physics applications (see Refs [2] 
and [3]).

vessel. Focussing monochromators are installed inside the 
guides in order to lead the neutron beams into the various 
instruments.

In the following, the most important instruments which use 
cold neutrons in ELLA will be briefly described. A detailed 
description of all instruments can be found in an internal KFA 
report /3/.

(a) Small angle scattering
Two small‘angle scattering instruments with variable entrance 
slit and variable samp1e-detector distance were built, using a 
mechanical velocity selector with 10 % wavelength resolution.
By matching the angular width before and after scattering, a 
full optimization of the intensity is possible. A range of 
scattering vectors between 5 and 10 nm-1 can be covered. Two- 
dimensional detectors are available, either a ^He counter, or a 
Li-glass detector, which applies the Anger camera principle: 
the (n,oi) reaction is localized by measuring the light 
intensities with an array of multipliers /4/.

In addition, a double crystal diffractometer was built for 
very high resolution small angle scattering. The sample is 
placed between two ideal silicon crystals in parallel 
positions, and the scattering pattern is scanned by rotating 
one crystal against the other. The resolution is determined by 
the natural width of the reflection curve, and a resolution of 
10 ' 4 nm-1 can be achieved. By combining both instruments, four 
orders of magnitude in the scattering vector can be covered, 
and at least eight orders of magnitude in intensity.
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Small angle scattering will continue to be mainly used for 
studies of concentration fluctuations in polymer blends, for 
the investigation of precipitates in the mi sei b i1i ty gap of 
blends, and for studies of the morphology of polymers which are 
labeled by partial deuteration, e.g. for the investigation of 
deformed elastomers or of fast-spun fibers. Furthermore, pre
cipitates in metallic alloys and in metals with radiation 
damage can be studied, for instance helium bubbles in alpha- 
irradiated materials, a problem relevant to the KFA fusion 
materials program (for reviews on small angle scattering and 
related work see /5 - 8/).

(b) Diffuse and disorder scattering
An instrument for diffuse scattering, that is, scattering 
between Bragg reflections, was built primarily to study alloys 
/7/. In order to eliminate phonon and other inelastic 
scattering contributions, the instrument is equipped with a 
time-of-flight analyzer or, alternatively, with single crystals 
as analyzers which are "tuned" with the monochromator energy. 
The short range order coefficients can be determined from the 
diffuse scattering, provided that a large region of reciprocal 
space is covered in a measurement. By means of Monte Carlo 
methods, the short range order coefficients yield the 
interaction potential between the atoms. This information leads 
to a quantitative or, at least, semi-quantitative understanding 
of the phase diagram of an alloy /9/.

Also scattering on the strain fields produced by dilute im
purity atoms can be investigated, in particular scattering from 
dissolved hydrogen /7/ and other impurities. Furthermore, 
polarized neutrons can be made available for studies of 
magnetic fluctuations, using a magnetic guide as polarizer.

(c) High resolution spectroscopy
Two back-scattering spectrometers were installed. They use 
Bragg reflection at an angle of 90° which yields a resolution 
in energy of the order of 0.2 eV /10/. One of these instruments 
has a Doppler drive which achieves a computer-controlled 
velocity profile; this allows an optimum scan of the energy re
gion covered by the spectrum to be investigated. The other in
strument has no Doppler drive at all: it determines the 
scattering function at zero energy transfer, i.e. S(Q,0 J = 0 ), 
for instance to carry out temperature scans of the zero Fourier 
component of the spectrum.

The back-scattering instruments serve mainly for the in
vestigation of rotational tunneling transitions; typical exam
ples concern CH3- or. NH/j-groups with splitting in the eV re
gion. Another application of back-scattering is the well known
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method of quasielastic scattering to obtain information on the 
diffusion process for hydrogen in metals /11/, on diffusion in 
fast ionic conductors, or for molecules moving on surfaces.

(d) Other equipment
There are further instruments which will be only mentioned 
here, namely a triple axis4spectrometer, a very "clean" beam 
for nuclear physics studies, an irradiation facility for boron 
tumor therapy and an NMR instrument where the precession of 
nuclei, which have captured polarized neutrons, in a magnetic 
field is measured. Two of these instruments use a so-called 
"trumpet" guide (a conical super-mirror tube) which enhances 
the beam intensity by a factor of at least two.

Altogether, there are nine inew instruments in ELLA; four 
neutron spectrometers and three diffractometers are inside the 
main reactor building. Of these sixteen instruments, six are 
used and operated by university groups. The utilization of such 
facilities by universities is ¡considered an important task of a 
reactor in a big research center. As a matter of fact, the main 
activities come from the Institut für Festkörperforschung of 
KFA; these concern mainly metal physics, magnetism and 
polymers. Studies to examine problems from physical chemistry 
and, more recently, from biology are being introduced by 
external groups.

I I

The thermal flux of FRJ-2 is a factor of 10 below the flux 
of the Grenoble reactor. For the instruments in ELLA, the cold 
flux is three to five times smaller than the flux at the high 
flux reactor and, presently, the installation is the best one 
which is available in the Federal Republic of Germany.

3. PROSPECTS FOR THE FUTURE

Analyzing the medium and long term prospects, one has to be 
concerned about the scientific competitiveness of the now 25- 
year-old FRJ-2 as well as about the risk of failure of certain 
components: 1

(a) Various parts of the main cooling circuits will have to be 
replaced, some of them by more modern designs to ensure long 
term availability of spare parts. These include the main D?0 
pumps, where a 3 out of 4 concept should be adopted instead of 
the present 3 out of 3. This requires also major changes to the 
pipework.

(b) Thermal shield cooling, an essential design feature of the 
DIDO-type reactors, is achieved by water flowing through copper
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pipes in lead contained in a double walled steel tank to pro
tect the concrete from gamma radiation and to remove part of 
the heat generated in the graphite reflector. The total heat 
load on this shield of about 250 kW makes forced cooling of all 
its parts mandatory. A problem common to several reactors of 
this design is leakage of the pipe system at a spot which is 
extremely difficult to access for repair. Two of the shield 
segments at FRJ-2 are presently operating on the spare (redun
dant) systems and no failure of these can be tolerated.

(c) Radiation damage to the aluminium tank structure it the beam tube 
noses. On the basis of an allowable dose of 10¿¿ fast neutrons 
per cm the year 2005 is estimated as an upper life limit for 
the most exposed parts in the aluminium tank. However, in view 
of the uncertainties of these estimates, operation in the 
present configuration is envisaged only until about 1995.

4. THREE CONCEPTS OF REFURBISHMENT CONSIDERED

In any concept to secure the neutron supply at KFA by 
extending the life expectancy of FRJ-2,

- present weak points limiting the life expectancy should be eliminated,
- proven and presently licensable technology should be used throughout,
- the cost-to-performance ratio should be lower than for a new reactor,
- the time during which no neutrons will be available should be as short

as possible and
- present proliferation restrictions shall be taken into account.

Three options to extend the lifetime of FRJ-2 have been 
identified and are under investigation /12/.

Preliminary design goals for the refurbished FRJ-2 have been 
set at about 20 to 25 MW power and an unperturbed thermal flux 
in the reflector up to 5 x 10 cm-¿s , depending on the par
ticular concept.

Incorporation of irradiation facilities in the reflector for 
thermal neutron irradiation is foreseen in all concepts.

4.1 Replacement or repair of parts as they fail or need replacement

In this scheme the following actions are necessary:

- development of methods to seal the leaks in the shield cooling system
(presently in progress);

- conversion of the reactor core in its present configuration from HEU to
LEU (under preparation);
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- replacement of the main cooling pumps, presently designed as slotted
tube pumps, by more modern magnetic pumps;

- checking and eventually replacement of the heat exchangers in the pri
mary cooling circuit;

- upgrade of the secondary air coolers to be able to operate at full reactor
power also at high ambient temperatures;

- planning for removal and disposal of the old aluminium tank;
- timely fabrication of a new tank to be installed.

Although the actions do not satisfy most of the above 
guidelines, planning of these steps is a necessary precaution 
for any trouble that might arise. With tests to seal leaks in 
pipes at non-accessible positions successfully completed, the 
repair work will be performed in the near future. Studies on
the removal of the aluminium tank carried out in close
cooperation with an experienced company showed that the 
replacement of a tank in a non-pool-type reactor is a major 
task and is likely to require a total of 4-5 years.

4.2 Replacement of all parts inside the steel tank (thermal shield)

Since it is not possible to detach the thermal shield from
the surrounding concrete, a new tank must be inserted inside 
the existing one, if future operation of the present shield 
cooling is to become unnecessary. This requires removal of the 
beam tube inserts, the aluminium tank and the graphite reflec
tor by remote handling. In this case the present core can be 
changed to a more compact one to improve the thermal flux 
situation at the beam tubes. Although still limited by existing 
beam hole penetrations through the biological shield, some im
provement is conceivable with respect to fast neutron back
ground and gamma radiation in the beam tubes by using a 
partitioned cylindrical core with a fuel free central section 
(Fig. 3). Finally, by replacing the present graphite reflector 
with an annular layer of H?0 around the D20 tank, space can be 
gained to design replaceable beam tubes into the system 
(Fig. 4).

Since the new core would have to be f^O-cooled for 
criticality reasons, the concept includes total replacement of 
the main cooling circuits and the whole control system.

While this concept has some promise for securing DIDO opera
tion on a long term basis it involves a considerable amount of 
remote handling of radioactive materials which will have to be 
conditioned, packed and safely stored. Also, while the possible 
improvement of experimental conditions is limited, the down 
time, in which no neutrons are available, is likely to be quite 
long.
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4.3 Replacement of the whole reactor block

The block of the DIDO reactor (biological shield) rests on 
four massive steel pillars. By cutting the experimental floor 
around the reactor block open and making suitable provisions 
for lifting and transportation it is therefore possible to re
move the roughly 1000 t heavy block as a whole from its po
sition and replace it by a prefabricated new one. The concept 
would involve the following main steps:

- build an assembly hall next to the reactor;
- assemble and cold-test the new block in the hall;
- provide suitable gear for lifting and horizontal transportation of the

block;
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FIG. 4. Concept o f a new thermal shield and water reflector with a D20  moderator inserted in the 
existing reactor block.

- shut down the old reactor, remove all supplies and installations from the
block, and seal all penetrations safely;

- cut experimental floor open and cut a hole Into the reactor containment
to lead to the assembly hall; build the removal path to the assembly 
hall and bring transport gear into position at the old block;

- cut the supporting pillars and move the old reactor block to a prepared
location in the assembly hall for storage;

- bring the new block into position, make the necessary connections and
replace those parts of the floor and the containment wall which had 
been removed;

- test and start operation of the new reactor.
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The design of the new block incorporates some of the fea
tures mentioned above (^O-cooled partitioned core, D?0 modera
tor and H20 reflector) and includes closed-circuit natural con
vection loops for emergency cooling as well as a totally new 
primary cooling and control system.

Since the reactor block of DIDO is located in the second 
floor, a storage location for the old block can be provided in 
the ground floor of the assembly hall in such a way that the 
second floor can later be converted into a second neutron guide 
hall.

5. NEXT STEPS

The results of the study for a refurbishment of FRJ-2 will 
be checked against the expected performance and cost of a 
completely new pool-type reactor which, among others, would 
have the advantage of making nearly no interruption of the neu
tron supply at Jülich necessary. It is the goal of the study 
group now working at KFA to carry out the technical design work 
for all the solutions mentioned to a point where cost, time and 
performance estimates are possible with sufficient precision to 
allow a decision on which route should be followed. Such a 
decision is expected to be taken in the course of 1988.
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Abstract

STUDSVIK’S R2 REACTOR -  A MULTI-PURPOSE RESEARCH REACTOR FOR FUEL AND 
MATERIALS TESTING, INDUSTRIAL APPLICATIONS, RADIOISOTOPE PRODUCTION AND 
BEAM TUBE EXPERIMENTS.

A general description of the R2 reactor, its associated facilities and its history is given. The facili
ties and range of work are described for the following types of activity: fuel testing, materials testing, 
neutron transmutation doping of silicon, activation analysis, radioisotope production and physics 
research, including neutron capture radiography1!

1. INTRODUCTION

R2 is a tank-in-pool reactor built in 1958-60 by ACF Indus

tries, USA. It was originally a 30 MW(th) reactor similar to the 

Oak Ridge Research Reactor (ORR) with a 10x10 core configura

tion. Initially the 100 positions were utilized as 
follows:

plate-type fuel elements approximately 38

reflector elements, Be approximately 36

control rods 6

in-pile loops, experimental
rigs and aluminum fillers approximately 20

During the 1960's the wide variety of R&D programs necessi

tated the use of up to 6 different in-pile loops and several 

different types of rigs in fuel element positions. In 1968 the 

power was increased to 50 M W ( t h ) .

During 1984-85 the reactbr vessel was replaced by a new 

vessel and the experimental facilities were modernized. The core 

lattice was changed to 8x10 and the Be reflector elements were 

removed from two opposite sides of the core. The number of fuel
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elements in the new core is about 44, the number of Be reflector 

elements about 10 and the number of fuel element positions used 

for in-pile loops, experimental rigs and aluminum fillers is 

about 20. A  pool-side silicon irradiation facility is installed 

adjacent to the core box wall outside the reactor vessel on one 

of the unreflected sides of the reactor. The other unreflected 

side of the reactor is occupied by a large D^O box with reentrant 

horizontal beam tubes. There will soon be 8 such beam tubes for 

basic research utilizing thermal neutrons.

Associated with the R2 reactor is the 1 M W  swimming pool 

R2-0 reactor (in the same pool) and also facilities for n on

destructive examination of test fuel rods in the reactor pool 

(neutron radiography, profilometry and eddy current testing). 

Other associated facilities at the Studsvik site include a well 

equipped hot-cell laboratory where both test rigs from R2 and 

full-size power reactor fuel elements can be disassembled and 

investigated |l| and a lead-cell laboratory where mechanical 

testing, corrosion testing and metallography can be performed on 

non-fissile materials (cladding materials, structural materials, 

pressure vessel materials etc) .

2. FUEL R&D

Much of the R&D w o r k  in this area has been concentrated on 

fuel testing, which can be made with high precision under rea
listic water reactor conditions. Since the early 1970's w ork has 

been concentrated on L WR fuel. This type of work is usually 

performed on fuel segments of 350-1000 m m  length. However, tests 

have also been performed on full-size 2.5 m  long demonstration 

reactor fuel rods. Constant-power irradiations are performed in 

boiling capsules (BOCA rigs) in fuel element positions or in 

pressurized water in-pile loops operating under BWR or PWR 

conditions. These loops are of a "hair-pin" type and each occu

pies two fuel element positions. Ramp tests incorporating a very 

fast responding test rod power measuring system and associated 

on-line measurements, such as rod elongation, fission gas pressure 

and noise measurements for studies of the rod thermal performance, 
are performed in these loops.

Descriptions of the facilities and the techniques used have 

been published |2, 3|. The noise measurements introduced for 

studies of the rod thermal performance have also been described 

IAI - Several other novel testing techniques have also been intro

duced. A  very fast ramp rate, up to 5 000 W/(cm.min), can be used 

to obtain fast power transients and to determine the pellet-clad 

interaction/stress-corrosion cracking (PC1/SCC) failure boundary.

A  double-step up-ramping technique makes it possible to increase



IAEA-SM-300/8 249

the rod linear power during ramping by as much as a factor of 3 . 

On-line elongation measurements can be performed during ramp 

tests. Test fuel rods can be fitted with on-line pressure trans

ducers through a refabrication process. Several n e w  hot-lab 

techniques have also been introduced |1 |. Short fuel rodlets can 

be fabricated from full-size power reactor fuel rods by the 

STUDFAB process. Fuel ceramography can include scanning electron 

microscopy (SEM) and electron probe microanalysis (EPMA).

Since 1975, a series of international fuel R&D projects 

addressing the PCI/SCC failure phenomenon have been conducted 

under the management of Studs^ik Nuclear, a division of Studsvik 

Energiteknik AB 15—6 |. These projects are pursued under the 

sponsorship of different groups of fuel vendors, nuclear power 

utilities, national R&D organizations and, in some cases, 

licensing authorities in Europe, Japan and the US. In most of 

the projects the clad failure occurrence was studied under power 

ramp conditions utilizing the special ramp test facilities of 

the R2 reactor. The current projects are not limited to PCI/SCC 

studies but also include other aspects of fuel performance, such 

as end-of-life rod overpressure. An overview of the eight projects 

that have been completed and the four projects that are currently 

in progress or planned to be started during 1987-88 has been 

published 17 I. In most cases, the test fuel was base irradiated 

in commercially operating light water power reactors. In some 

instances the base irradiation took place in the R2 reactor 

itself, in BOCA rigs. ;

The ramp tests are a form of integral performance test 

where the complex interplay between the pellets and the cladding 

of power reactor fuel rod is álmost perfectly reproduced. Shorter 

rod length is the principal difference. The test objectives com
prise primarily:

The determination of t he '1 failure boundary and the failure 

threshold.

- The establishing of the highest "conditioning" ramp rate 
that safely avoids failure occurrence.

The study of the failure initiation and progression under 

short time over-power transient operation beyond the failure 

threshold.

- The proof testing of potential PCI remedies.

Other, more specific test objectives have also been pursued 

in some projects. The test data are often used as "benchmarking" 

data in the project participants' own fuel modelling work.
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European, Japanese and US fuel manufacturers and research 

organizations have also for many years been utilizing the R 2 
test reactor and the associated hot-cell laboratories for bilateral

ly sponsored research, as reported in a number of publications. 

General Electric Co. has executed several series of ramp tests at 

R2, as part of its efforts to develop the zirconium barrier fuel 

concept. Some of the ramp techniques requested were innovative, 

for example the "double ramping" of the test rods. Exxon Nuclear 

Co. (now Advanced Nuclear Fuels Corporation) is another major 

customer as well as Hitachi Ltd and Toshiba Corporation. M i t s u 

bishi Heavy Industries, Ltd have performed combined power cycling 

and ramp tests. Tests are also performed for additional organiza

tions but the results have not yet been published.

During the 1970's extensive series of HTR fuel irradiations 

were performed in a special HTR gas loop system operating with 

on-line measurements and analyses of the released fission gas 

and of the fuel temperature j 8 J.

Studsvik N u c l e a r 's in-house R&D wor k  is mainly associated 

with improvements of test irradiation techniques, instrumentation 

and post-irradiation examination, all in support of ongoing or 

upcoming irradiation projects. Progress in these areas has made 

it possible to achieve important advances in fuel research. For 

example, the characterization of the PCI failure progression in- 

some recent projects was only made feasible through a combina

tion of several n ew techniques. These included a very fast ramp 

execution using a ramp rate of 5 000 W/(cm.min), compared to the 

previous m a ximum of 200 W/(cm.min), a prompt detection of the 

through-failure event using the on-line elongation detector and 
a subsequent special clad bore inspection technique.

3. MATERIALS R&D

The R&D work discussed in this section consists of studies 

of irradiation effects on structural materials. These types of 

studies were concentrated on pressure vessel steels, stainless 

steels and nickel-base alloys (for super-heater and fast reactor 

cladding) during the 1960's and on zirconium alloys during the 

1970's. The early pressure vessel steel work comprised investi

gations of different potential pressure vessel materials, of 

different materials variables and of the influence of different 

irradiation conditions (neutron fluence, irradiation temperature 

e t c ) . Recent wor k  has been concentrated on accelerated irradi

ations of materials actually used in pressure vessels under 

conditions resembling the actual ones as closely as possible.
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Recent w ork on stainless steels has to a large extent been 

concentrated on fusion reactor; materials within the Next European 

Torus (NET) program. The w ork on nickel-base alloys has been 
discontinued. The work on zirconium alloys is continuing and is 

being expanded in order to include in-pile corrosion.

4. NEUTRON TRANSMUTATION DOPING

In 1977 Studsvik Nuclear began neutron transmutation doping 

of silicon for industrial use îin electric power components. The 

original irradiation facility iwas later replaced in order to 

increase production capacity and reliability. With the present 

facility it is possible to treat simultaneously three trains of 

silicon.

The silicon ingots are loaded manually onto the triple

irradiation facility, which is situated in a notch of the R2 

reactor. The ingots then perform a horizontal helical movement 

in the pool in front of the core. The velocity and hence the 

dose are monitored through self-powered neutron detectors and 

controlled by a micro-computer.

After completion of the irradiation the ingots are removed 

to a conveyor, which slowly transports them to the pool surface.

A  permanent radiation instrument monitors the dose rate, and in 

order to avoid unnecessary hand doses to the operators, the 

ingots are lifted with a ^jane. Th^jj are then stored for a few 

days in order to let the Si and P activities decay. The 

decontamination is done by rinsing in demineralized water.

Silicon ingots with lengths up to 600 m m  and diameters up 

to 130 mm  are treated routinely. The target resistivity of the 

resulting n-conducting material usually lies in the 30-300 ohm.cm 
range. The high uniformity and precision of the irradiation 
guarantee less than +6 % axial deviation from the specified 

resistivity value and better than +1 % radial variation. The 

day-to-day constancy of the operation of the facility is moni

tored through cobalt wires attached to some of the silicon 

ingots.

The irradiated material is shipped in compliance with IAEA 

regulations. The bulk material must have a specific activity of 

less than 7.4 Bq/g before it is shipped as non-radioactive 

m aterial.2?ог the nonfixed surface contamination a limit of

0.4 Bq/cm is maintained, taking the ALARA principle into con

sideration. Application of these values permits a turnover time 

of three weeks at Studsvik.
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5. NEUTRON ACTIVATION ANALYSIS

Studsvik N u c l e a r 's experience of neutron activation analysis 

(NAA) dates back to the 1960's. The present set-up permits 

multielement determination by instrumental and radiochemical N AA 

of around 50 elements in trace concentrations. The samples which 

are investigated are of biological, environmental, Industrial, 
or geological origin.

The samples usually require little or no pre-treatment, and 

after weighing they are pneumatically transported in plastic 

capsules to a position close to the reactor core. Having been 

irradiated the samples are left to decay in a storage unit for a 

suitable period of time, before the gamma radiation is registered 

with a Ge(Li) or a high purity Ge detector. The thermal and epi- 

thermal fluxes are measured with a Zr monitor. Thus the automatic 

data evaluation system gives an absolute determination of the 

composition of the sample from the intensity of the gamma spectrum, 

w hich is characteristic of each element.

Neutron activation analysis in theory permits determination 

of around 70 elements. In practice the number is limited to some 

30 elements when using instrumental NAA. Application of radio

chemical N AA increases this number.

9
Many elements can be determined at sub-pplO levels, but 

high concentrations of disturbing elements may be troublesome 

because of spectrum interferences. Sometimes corrections have to 
be done for other reasons, for instance due to interfering 

nuclear reactions. Neither the lightest elements nor lead and 

sulphur can be d e t e c t e d .

Some examples of Studsvik Nuclear projects for which instru
mental N AA has proved to be an efficacious method are:

- Multielement studies of geological samples, with special

interest in rare earth elements and iridium.

Uranium, thorium and other elements in sediment.

Trace elements in metallurgical products.

Trace elements in foodstuff.

6 . RADIOISOTOPE PRODUCTION

Radioisotopes can be produced under a wide range of con

ditions in several irradiation positions around the R2 reactor
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vessel. The operational cycle of the reactor at present limits 

the number of isotopes that are produced routinely.

There are three permanent rigs in the reactor core used for 

radioisotope production. One of them can be loaded and unloaded 

during reactor operation. The ij^ximum £lux obtainable in these 

positions is as high as 4 x 1 0 ; n/(cm .s). The permanent rigs 

can be supplemented with temporary installations.

192
Ir is produced by irradiation in the core positions. The 

specific activity of the resulting product is higher than 450 C i / g .1 
The isotope is sold in the form of sealed sources, which are 

used industrially in gamma radiography.

153
Gd is produced by irradiation of europium in a position 

in t h e ^ e r y l l i y n  reflector where the flux is around 

2 x 10 n / (cm .s). After jjr^adiation the europium isotopes are 

separated chemically from Gd, yielding a product whose purity 

is better than 9 9 . ^ 3^ and whose specific activity is higher 
than 30 Ci/g. The Gd isotope is encapsulated in titanium 

sources of 1 Ci, which are used medically in dual-photon bone 
densitometers.

24
A  few other radioisotopes, for instance Na, are also 

produced routinely. Although th|QR2 reactor was not specifically 

designed for the production of Co, this isotope has previously 

been produced in limited quantities.

7. BEAM TUBE EXPERIMENTS

The R2 and R2-0 reactors serve as sources of thermal neutrons 

for a wide variety of basic research experiments. The beam 

tubes at the R2 reactor are used for thermal neutron scattering 

experiments. The R2-0 reactor,¡which is mobile in the pool, is 

in one position used as source for a neutron capture radiography 

facility and in the other position as source for a facility for 

nuclear physics and nuclear chémistry experiments based on an 
on-line isotope separator. Researchers from the universities 

have easy access to the facilities through the Studsvik Neutron 

Research Laboratory. The laboratory is organized as a department 

at the University of Uppsala but serves users from all Swedish 
universities.

In connection with the recent change of the reactor vessel, 

the beam tube configuration was modified such that it now closely 

resembles the configuration utilized at most dedicated beam

1 1 Ci = 37 GBq.
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reactors. Namely, the Be reflector was removed from the beam 

tube side of the core and a large D^O box was installed on the 

outside of the core box. The reentrant beam tubes end at positions 

close to the thermal flux peak in the Two tangential beam

tubes were installed through a region in the biological shield 

which was previously inaccessible. Also, while the old beam 

tubes were circular in cross-section, the new beam tubes are 

rectangular with height 18 cm and width 8 cm. The larger vertical 

divergence of the beams increases the flux at the experimental 

positions. With these modifications substantial improvements in 

the thermal flux and in the ratio of thermal to fast flux at the 

experimental positions are achieved.

The work on two diffractometers, one for powders and one 

for single crystals, is sponsored by the Swedish National Committee 

for Crystallography. The instruments are organized as service 

facilities for researchers at Swedish universities who can 

submit samples for structural analysis, often as a complement to 

their own in-house x-ray diffraction work. The research includes 

determination of density maps for valence electrons from combined 

x-ray and neutron diffractograms and studies of the structure of 
the hydrogen bond.

A  pro.tein diffractometer and a liquids and glass diffracto

meter are n ew instruments which will be commissioned as soon as 

the designated neutron beams become available.

Two time-of-flight spectrometers, one for thermal neutrons 

and one for cold neutrons, are used for studies of excitation 

spectra in liquids and in disordered solids. Current programs 
include studies of the motion of atoms in classical fluids, 

elementary excitations in quantum fluids and ionic motion in 

solid electrolytes. The triple-axis spectrometer, finally, is 

used for the determination of phonon dispersion curves in single
crystal samples.

A  thermal neutron facility for neutron capture radiography 

(NCR) is located at the R2-0 reactor. A  very pure thermal neutron 

field is produced by moderation of the fast neutrons from the 

reactor in a large D^O volume positioned immediately outside the 

pool liner and adjacent to the reactor core, which is located 

immediately inside the pool liner. At the outer edge of the D^O 

volume^^rradiajions can be made in a thermal flux of approximately 

4 x 10 n/(cm .s) over a large area (30x30 cm ). The facility 
is used extensively for biomedical research. Present programs 

include experiments to develop techniques for boron capture 
cancer diagnostics and therapy.

A variety of nuclear physics and nuclear chemistry research 

programs are based on the on-line isotope separator OSIRIS at
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the R2-0 reactor. The main activity is aimed at studies of the 

properties of short-lived neutron-rich nuclides. The programs 

include determination of total beta decay energies, nuclear 

spectroscopy, studies of delayed neutrons, determination of 

fission yields including branching ratios for gamma decay from 

fission products and determination of the anti-neutrino spectrum 

at a nuclear reactor. A  new ion source system has recently been 

installed. The system utilizes a novel method for plasma creation 

and allows higher temperatures, up to 2500 C, and thereby shorter 

delay times for the released fission products. This has considerably 

increased the number of nuclides available and has increased the 

production yields of many short-lived isotopes by factors of

10 -10 .
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Abstract-Résumé

RECENT DEVELOPMENTS IN CEA RESEARCH REACTORS AND THEIR UTILIZATION IN 
INTERNATIONAL PROGRAMMES.

The Commissariat à l ’énergie atomique (CEA) uses high performance experimental reactors in 
implementing its programmes: Osiris, Orphée and Isis at the Saclay Nuclear Research Centre, and Siloé, 
Mélusine and Siloette at the Grenoble Nuclear Research Centre. These reactors have been developed 
in such a way that they are now very competitive. The policy conducted by the CEA over a period of 
many years has enabled it to acquire and develop unique experience in the know-how and management 
of multipurpose reactors and their associated facilities. These systems are characterized by their capacity 
and by the fact that they are modern and complementary. They therefore enable the CEA to play an 
important role at the international level in various ways: (1) co-operation between France and other 
countries, particularly European ones, in order to implement broader, better co-ordinated irradiation 
programmes and avoid wasting resources; (2) supply under contract of irradiation services; (3) sale of 
irradiation facilities and associated equipment to countries with experimental reactors. The experience 
which the CEA has gained makes it very well placed to offer experimental reactors and associated equip
ment to countries which wish to develop their resources, and to provide technical assistance to those 
planning to adapt existing systems. Furthermore, the relevant sections of the CEA play host to a large 
number of trainees who receive instruction in the area o f experimenta) reactors and their utilization.

LES DEVELOPPEMENTS RECENTS DES REACTEURS DE RECHERCHE DU CEA ET LEUR 
UTILISATION POUR DES PROGRAMMES INTERNATIONAUX.

Le Commissariat à l’énergie atomique (CEA) met en œuvre, pour la réalisation de ses 
programmes, des réacteurs expérimentaux hautement performants: Osiris, Orphée, Isis, sur le site du
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Centre d ’études nucléaires de Saciay et Siloé, Mélusine, Siloette, sur le site du Centre d ’études 
nucléaires de Grenoble. Ces réacteurs ont fait l ’objet de développements qui leur ont permis d ’être très 
compétitifs. Par la politique menée depuis de nombreuses années, le CEA a acquis et développé une 
expérience unique au monde dans le savoir-faire et la gestion des réacteurs polyvalents, et de leurs instal
lations associées. Ces moyens se caractérisent par leur complémentarité, leur capacité et leur modernité. 
Ils permettent donc au CEA de jouer un rôle important sur le plan international sous diverses formes:
1) collaboration entre la France et d ’autres pays, particulièrement européens, pour la réalisation de 
programmes d’irradiation plus larges et mieux coordonnés, en évitant une dispersion des moyens;
2) fourniture contractuelle de prestations d ’irradiation; 3) vente de dispositifs d ’irradiation et d ’équipe
ments associés aux pays dotés de réacteurs expérimentaux. L ’expérience acquise par le CEA lui permet 
d ’occuper une place de premier ordre pour proposer des réacteurs expérimentaux et des équipements 
associés aux pays qui souhaitent développer leurs moyens et pour assurer une assistance technique à 
ceux qui envisagent une adaptation de leurs équipements existants. En outre, le CEA accueille dans les 
services concernés un grand nombre de stagiaires pour les former dans le domaine des réacteurs 
expérimentaux et de leurs utilisations.

1. INTRODUCTION

Les réacteurs de recherche sont très étroitement liés à la vie même du Commis
sariat à l ’énergie atomique (CEA).

En 1948, Zoé fut le point de cristallisation du nucléaire naissant. Plus récem
ment, en 1980, Orphée à Saclay permettait de proposer à la recherche fondamentale 
un réacteur presque «unique», rentabilisant au mieux l’outil international qu’est le 
réacteur à haut flux de l ’Institut Laüe-Langevin à Grenoble.

Entre ces deux dates, les réacteurs EL2 et EL3 à Saclay, Mélusine, Siloé et 
Siloette à Grenoble, Triton et Néréide à Fontenay-aux-Roses, Osiris et Isis à Saclay, 
Pégase et Peggy à Cadarache venaient fournir au CEA des moyens puissants 
d ’investigation utilisés pour la recherche fondamentale, les essais technologiques de 
matériaux, combustible ou matériaux de structure, la production de radioéléments, 
l’analyse par activation, etc. [1-4].

D ’autres réacteurs ont été construits par le CEA:
— des assemblages critiques pour des études de physique neutronique;
— des réacteurs uniquement dévolus aux études de sûreté qui, implantés au Centre 

d ’études nucléaires de Cadarache, sont utilisés pour des études de situations acciden
telles sur des réacteurs de puissance des différentes filières;

— des prototypes de réacteurs de puissance G l, G2, G3 pour la filière graphite- 
gaz, Rapsodie et Phénix pour la filière à neutrons rapides ou EL4 pour la filière à 
eau lourde.

Après avoir répondu à l’objectif visé, plusieurs installations ont été arrêtées: 
EL2 et EL3 à Saclay, Zoé, Triton et Néréide à Fontenay, Pégase et Peggy à 
Cadarache, G l, G2 et Rapsodie, ainsi que EL4 à Brennilis plus récemment.

Les réacteurs de recherche constituent donc un très bon témoin des activités du 
CEA.
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Cet exposé sera limité à la description et à l’utilisation des réacteurs Osiris et 
Orphée à Saclay, Mélusine et Siloé à Grenoble, ainsi que de leurs maquettes critiques 
Isis et Siloette, particulièrement dans le-cadre international.

2. LES REACTEURS DE RECHERCHE DU CEA

Les réacteurs Osiris et Orphée à Saclay, Mélusine et Siloé à Grenoble sont des 
réacteurs de type piscine à cœur ouvert avec cependant des différences, de l ’un à 
l’autre, compte tenu de leur conception et de leur utilisation (voir le tableau I donnant 
les caractéristiques des réacteurs et de leurs maquettes).

Dans chaque cas, le cœur est compact et est constitué d ’éléments combustibles 
à plaques, le combustible d’Osiris étant ¡différent de celui des autres réacteurs. Les 
réacteurs sont refroidis à l ’eau légère. Les avantages de ces options principales sont:

— d’une part, d ’assurer depuis la partie supérieure des piscines un accès aisé et 
rapide au cœur et aux emplacements d ’irradiation situés dans le cœur et à sa 
périphérie immédiate, alors que cet accès est source de difficultés dans les réacteurs 
dont le cœur est contenu dans une cuve en pression;

— .d’autre part, de réduire au minimum le volume des structures autour du cœur, 
ce qui permet d ’obtenir un bon rapport métal-eau et un bon rapport flux disponibles 
pour les expériences à la puissance nominale du réacteur avec en outre une très 
grande souplesse pour réaliser des configurations de cœur adaptées aux besoins des 
expériences.

Les principales différences entre les réacteurs proviennent de leur conception 
générale:

— pour Mélusine et Siloé, une face du cœur comporte des faisceaux de neutrons 
implantés dans un réflecteur (béryllium'à Siloé et eau lourde à Mélusine) et équipés 
pour la recherche fondamentale et la neutronographie;

— pas de faisceaux de neutrons pour Osiris, mais trois faisceaux sur Isis dont deux 
équipés pour la neutronographie;

— pour Orphée, réacteur dévolu en grande partie à la recherche fondamentale, 
neuf canaux horizontaux tangentiels au cœur permettent l ’utilisation de 2 0  faisceaux 
de neutrons; six d ’entre eux, canalisés par des «guides à neutrons», sortent du bâti
ment réacteur.

Les autres différences sont:
— pour Siloé, Mélusine, Orphée: circulation forcée descendante de l’eau;
— pour Osiris: circulation forcée ascendante de l’eau;
— pour Siloé, Mélusine, Orphée: pilotage et contrôle par barres absorbantes du

type «fourchette» en hafnium dont le mouvement est commandé par des mécanismes
situés à la partie supérieure des piscines (hors eau);

— pour Osiris: pilotage et contrôle par des barres absorbantes en hafnium 
commandées par des mécanismes sous je cœur (permettant ainsi un accès plus facile 
à l’intérieur du cœur);



TABLEAU I. PRINCIPALES CARACTERISTIQUES DES REACTEURS DE RECHERCHE DU CEA

Osiris Isis Orphée Mélusine Siloette Siloé

Date de la première divergence 1966 1966 1980 1958 1963 1963

Performances

— Puissance nominale thermique 70 MW 700 kW 14 MW 8 MW 100 kW 35 MW

— Combustible UOj 7% U 0 2 7% UA1 93% UA1 93% UA1 93% UA1 93%

— Flux calorifique max. sur plaques 310 W -cm -2 - 170 W -cm “2 40 W • cm-2 - 160 W -cm ’2

— Débit primaire total 5400 m3-h_1 - 820 m3-h“' 680 m3-h_1 - 2500 m3-h_1

— Réfrigérant Eau ordinaire Eau ordinaire Eau ordinaire Eau ordinaire Eau ordinaire Eau ordinaire

— Réflecteur Eau ordinaire 
Béryllium

Eau ordinaire 
Béryllium

Eau lourde Eau ordinaire 
Béryllium 
eau lourde

Eau ordinaire 
Béryllium

Eau ordinaire 
Béryllium

Flux max. disponible pour les irradiations 
(en n cm '2-s_1)

— Flux neutrons thermiques 3 x  1014 3 x 10'2 3  x  1 0 14 1 X  1 0 14 2 X 1012 4 x  10'4

— Flux neutrons rapides 4,5 x  1014 4,5 x Ю'2 0,7 X 1014 1 X  1 0 12 4,5 x  1014
(E >  0,1 MeV dans le cœur)
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-  pour Osiris: augmentation de la pression dans le cœur par circulation forcée 
ascendante de l’eau de refroidissement canalisée par un caisson en Zircaloy entourant 
le cœur latéralement;

-  pour Orphée: caisson isolant le coeur de la piscine et du réflecteur cylindrique 
en eau lourde;

-  pour Mélusine, Siloé: pas de caisson.
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3. L ’EVOLUTION ET LE DEVELOPPEMENT RECENT DES REACTEURS 
ET MOYENS ASSOCIES

L ’évolution de la technologie des réacteurs expérimentaux et des programmes 
d ’utilisation ont amené des adaptations et des développements dans plusieurs 
directions:

— une augmentation des flux de neutrons disponibles, généralement obtenue par 
augmentation des puissances de fonctionnement;

— une amélioration des principaux équipements et mise en conformité avec les 
nouveaux critères de sûreté;

— une adaptation à l’évolution des programmes d ’irradiation.
Pour mémoire, il faut ajouter à ces principaux objectifs la réduction visée à 

moyen terme de l’enrichissement des combustibles utilisant UA1 à 93% de 235U qui 
est en cours d’étude et de qualification.

3.1. Augmentation et adaptation des flux de neutrons disponibles

Les modifications effectuées ont permis à Osiris, à Siloé et à Mélusine de voir 
leur puissance évoluer de la façon suivante (les valeurs de flux suivant globalement 
cette augmentation):
-  Osiris: de 50 MW à 70 MW;
-  Siloé: de 15 MW à 30 MW, enfin à 35 MW;
-  Mélusine: de 1 MW à 2 MW, puis à 4 MW, enfin à 8  MW.

En complément de ces augmentations de puissance, l ’évolution des techniques 
permet de mieux utiliser les capacités définies dans le projet initial par des 
optimisations: ;

— optimisation de la répartition de puissance dans le cœur par l ’utilisation des 
barres de contrôle fourchette (faible épaisseur en hafnium);

— optimisation de la stabilité et de la répartition axiale des flux par l’utilisation 
d ’éléments combustibles contenant du bore 1 0  dans les plaques de rive des éléments, 
permettant de diminuer d ’un facteur 3 l’amplitude des barres de compensation 
d ’usure du combustible après le palier xénon;

— optimisation de la surface d ’échange par utilisation d’éléments combustibles 
divisés;
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— optimisation et augmentation des vitesses de circulation de l’eau entre plaques 
des éléments combustibles tout en réduisant les pertes de charge et en limitant les 
puissances de pompage ainsi que les risques de cavitation;

— optimisation des marges par une meilleure connaissance des régimes 
transitoires;

— optimisation du chargement du cœur et de l’occupation des emplacements 
d ’irradiation.

3.2. Amélioration des équipements existants

Le maintien en bon état et la modernisation des réacteurs de recherche qui 
conduisent à des investissements importants doivent être un souci permanent si on 
veut garder leur efficacité, leurs capacités dans l ’utilisation; ils s’avèrent nécessaires 
pour répondre aux exigences de la sûreté.

3.2.1. Améliorations suivant l ’évolution

On peut donner les exemples suivants:
— modifications des structures du cœur pour permettre des augmentations de 

puissance ou des aménagements autour du cœur;
— modifications et augmentation des capacités de circuit de refroidissement avec 

pour objectif une meilleure fiabilité, un entretien moins contraignant et moins 
onéreux; c ’est le cas de l’utilisation des échangeurs à plaques (Mélusine);

— amélioration du suivi des diverses mesures physiques faites sur le réacteur par 
la mise en place d ’un système informatique cohérent;

— aménagement d ’une cellule chaude pour les réacteurs qui n ’en possèdent pas à 
l’origine ou adaptation de la cellule chaude pour les autres (cellule plomb ou cellule 
béton suivant les besoins, adaptation pour le chargement de crayons ou aiguilles 
préirradiés dans les dispositifs et boucles d ’irradiation).

3.2.2. Améliorations résultant d ’une meilleure appréhension des aspects de la sûreté

Elles seraient trop nombreuses à citer mais on peut donner les exemples 
suivants:

— aménagement de la salle de contrôle hors de l’enceinte étanche et d ’un poste de 
repli en cas de condamnation de la salle de contrôle;

— amélioration des tableaux de contrôle du réacteur et des rayonnements tenant 
compte, d ’une part, des exigences de la sûreté, et, d ’autre part, des nouveaux cap
teurs et systèmes de scrutation et d’acquisition de données (Osiris et Siloé);

— modifications des systèmes d ’alimentation électrique de façon à garantir la 
permanence des équipements importants en toutes situations et, en particulier, dans 
les situations accidentelles: modifications des diesels 1er et 2 e secours, réseaux à 
sûreté totale constitués de trois sources et de trois réseaux autonomes en parallèle, 
etc.
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3.3. Adaptation à l’évolution des programmes d’irradiation

L ’adaptation à l’évolution des programmes d’irradiation se traduit de différentes 
manières, aussi bien au niveau des réacteurs eux-mêmes que de leurs moyens asso
ciés. On citera les cas suivants comme exemples d ’aménagement des réacteurs:

— les configurations des cœurs deviennent de plus en plus nombreuses et le 
passage d ’une configuration à une autre doit se faire, avec l’accord des autorités de 
sûreté, dans une optique de flexibilité et de meilleure utilisation du réacteur: emplace
ments à fort flux rapide dans le cœur, cœurs à cavité centrale rendus nécessaires par 
des programmes spécifiques (programme d ’irradiation neutrons rapides dans la 
boucle Elise à Siloé, programme d ’irradiation pour les réacteurs à eau sous pression 
dans la future boucle Opéra à Osiris, irradiations pour la connaissance des données 
neutroniques des cœurs des réacteurs à eau sous pression à Mélusine);

— utilisation d’écrans fixés ou variables pour assurer le spectre d ’une irradiation.
D ’autres aménagements sont à réaliser sur les structures du cœur du réacteur

lui-même: ;
-  installation d ’un nouveau bloc cœur pour irradier des crayons combustibles de 

grande longueur (Siloé) ou pour réirradier des crayons préirradiés en centrale (Osiris 
et Siloé);

-  mise en place de boîtes à eau supports des dispositifs d ’irradiation permettant 
de faire varier, par déplacement, les flux et les puissances dans les dispositifs eux- 
mêmes; les équipements permettent, soit de réaliser des cyclages, soit d ’introduire 
ou de sortir rapidement de la piscine principale du réacteur les dispositifs pendant le 
cycle de fonctionnement, évitant ainsi une baisse de puissance de celui-ci, donc une 
perturbation trop grande des autres expériences;

-  adaptation des réflecteurs pour accroître très sensiblement les flux de neutrons 
disponibles à l’extrémité des canaux ainsi que le rapport signal-bruit; ce fut le cas 
de la cuve à eau lourde installée à Mélusine en 1976;

— création d ’un laboratoire d ’analyse de produits de fission à Siloé afin d ’étudier 
les produits de fission émis et relâchés dans les combustibles des différentes filières 
irradiés en boucle expérimentale dans le réacteur.

Des développements très importants ont été réalisés dans le domaine des dispo
sitifs et des boucles d ’irradiation afin, d ’une part, de reproduire le plus fidèlement 
possible les conditions normales ou incidentelles des réacteurs de puissance, et, 
d ’autre part, d ’implanter une instrumentation sous flux capable de fournir des infor
mations précises et nombreuses sur le comportement et l ’évolution des propriétés des 
matériaux et des combustibles étudiés.

Ces thèmes d ’études ont pour objectif essentiel d ’améliorer la fiabilité des 
composants, renforcer les marges de sûreté et, par là même, augmenter la sécurité 
des installations électronucléaires.

Les orientations les plus récentes sont les suivantes:
a) Boucles pour irradier plusieurs aiguilles ou crayons simultanément: c ’est le cas 
de la boucle à circulation de sodium Elise à Siloé permettant de réaliser sur sept
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aiguilles de la filière à neutrons rapides des régimes transitoires de débit et de tempé
rature; c ’est le cas de la boucle à eau sous pression Opéra qui permettra d ’irradier 
une trentaine de crayons de la filière à eau sous pression pour atteindre des taux de 
combustion élevés sur des combustibles avancés,
b) Equipements implantés dans les piscines des réacteurs:

-  bancs de contrôle non destructif des échantillons irradiés dans les boucles et 
capsules pour des examens de spectrométrie gamma, de neutronographie, de 
profîlométrie et d ’examens par courants de Foucault;

-  en ce qui concerne la recherche fondamentale, les transformations faites sur les 
faisceaux sortis de Siloé sont remarquables; le changement des chaussettes 
amovibles associé à la refonte des protections biologiques extérieures a conduit 
à augmenter les flux disponibles à la sortie d ’un facteur 15 et la mise en place, 
sur un des canaux, d ’un filtre silicium a permis une réduction du bruit de fond 
dû aux neutrons rapides et épithermiques. .

3.4. Réduction d’enrichissement du cœur des réacteurs

Il y a quelques années, dans l’optique de réduire l’enrichissement du cœur des 
réacteurs de recherche polyvalents, des études de conversion ont été faites avec des 
combustibles Caramel enrichis à 7 %. Ce combustible donne toute satisfaction dans 
le réacteur Osiris depuis 1980.

D ’autres essais ont été réalisés ou sont en cours pour qualifier le combustible 
U 3Si-U3Si2 avec des taux d ’enrichissement inférieurs à 20%.

La réduction envisagée de l ’enrichissement du cœur des réacteurs n ’apparaîtra 
viable que si elle ne conduit pas à une baisse significative des performances à des 
coûts de transformation et d ’exploitation prohibitifs.

4. LES PROGRAMMES EXPERIMENTAUX REALISES DANS LES 
REACTEURS DE RECHERCHE DU CEA

4.1. Recherche fondamentale

La recherche fondamentale autour des réacteurs s’est développée en utilisant 
pour l ’essentiel les faisceaux sortis des réacteurs. En effet, les réacteurs restent sans 
concurrence dans le domaine des énergies thermique et subthermique, tandis que les 
accélérateurs sont mieux adaptés à la fourniture de neutrons de haute énergie pour 
l ’étude des réactions nucléaires.

Les principaux sujets de recherche dans ce domaine concernent notamment:
— la structure et la dynamique des matériaux magnétiques,
— l ’étude du magnétisme nucléaire,
— l ’étude de la dynamique des matériaux au voisinage des changements de phase,
— la structure des tissus biologiques.
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Les études sont menées à l’aide de spectromètres qui permettent de réaliser des 
expériences:
-  de diffusion élastique ou de diffraction (spectromètre à deux axes),
-  de diffusion inélastique (spectromètre à trois axes),
-  de diffusion aux petits angles.

Orphée, conçu pour fournir des faisceaux de neutrons, est utilisé à plus de 90% 
pour la recherche fondamentale. Ce réacteur, particulièrement bien équipé, est un 
outile sans comparaison pour la recherche fondamentale.

Mélusine, avec ses quatre canaux, et Siloé, avec deux canaux radiaux, complè
tent dans ce domaine les capacités du CEA, les canaux étant utilisés par plusieurs 
expériences simultanées.

4.2. Recherche appliquée

La recherche appliquée concerne principalement le développement des 
réacteurs de puissance. Dans un réacteur de recherche, les essais ne peuvent se faire 
sur un grand nombre d ’éléments identiques et il en résulte un manque de statistiques. 
L ’utilisation d ’un tel réacteur pour des expérimentations présente cependant des 
avantages importants par rapport aux essais réalisés dans la centrale de puissance:
-  instrumentation de l’échantillon píus poussée (température, flux, pression, 

nombreuses études possibles sur les gaz et produits de fission et sur la gaine du 
combustible);

-  risques moindres et flexibilité du réacteur plus grande;
-  flux importants permettant de réduire la durée des expériences.

Les principales études réalisées sont les suivantes:
— études méthodiques des matériaux de structure et des combustibles dans les 

conditions normales;
— études de leur comportement dans des conditions anormales qui peuvent aller 

jusqu’à la rupture;
— études de sûreté permettant de préparer les essais globaux réalisés dans les 

réacteurs spécialisés;
— études paramétriques ne pouvant sé réaliser dans des réacteurs prototypes ou de 

puissance.
Les principaux programmes générateurs d ’expériences concernent:

a) Les réacteurs à eau sous pression:
— irradiations de Zircaloy dans les capsules Chouca et Colibri à Osiris pour 

connaître la tenue des matériaux;
— irradiations de crayons combustibles pour réaliser des rampes de puissance dans 

les boucles Isabelle 1, Isabelle 4, Irène à Osiris, dans les dispositifs Griffon et 
Aquilon et la boucle Jet Pompe à Siloé;

— irradiations envisagées d ’un assemblage d ’une trentaine de crayons combusti
bles dans la future boucle Opéra à Osiris pour les combustibles REP avancés;



TABLEAU II. UTILISATIONS DES REACTEURS DE RECHERCHE POLYVALENTS (EN %)

Utilisations Siloé Mélusine Siloette Osiris Isis Orphée

Irradiations technologiques de matériaux et de combustibles, 60 23 67
dont:
— Réacteurs à eau légère 32 22 43
— Réacteurs à neutrons rapides 18 13
— Autres réacteurs 10 i 11

Recherche fondamentale 15 50 - 95

Irradiations pour études de sûreté nucléaire 8 2 5

Radioéléments et divers (exemple: silicium dopé) 17 25 28 5

Enseignement et formation - — 71 - 2

Contrôle de crayons irradiés en centrales électrogènes - — - - 8

Physique des réacteurs (étude des cœurs) - - 29 - 80

Total 100 100 100 100 100 100
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— irradiations de crayons expérimentaux au centre de Mélusine pour l’étude des 
caratéristiques neutroniques.

b) Les réacteurs à neutrons rapides: irradiation d ’un assemblage de sept aiguilles 
dans la boucle Elise à Siloé pour des études aux limites de service.
c) Les réacteurs à fusion: irradiations.de matériaux et de céramiques lithiées pour 
l ’étude du relâchement du tritium.

4.3. Production par irradiation neutronique

Les flux neutroniques intenses sont utilisés pour produire des corps nouveaux 
par transmutation nucléaire.

Cette production concerne la biologie, la médecine, le contrôle non destructif, 
les composants électroniques, l ’analyse par activation, et particulièrement trois 
applications:
1) La production de radioéléments utilisés en biologique fondamentale, en méde
cine et en contrôle non destructif (télégammathérapie et diagnostic in vivo et in vitro): 
cette production concerne essentiellement l ’iridium sous forme de fils, le cobalt sous 
forme de grains pour la médecine et de plaquettes pour l’industrie, le technétium 99 
obtenu à partir de la fission de l ’uranium 235, de nombreuses terres rares, etc. Ces 
radioéléments sont produits dans les réacteurs Siloé, Mélusine et Osiris qui assurent 
une production permanente.
2) La fabrication de silicium dopé pour l ’industrie des composants électroniques: 
les irradiations sont faites dans les réflecteurs des réacteurs Osiris, Mélusine et 
Orphée. La production actuelle de lingots de silicium dopé atteint plus d ’une dizaine 
de tonnes par an.
3) L ’analyse par activation, qui permet de déterminer la composition d ’un 
matériau, utilise les tubes pneumatiques et plusieurs milliers d ’analyses sont effec
tuées par an.

En conclusion, l ’utilisation des trois réacteurs, indiquée dans le tableau II, fait 
apparaître clairement la polyvalence des réacteurs de ce type.

L ’activité de Siloé et Mélusine concerne trois grands domaines qui sont 
l ’irradiation des matériaux et des combustibles (essais technologiques), la recherche 
fondamentale sur faisceaux sortis et les irradiations de production (radioéléments, 
dopage de silicium).

L ’utilisation du réacteur Siloette, en association avec des simulateurs compacts, 
pour la formation et l ’entraînement du personnel de conduite des réacteurs de puis
sance, constitue désormais une activité importante qui s’adresse à plusieurs centaines 
de stagiaires par an.

L ’utilisation d ’Osiris concerne essentiellement les irradiations technologiques 
de matériaux de structure et de combustibles destinés aux différentes filières de 
réacteurs de puissance, la production de radioéléments artificiels, l ’analyse par 
activation et le dopage du silicium.
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Le réacteur Isis est utilisé comme maquette neutronique d ’Osiris. Il permet de 
réaliser des dosimétries et des étalonnages sur maquettes d’expériences et des études 
de dommages. Il est aussi utilisé comme source de neutrons pour la neutronographie 
d ’éléments combustibles irradiés de grande longueur ainsi que pour la formation des 
stagiaires.

Le réacteur Orphée est utilisé en majorité pour la recherche fondamentale. En 
outre, l ’analyse par activation en relation avec le Laboratoire Pierre-Sue, la neutrono
graphie sur faisceaux sortis et le dopage de silicium complètent les activités de 
recherche fondamentale.

5. LES DIVERSES FORMES D ’UTILISATION DES REACTEURS DU CEA 
DANS LE CADRE INTERNATIONAL

L ’activité récente des réacteurs Osiris, Isis, Siloé, Mélusine et Siloette est de 
75% pour les besoins français et de 25% pour l’étranger, principalement les pays 
européens et l ’Extrême-Orient.

L ’utilisation des réacteurs du CEA dans un cadre international prend diverses 
formes:
1) Elle peut être la traduction concrète d ’accords bilatéraux ou multilatéraux entre 
la France et d ’autres pays dans certains domaines permettant une mise en commun 
des moyens, donc une meilleure utilisation de ceux-ci sur les plans technique et 
économique, un élargissement des programmes expérimentaux et un échange de 
savoir-faire entre les partenaires.

On citera par exemple les collaborations France-Italie et France-RFA dans le 
domaine des réacteurs à neutrons rapides, génératrices de programmes d ’irradiation 
dans les réacteurs expérimentaux du CEA (rupture de gaine, programme SOL-GEL). 
Ces programmes, financés directement par le CEA, sont une part de l ’effort de 
celui-ci dans les accords de collaboration.

A un degré moindre, un accord France-République de Corée (CEA/KAERI) a 
permis de réaliser l ’irradiation d ’un crayon REP dans un dispositif à Osiris.

La France participe à des programmes internationaux par l’intermédiaire du 
CEA ou de Framatome. C ’est le cas du programme multinational ELF (sous la direc
tion de Belgonucléaire) auquel participent le Laboratoire de Mol (Belgique), UKAEA 
(Royaume-Uni), EPRI (Etats-Unis), Framatome et EDF (France), KWU (RFA), 
IVO (Finlande), qui concerne des irradiations de crayons REP dans Osiris.
2) Elle peut être la conclusion de contrats avec des pays étrangers pour la réalisa
tion d ’irradiations dans les réacteurs, que ce soit des irradiations technologiques ou 
la production de radioéléments et de silicium dopé. Pour les irradiations technolo
giques, les contrats principaux en cours sont les suivants:

-  programme d ’irradiations de combustible HTR dans la boucle Comédie à Siloé 
pour l ’étude du relâchement et du réentraînement des produits de fission 
(Programme DOE/MMES/GA);
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— programme d’irradiations d’échantillons de Zircaloy pour AECL à Osiris et 
Siloé;

— programme d ’irradiations d’éprouvèttes acier à Osiris pour le CIEMAT Madrid 
(Espagne).
D ’autres irradiations ont été ou sont réalisées pour KFA/Jülich, KFK/Karlsruhe 

(RFA), UKAEA (Royaume-Uni), ENEA/Rome et ENEA/Bologne (Italie), General 
Electric (Etats-Unis), etc.

La production de silicium est réalisée en grande partie pour des clients japonais 
et allemands.

La production de radioéléments est faite pour Oris-Industrie, filiale du CEA, 
qui a des contrats avec des pays étrangers (comme IRE/Fleurus en Belgique).
3) Une conséquence du savoir-faire du CEA dans le domaine des réacteurs et de 
l ’expérimentation est de pouvoir proposer à des clients étrangers la fourniture 
d ’équipements spécifiques. C ’est le cas avec les organismes de nombreux pays 
(Suisse, Indonésie, Euratom/Petten, Roumanie, Belgique, Canada, Finlande).
4) Une conséquence non moins importante est l ’assistance technique que le CEA, 
par le savoir-faire qu’il a acquis dans ce domaine, peut apporter aux pays étrangers, 
particulièrement aux pays démarrant des installations ou des équipements, pour des 
modifications dans les installations telles les augmentations de puissance, pour l ’éta
blissement de dossiers, etc. C ’est le cas avec le Brésil, l ’Argentine, le Portugal, la 
Turquie, le Pakistan, l ’Algérie, le Pérou, l ’Indonésie, l ’Uruguay, le Mexique et la 
Suède.
5) Enfin, le CEA accueille de nombreux stagiaires dans les services chargés des 
réacteurs expérimentaux. Plus particulièrement, le Centre de formation et simulation 
implanté à Grenoble auprès du réacteur Siloette permet de former les agents des 
centrales électronucléaires, non seulement de l ’EDF, mais de compagnies d ’électri
cité étrangères (Belgique, etc.).

6 . CONCLUSION

Les réacteurs de recherche du CEA, ainsi que leurs maquettes associées, ont 
contribué très largement, par les expériences réalisées, au niveau atteint par l’énergie 
nucléaire dans la production d ’électricité en France. Leur souplesse est un élément 
indiscutable soit pour préparer des solutions optimisées pour les filières actuellement 
utilisées en France, soit pour en démontrer leurs limites.

Leur activité dans le domaine de la recherche fondamentale, dans la recherche 
appliquée et dans la production de radioéléments continue d ’être nécessaire et 
essentielle.

Enfin, le domaine des réacteurs expérimentaux et des irradiations est un 
domaine de compétence et d ’excellence du CEA lui permettant d ’atteindre, au plan 
international, un niveau de savoir-faire sans égal, lui donnant ainsi toute l’autorité
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nécessaire pour proposer à ceux qui le demandent une assistance technique sous 
forme de conseils, d ’études, de fournitures, d ’équipement et de formation.

La durée de vie de tels réacteurs n’est pas limitée par l ’usure des matériaux 
puisque chaque composant peut être facilement démonté et remplacé. Le CEA veille 
à ce que ces installations restent toujours à la pointe du progrès pour les performances 
et la qualité des équipements associés.

Lieux de rencontre des hommes et des techniques de diverses spécialités, les 
réacteurs de recherche contribueront longtemps encore et puissamment à l’acquisi
tion, au développement et à l ’enseignement du savoir et des technologies nucléaires.
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A bstract

THE BRI REACTOR AND CONTRIBUTIONS»TO INTERNATIONAL PROGRAMMES.
BRI, Belgium’s first reactor, which started operation in 1956, is a graphite moderated, air cooled 

system fuelled with natural uranium metal. Its nominal power is 4 MW but it is generally operated at
1 MW (maximum thermal flux 5 x  1011 n-cm ^-’s '1) in order to increase flexibility and to reduce the 
air pumping cost. The reactor is available for 8 hours per day; the time utilization factor amounts to 
about 80 %. One of the main advantages related to the large core volume is the number and the size 
of the irradiation facilities with low flux gradientiin the central region. A standard pneumatic transfer 
system and one high-velocity rabbit, a neutron radiography installation, numerous neutron beams and 
two thermal columns are other facilities of interest for the users. About one half o f the reactor activities 
are performed at the request of industry and universities for neutron activation analysis in a variety of 
applications. The other activities are related to international research programmes. A survey of these 
activities over the last ten years is presented; they rely mostly upon the utilization of the graphite thermal 
columns in which two spherical cavities have ¡ been machined (a 50 cm diameter cavity and a 
100 cm diameter cavity respectively in the horizontal and vertical columns), in which spherical or cylin
drical converter assemblies can be loaded to generate various neutron or gamma spectra.

1. THE BRI REACTOR

Belgium's first reactor, called BRI, started in May 1956,

and is a graphite moderated, air cooled system fuelled with

natural uranium metal. About 25 t of natural uranium fuel are

loaded in the graphite moderator matrix with a total volume of

6.7 x 6 . 8 x 6 . 8  m .  The reactor's nominal power is 4 MW but,

since the end of 1964, it has generally been operated at 1 MW in

order to increase flexibility and to reduce the air pumping

cost. The maximum thermal flux for 1 MW operating conditions is 
1 1 - 2 - 1  ■ about 5 x 10 n cm s . The ratio of epithermal to thermal

flux is 0.06, while the ratio of fast (> 1 MeV) to thermal flux

is 0.07. The reactor is available for 8 hours per day; the time

utilization factor amounts to about 80%.

One of the main advantages related to the large core volume 

is the number and the size of the irradiation facilities with 

low flux gradient in the central region. A standard pneumatic 

transfer system to six irradiation positions and one high- 

velocity rabbit [ 1], a neutron radiography installation,
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numerous neutron beams and two thermal columns are other 

facilities of interest for the users.

About one half of the reactor activities are performed at 

the request of industry and universities for neutron activation 

analysis in a variety of applications. The other activities are 

related to international research programmes. The activities 

mostly rely upon the utilization of the graphite thermal columns 

in which two spherical cavities have been machined (a 50 cm 

diameter cavity and a 100 cm diameter cavity respectively in the 
horizontal and vertical columns), in which spherical or cylin

drical converter assemblies can be loaded to generate various 

neutron or gamma spectra [2 ].

2. CONTRIBUTIONS TO INTERNATIONAL PROGRAMMES

During the last decade CEN/SCK has participated in various 

international programmes using the BRI facilities for various 

research and calibration purposes. An overview of these 

international programmes and of the objectives of the related 

BRI utilization is given in Table I. The BRI facilities and 

their applications to these programmes are summarized in 

Table II.
Some accomplishments in various of these programmes should 

be mentioned :
CEN/SCK participation in the Interlaboratory Reaction Rate 

(ILRR) Programme in collaboration with US and UK laboratories 

L3,4] led to a significant improvement of fast neutron dosimetry 

cross-sections and of the techniques applied for fluence 

measurements in high flux reactors, particularly BR2, and in 

power plants.
In the framework of the DeBeNe fast breeder programme, and 

later in association with France, Italy and the United Kingdom, 

fission, neutron capture and gamma heating rate measurements 

were performed in fast critical assemblies such as Sneak 

(Federal Republic of Germany), Zebra (UK) and Masurca (France) 

[5 ,6] in support of the validation of reactor calculation 

methods. Again BRI facilities such as the U-235 standard 

fission spectrum and the neutron-driven capture y-ray sources 

were identified as excellent tools for calibration of the used 

measuring techniques. A typical U-235 fission spectrum neutron 

source set-up in the 1 metre spherical cavity is shown in 

Figure 1. Characterization of the copper reflected fast neutron 

reactor Tapiro (Casaccia, Italy) was possible through the study
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TABLE I. INTERNATIONAL PROGRAMMES AND OBJECTIVES OF 
RELATED BRI UTILIZATION

Programmes Objectives

US Interlaboratory Reaction Characterization of neutron environment for fuels
Rate (ILRR) Programme and materials testing in research reactors 

Application to BR2, Rapsodie (France), EBR-II (USA), 
KNK-II (Federal Republic of Germany)

European Fast Breeder Validation of reactor calculation methods through
Programme fission, neutron capture and gamma heating rate 

measurements in critical facilities: Sneak (Federal 
Republic of Germany), Zebra (UK) and Masurca (France) 
Study of the fast neutron reactor source Tapiro (Italy) 
Characterization of PAHR (Post Accident Heat Removal) 
debris beds before irradiation in BR2

US LWR Pressure Vessel Validation of LWR pressure vessel surveillance
Surveillance Dosimetry methodology through measurement of neutron and
Improvement programme gamma fields in the Oak Ridge Research Reactor
and related Belgian facilities (PCA and PSF at ORNL) and in the critical
programme facility Vénus (PWR engineering mock-up, Mol)

International LWR fuel testing Neutron radiography of advanced reactor fuels
programmes in BR2 and 
BR3 (Mol)

(MOX, burnable poisons)

JET (Tokamak) neutron Characterization of neutron emission from the
diagnostics plasma using fissile target activation and 

delayed neutron detection

Nuclear data improvement, Integral data measurements: fission, activation,
standardization, reference helium production cross-sections, fission yields
materials characterization; Study of Pu isotopes, delayed neutron emitters
CEC and IAEA programmes Characterization of reference materials

of the Cu structural material cross-sections using Unat~Cu 

multishell assemblies loaded in the 1 metre cavity.

Recently another use of BRI was made in the framework of 

the PAHR (Post Accident Heat Removal) experiments conducted in 

BR2 as a part of the fast reactor safety programme of the 

Commission of the European Communities. The central part of the 

irradiation device for such a test is a UC^-Na debris bed. As 

one of the objectives in the first step of the PAHR programme 

(called PIRAMID 1) was to achieve a uniform porosity throughout 

the whole debris bed, in particular in the axial direction, an 

experimental confirmation of this assumption was needed in terms
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TABLE II. BRI FACILITIES AND TYPES OF APPLICATION WITH INTER- 
LABORATORY PARTICIPATION

Facility Environment
(source)

Applications Other participants

Two graphite U-235 standard Integral nuclear data National Bureau of
thermal columns fission spectrum validation: fission, Standards (NBS),
( ~ 2 m x 2 m x 1.8 m) (fast pneumatic activation, capture, Phy sikalisch-T echnische
with movable 
converters in spherical

rabbit possible) He production Bundesanstalt, Rockwell 
International (USA)

cavities (0.5 and Fast reactor Calibration and validation
1 m dia.) at the neutron spectra of techniques:
centre with various — neutrons: spectrometers, Kernforschungszentrum

mean energies

Neutron-driven 
capture 7-ray 
sources

fission chambers

activation 

delayed neutron

Karlsruhe, Netherlands 
Energy Research 
Foundation, Commis
sariat à l'énergie 
atomique (CEA), ENEA 
NBS, Hanford 
Engineering Develop
ment Lab. (USA)
JET Joint

assemblies 
— 7-rays: ion chambers

thermolumines
cent dosimeters 
microcalori
meters

Undertaking 
Rolls-Royce, Central 
Electricity Generating 
Board (UK)
CEA

Imperial College 
London

Reactor channels Reactor neutron Activation analysis CBNM, Geel
(from 8 cm dia. to 
20 cm2)

spectrum Dutch-Belgian industry 
and universities

Pneumatic rabbits

Neutron beams Thermalized Physics experiments CBNM, Univ. of Sussex
neutrons

Characterization of materials 
by neutron transmission

CEC Joint Research 
Centre, Ispra Establish
ment

Neutron radiography Industry (fuel vendors)
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FIG. 1. A typical 235U fission spectrum neutron source set-up.

of a better characterization of the bed, i.e. a better knowledge 

of the initial conditions which were to serve as input for the 

temperature predicting codes. Using a neutron beam emitted from 

the front face of BRI, neutron transmission measurements were 

performed throughout the debris bed; the 2 t device was scanned 

in great detail to obtain the spatial distribution of the 

porosity of the bed. These measurements, in conjunction with
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neutron transmission calculations, have shown that the objective 

of a uniform porosity, to be obtained by an adequate filling 

procedure, was achieved [7 ]. Similar tests are being continued 

in the framework of further phases of the PAHR programme, called 

PIRAMID 2 and 3.

Concerning the US LWR Pressure Vessel Surveillance 

Dosimetry Improvement programme, sponsored by the USNRC, effort 

is being directed towards a better assessment of fast neutron 

damage in the vessel in general. In the framework of this 

programme, experiments have been performed in the Venus critical 

facility at Mol since 1983. Here again, standards for absolute 

fission rates, fast neutron fluxes and gamma heating rely upon 

the BRI reference fields. As the two reactors are located in 

the same building, transfer of instrumentation is eásy. 

Furthermore, operation of the two reactors in parallel, with BRI 

acting as a monitor for Venus, is extremely beneficial. Again 

for this programme, BRI facilities were found to be ideal for 

standardization and improvement of measuring techniques [8].

Another programme for which BRI was identified as a 

suitable calibration tool concerns the JET (Tokamak) neutron 

diagnostics programme. As characterization of the JET fusion 

tokamak during its start-up phase is open to research 

institutions of the EURATOM Member Countries, a proposal from 

CEN/SCK was concerned with neutron fluence measurements in the 

vicinity of the containment walls during each pulse of the 

machine; Th-232 and U-238 targets exposed during the pulse are 

transferred through a fast pneumatic system to a terminal 

station for measuring the delayed neutron emission [9,10]. 

Development of two such delayed neutron assemblies, now 

installed at JET, was carried out at CEN/SCK. The calibration 

of the system is based on irradiations performed in the BRI 

fission spectrum since its average neutron energy is comparable 

with the average neutron energy of the fusion plasma neutron 

spectrum in the deuterium-deuterium phase. Simulation of the 

JET irradiation conditions was possible using a fast pneumatic 
transfer system.

Apart from the programmes mentioned in Table I, which 

mostly rely upon the utilization of the various spherical or 

cylindrical converter assemblies in the two graphite thermal 

columns (see Table II), the basic neutron research at BRI in 

general should be mentioned. At present two programmes are 

being conducted that make use of the various beams issuing from 

BRI. The first programme, conducted by the Central Bureau for 
Nuclear Measurements (CBNM, Geel, Belgium) and the University of 

Sussex (Brighton, UK), is aimed at the characterization of Li and
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В targets in preparation for experiments at the reactor of the 

Institut Max von Laue-Paul Langevin (ILL) in Grenoble. A second 

experiment, introduced many years ago and conducted by the 

University of Gent (Belgium) in collaboration with CEN/SCK and 

CBNM, aims at a systematic study of the fission fragment 

spectroscopy of plutonium isotopes, as described in a companion 

presentation at this symposium: [11].

Finally, the frequent utilization of BRI for training 

objectives must be mentioned,1 and in particular the training 

carried out within the scope of the IAEA traineeship programme 

for candidate safeguards inspectors.

3. CONCLUDING REMARKS

The survey of international programmes, as summarized in 

Table I, has shown that the BRI reactor facilities, as listed in 

Table II, are excellent tools for various applications, such as 

calibration and validation of techniques, integral nuclear data 

validation, activation analysis, characterization of materials 

by neutron transmission, and physics experiments, and that these 

activities have been performed at the reactor for more than 15 

years. The flexibility and the low cost of reactor operation 

make utilization of the existing facilities still more 

attractive for various international programmes.
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A bstract

THE HIGH FLUX REACTOR, PETTEN, AND ITS UTILIZATION.
The High Flux Reactor (HFR) at Petten was originally built for the Netherlands Research Centre, 

but was taken over by the Commission of the European Communities in 1962 and since that time has 
been operated as part of the multi-annual programme of the CEC’s Joint Research Centre (JRC). Within 
this programme the HFR is used to provide services to the participating Member States, the JRC and 
other bodies in a number of important research areas, such as nuclear fission energy (HTR, LWR, FBR, 
safety, material properties, fuel performance limits), nuclear fusion energy (Next European Torus, 
material properties), and solid state and nuclear physics (neutron beams). The services provided also 
include neutron activation analyses, non-destructive testing by neutron radiography and generation of 
radioisotopes. The reactor and its equipment have been continually modernized and upgraded to fulfil 
the requirements of the users. As a result, both plant and equipment have demonstrated a consistent 
availability near to 100% of the scheduled operating time. The occupation of the reactor by irradiation 
experiments amounts to more than 70% of the available capacity (the practical limit is about 85%) and 
the long term usefulness of the installation is confidently expected.

1. INTRODUCTION

The High Flux Reactor (HFR) at Petten was built for the 
Netherlands Government in the years 1957-1961. An operating 
power of 20 MW was attained on! 20th May 1962. In conformity 
with an agreement with the Netherlands Government concerning 
the foundation of the Petten Establishment, which is one of 
the four establishments (Geel, Ispra, Karlsruhe and Petten) of 
the Joint Research Centre (JRC) of the Commission of the 
European Communities (CEC), the reactor was taken over by the 
CEC on 31st October 1962. Since that time the HFR has been 
operated by the ECN1(Netherlands Energy Research Centre) under 
contract to the CEC.

At the beginning reactor operation and utilization had 
been part of the JRC's multi-annual programme in which all 
Member States of the European Communities participated. But

' The Reactor Centrum Nederland (RCN) later changed its name to the Energie Onderzoek Cen
trum Nederland (ECN).
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from 1967, the HFR programme changed to a Complementary 
Programme which was no longer supported by all Member States, 
and since 1975 the HFR programme has mainly supported R&D 
programmes of only two countries - the Federal Republic of 
Germany and the Netherlands - together with the JRC's own 
Common Programme requirements.

By agreement the utilization shares are approximately 
40 % (Federal Republic of Germany), 40 % (Netherlands) and 
20 % (JRC). It is expected that the present formula will also 
be applied for the next JRC programme period 1988/1991.

During the past 25 years the reactor and its equipment 
have been continually modernized and upgraded to fulfil the 
requirements of the users. Highlights of such upgrading 
actions were :

- two power increases, the first one in 1966 to 30 MW and the 
second one in 1970 to 45 MW,

- the use of fuel elements with higher U-235 content,
- the replacement of the reactor vessel in 1984,
- the replacement of the main heat exchangers in 1986 and
- several core configuration changes.

In particular the replacement of the reactor vessel and 
its periphery installations was a unique operation, which was 
carried out for the first time in the nuclear world. In fact, 
the replacement of the reactor vessel by a redesigned model 
involved a complete rebuilding of the materials testing 
reactor.

2. THE HFR AND ITS EXPERIMENTAL FACILITIES

2.1. Description of the reactor and its operation /1/

The HFR is a materials testing reactor with a normal 
operating power of 45 (max.: 50) MW. The reactor is cooled and 
moderated by demineralized light water circulating in a closed 
circuit. The rectangular reactor vessel (Fig. 1) which houses 
the reactor core is arranged at the bottom of a 9 m deep pool
and consists of an aluminium construction of 4.80 m height
(Fig. 2). The wall thickness of the vessel amounts in general 
to 50 mm. A 9 x 9 array containing 33 fuel assemblies,
6 control rods, 19 experiment positions and 23 beryllium 
reflector elements forms the reactor core. The U-235 
enrichment of the fuel assemblies is about 93 %. The generated 
heat is dissipated in three plate type heat exchangers to the 
secondary coolant, which is taken from the North Holland Canal
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FIG. I. Reactor vessel.
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FIG. 2. Pool with installed reactor vessel.
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TABLE I. SUMMARY OF NUCLEAR AND THERMAL PROPERTIES 
OF THE HFR

reac to r  power

specific power  (averaged  over fuel posi tions) 

number o f  fuel as sembl ies  

number of con trol  rods 

number o f  in -c o re  ir r a d ia t ion  positions  

number o f  r ef lec to r  i r r a d ia t io n  posit ions 

number  o f  horiz onta l b eam tubes  

number  of  pool side fac i l i ty  posit ions 

fuel ch a rge  of  f resh  fuel assemblies  

fuel ch a rge  o f  the  con tro l rod  fo llowers 

boron ch a rg e  in side p la te s  o f  f r e sh  fuel assemblies  

max im um fa s t  f lu ence  rate: in -c o re  experiment posit ion

pool side fac il ity | 

max im um  th e rm a l  f lu ence  rat e:  i n - c o r e  expe ri m ent  posit ion 

pool side fac i li ty  : 

nuclear  h ea t in g  in g rap h i te :  in - c o r e  experiment position

pool side fac il ity 

flow ra te  o f  pr im ary  coo lan t  th r o u g h  core 

coolan t velocity in fue l  assembly  

coolan t velocity in f il le r  e lem en t  

inlet t e m p era tu re  o f  co o lan t  

out let  tem pera tu re  o f  coo lan t 

average h ea t  flux  in mid  position  

max im um hea t  flux  in m id  pos ition 

absolute  pressure above re a c to r  core 

pressure  d if fe rence  over th e  r eac to r  core

and discharged to the North Sea after passing through the heat

exchangers. The main data for- the reactor are compiled in 

Table I. 1

The operating pattern of>the HFR follows a 28-day operating 
period including a 2.3-day regular reactor shut-down for
installation and reloading of' the irradiation rigs, mainten
ance of the reactor and experiment facilities, and for 
refuelling. The HFR is operated at 45 MW for approximately
280 days per year. Two 3-week shut-down periods for 
maintenance and modifications at the beginning and in the 
middle of the year interrupt the reactor operation.
The reactor provides a large ¡¡range of neutron spectra and
fluence rates. The mode of loading and operation of the
reactor attempts to maintain the nuclear characteristics 
constant throughout the year.¡ This feature together with

45 MW 

310 M W /m3 

33 

6

9

10 

12 

22

420 g 235U 

290  g 2 3 5 U 

1000 mg 1 0 B

(equiv. fiss. f luence rate) 

(equiv . fiss. f luence  rate)

» -V 1 
-2 -1

2 to 12 W /g  (m a x .  in axial di rection)

< 3 W /g  ( m a x .  in ax ial  direct ion)

1.14 m3 / s  ( 4 10 0  m 3 / h )

7 m / s

0.2 to 7 m / s  

318 К (45*C)

328  К (55*C)

1.00 M W /m 2 (100  W / c m 2 )

1.60 M W /m 2 (1 60  W / c m 2 )

340  k N / m 2 (3 .4  ba r )

110 k N / m 2 (1.1  b ar )
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a very strictly followed annual cycle allows accurate prediction 
of irradiation temperatures, fluence, damage rate, etc.
Once every year a major campaign is undertaken to assess all 
relevant characteristics, which are published regularly under 
EUR 5700 EN /1/.

The 1986 HFR core configuration and major characteristics 
are given in Fig. 3, showing the large variety in thermal and 
fast neutron fluence rates.

2.2. Experimental Facilities /1/

Inside the reactor vessel the irradiation devices may be 
installed in a core position of the fuel region or of the 
reflector region. In principle, nearly all lattice positions 
can be used. But in practice, a- certain standard pattern of 
fuel and experiment positions is adopted (Fig. 3).

The irradiation devices for these positions are placed 
inside a cylindrical longitudinal bore of a beryllium 
reflector element (ф. = 5 2  mm) or of an aluminium filler 
element (ф̂ variable up to 74 mm).

In addition to the core positions, two pool side 
facilities (PSF) are available for the installation of 
experiments outside the reactor vessel (Fig. 1). The large PSF 
uses a support structure on the west wall with 12 positions, 
the small PSF has a table for 10 irradiation devices. Both 
facilities allow the distance between experiment and core to 
be varied, which is of particular interest for fuel 
experiments.

Direct vertical experimental access to the reactor core 
positions is through the holes of the centre reactor top lid. 
Therefore most of the experiments can make use of 
standardized, multi-purpose, reloadable thimbles and carriers, 
e.g. the TRIO and QUATTRO thimbles. Both are reusable for 
several irradiations, with a lifetime of about two years. TRIO 
and QUATTRO provide respectively three and four irradiation 
channels of 29 mm I.D. in the filler element of a reactor 
lattice position, with a vertical displacement unit to follow 
the flux shift, an instrumentation hose for sufficient 
thermocouples and other service leads. A computer based data 
logging system (DACOS) takes care of handling, storage and 
presentation of all relevant data acquired during the 
operation of the experiment. Similar equipment is currently 
used for experiments requiring larger sizes (70 mm I.D.), all 
provided with binary gas mixture temperature control systems.
The inserts (sample holders) are once-through items. Even LWR 
and FBR fuel irradiation experiments, which are performed in a
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E / ^  fuel element 

^  control rod

Ш  beryllium reflector element j

О m a x . neutron fluence rate [10,Bm -2s'1 ) ( E X M M e V )  
in-core irradiation position!

__  max.thermal neutron fluence rate [ 1018m-2s_1 ) in PSF
^  (pool Side Facility) irradiation position (25 mm from core box wall)

HB horizontal beam tubes Nos. 1 to 12

PR pneumatic shuttle system

NW north-west corner pool side irradiation position

SW south-west corner pool side irradiation position

FIG. S. Core configuration with irradiation positions and beam tubes.

core position or in the large pool side facility, use 

standardized boiling water or sodium filled capsules.

The standardized equipment has proven to be extremely 

cost and time efficient and still to be flexible enough to 

meet requirements associated with individual irradiation 

experiments.
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uni diffuse scottering/
/triple-axis spectrometer

2 nuclear polarization set-up

•) tnple-oxs/
J /time-of-flight spectrometer

 ̂o. filtered beam facility 
b. prompt gammo-ray experimeot

5 double-axis cfttfractometer

6

7 polarized neutron capture set-145

о thermal /
/ sub-thermal radiography

g a. single-crystal diffractometer 
b. polarized neutron diffractometer

10 1osy (Fast Pneumatic Shuttle System)

11 neutron capture set-up

12 filtered beam facility/
/proton polarization 
set-up

FIG. 4. Experimental set-ups using the beam tubes fo r  basic research at ground floor level.

For nuclear physics experiments and solid state physic's 
experiments 12 horizontal beam tubes are available. One of 
them (HB 8) is in permanent use for a dry neutron radiography 
installation. Eight beam tubes, each 17.5 cm in diameter, and 
two beam tubes, each 25 cm in diameter, terminate on the east 
and south walls of the core box. The north face of the core 
box has only one 400 x 570 cm2 divergent beam tube, which is 
split into the two separate tubes HB 11 and HB 12. All the 
beam tubes are closed at the reactor end and separated from 
the core box by a small water gap of 4 - 6 mm. Beam tube 
cooling is done by means of the pool cooling system.
Fig. 4 shows the arrangement of the horizontal beam tubes HB 1 
through HB 12 partly with a schematic presentation of their 
experimental set-ups.

Two pneumatically operated conveyor systems and a gamma 
irradiation facility complete the available and permanently 
installed reactor experimental facilities.

The data acquisition system with the acronym DACOS, 
mentioned above, is undergoing a major overhaul. The new 
system, which will be operational in early 1988, consists of :
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8 fast-scanning data loggers with over 2000 channels in total,
2 PDP 11/73's for collecting data, a VAX 11/750 (8 Mbyte disk) 
for processing the data, various hard disk drives with over 
700 Mbyte capacity and numerous peripherals such as plotters, 
terminals and printers. The system is one of the most modern 
and advanced "global" logging systems in the materials testing 
reactor world.

3. UTILIZATION OF THE HFR

In agreement with the objective of the Complementary 
Programme, namely exploitation - i.e. operation and 
utilization - of the HFR, the reactor is used to provide 
services to the supporting Member States of the European 
Communities, the JRC and to other bodies on payment. The 
services are in the following areas :

- nuclear fission energy (HTR, LWR, FBR, safety, material 
properties, fuel performance limits)

- nuclear fusion energy (NET,2 material properties)
- solid state and nuclear physics (neutron beams)

and involve also radioisotope production, neutron activation 
analyses and neutron radiography.

3.1. Nuclear Fission Energy 1

3.1.1. High Temperature Gas Copied Reactor (HTR)

The HFR Division is carrying out in the HFR test 
irradiations of two main components of the HTR, being 
developed in the Federal Republic of Germany, Japan and the 
US A  : i;

- graphite, as the predominant' core structural material,and
- coated particle fuel elements.

The irradiation capsules used for the graphite development 
and qualification programme contain unstressed samples or creep 
specimens under tension or compression. They are irradiated in 
a metal or graphite/inert gas environment between 300°C and 
1200°C. Their changed physical properties are measured either 
intermittently (specimen recycling) after certain fluence steps 
or on-line (creep rate).

HTR fuel testing is performed in HFR Petten under 
relevant HTR operating conditions on reference coated fuel

2 NET: Next European Torus.
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particle systems and production fuel elements, for the Federal 
German UO low enriched uranium fuel cycle /2/ and for the 
TRISO LEU fissile/TRISO Th0„ fertile US reference system 
(TRISO = trinary sealed oxiae coated particles, LEU = low 
enriched uranium). Also transient conditions are simulated in 
fully instrumented multi-capsule devices. The samples are 
irradiated in a graphite/inert gas environment at a heating 
rate between 200 and 1000 W/cm and at fuel temperatures 
between 600 and 1500°C up to high burnups (> 15 % FIMA) and 
high neutron fluences (> 8 x 10 m 2) .

Continuous gas sweeping is provided for on-line fission 
gas release analysis of short and long lived volatile fission 
products.

The various projects are carried out in support of mainly 
Federal German, but also international (Japan, USA) HTR 
research programmes.

3.1.2. Light Water Reactors (LWR)

The investigation of LWR fuel rod behaviour under various 
operational and disturbance conditions represents the basic 
field of HFR support to LWR fuel research programmes.

Most of the LWR fuel rod tests in the HFR use fuel rods 
which are pre-irradiated for one to five years in commercial 
power reactors (BWR and PWR). Special, mostly reloadable, 
irradiation devices (e.g. capsule type BWFC = boiling water 
fuel rod testing capsule) with different instrumentation 
providing typical LWR environment conditions are used /3/.

More than 220 tests with pre-irradiated fuel rods had 
been performed up to mid-1987. Approximately 20 to 40 experi
ments are carried out yearly. They include intermediate and 
post-irradiation examinations in the HFR pool and the hot 
cells where re-instrumentation of the fuel rod is carried out.

Typical LWR fuel rod experiments are operated between 150 
and 600 W/cm linear fuel rod power at system pressures of 
approx. 70 bar (7 MPa) (BWR) or 145 bar (14.5 MPa) (PWR). The 
transient scenarios use power ramp rates between 0.1 and 103 
W/cm min. Continuous power monitoring and failure detection 
are provided for all applications.

In nearly all LWR test programmes conducted at the HFR, 
nuclear industry utilities and/or national or international 
organizations participate. Large parts of the programmes have 
a strong commercial component (e.g. the power ramp test 
programmes have made important contributions to safety and 
availability of nuclear power plants).
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3.1.3. Liquid Metal Cooled Fast Breeder Reactors (LMFBR)

Internationally, mainly in the frame of the SNR 300 
Project, there are several R&D programmes with the goal of 
qualifying

- advanced LMFBR fuel under normal and abnormal conditions,
- mixed oxide fuel, under start-up and in-situ operational 

transients, and
- structural materials. !

In the last ten years transient irradiation testing 
between 400 and 1200 W/cm at 400 - 1000°C clad temperature has 
been performed on over 50 LMFBR fuel rods - also pre
irradiated - loaded in Na(NaK) filled carrier capsules of up 
to 2 m length /4/. Certain irradiation devices use cadmium 
filters to harden the neutron spectrum. The programme is 
carried out in co-operation with Interatom, Belgonucléaire, 
SCK/CEN (Mol), ECN (Petten) and the JRC. Special TOP 
(Transient Over-Power) and LOF (^oss Of Fluid) tests are 
sponsored by the Kernforschungszentrum Karlsruhe.

Breeder reactor safety is also concerned with the 
response of neutron irradiated structures to mechanical 
stresses including vibration and shock. More than 2000 
unstressed stainless steel specimens have been irradiated in 
the HFR over the past eight years.

In addition the creep behaviour of steel samples, not 
just in the frame of LMFBR development, has been examined in 
this context, i.e. for reactor safety purposes, by on-line and 
intermittent measurements.

3.2. Thermal Nuclear Fusion Energy

The damage mechanism for materials in the neutron 
irradiated regions of a fusion reactor will be characterized 
by the high amount of helium produced simultaneously with 
atomic displacement. While the displacement rates in fission 
and fusion reactors are of a comparable order of magnitude, 
the helium production rate is much larger in a fusion device 
because of the higher energy of the neutrons. The irradiation 
of materials with these neutrons is at present, and will be in 
the near future, only possible on a very limited scale 
(e.g. in linear accelerators). However, as the need 
for materials data for fusion reactors is growing 

rapidly, the use of materials testing reactors to simulate 
these effects is a clear requirement and there is no doubt 
that radiation effect experiments with candidate fusion 
structural materials can be satisfactorily taken care of by 
appropriate MTR's.
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The present tests at HFR Petten /5/ are embraced by the 
1985/90 European Fusion Technology Programme, an implementing 
agreement sponsored by the International Energy Agency, and 
the Fusion Technology Programme of JRC Ispra, and form part of 
the R&D work towards the NET design and towards future 
demonstration plants. Some of the experiments now under 
irradiation also fall into a test matrix set up in August 1981 
under the IEA implementing agreement for a programme of 
research and development on radiation damage in fusion 
materials (signed in 1980 at Paris). All tests are concerned 
with tensile strength, creep, fatigue and crack growth in 
austenitic stainless steels together with research on vanadium 
alloys and irradiation testing of ceramics, as well as solid 
and liquid blanket breeder materials with on-line tritium 
release and permeation measurements.

3.3. Fundamental Research

The installations around the reactor - diffractometers, 
spectrometers, and mirror and filter systems, with ancillary 
cryogenic equipment and process computers - use beams of 
neutrons extracted from the core through horizontal tubes (see 
Section 2.1 ) for basic research programmes in the following 
areas :

- diffraction of polarized and unpolarized neutrons
- small-angle neutron scattering
- inelastic neutron scattering
- capture of polarized neutrons in polarized nuclei
- circular polarization analysis of capture gamma rays, and
- resonance capture of neutrons.

The various research programmes are often carried out in 
close co-operation with several Netherlands universities and 
to a lesser extent with research institutions from other 
countries. However, there is a growing interest from 
industrial laboratories.

3.4. Radioisotope Production, Neutron Activation Analyses and 
Neutron Radiography

A number of simple devices, mostly reloadable during 
reactor operation, are available and are currently used at the 
HFR for radioisotope production "à la carte".

Special facilities have been developed for the production 
of iridium-192 (cancer treatment, industrial radiography), 
molybdenum-99 (various diagnostic and therapeutic applications) 
and cobalt-60 (gamma sterilization). As a new development, 
silicon crystals are now doped with accurately dosed
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impurities, through the 30Si(n,Y)3IS i > 3IP reactions, for the 
semi-conductor industry. \

An increase in demand in particular for molybdenum-99 and 
cobalt-60 can be expected due to new and intensified 
applications in medicine and also in industry (progressive 
legalization of sterilization of foodstuffs by gamma 
irradiation).

Neutron activation analysis, which is an accurate method 
for the determination of a large number of trace impurities 
and contaminants, is used as an effective instrument for the 
pharmaceutical industry, for geological studies, for 
environmental pollution control (e.g. for the determination of 
arsenic, mercury, cadmium, uranium, selenium and antimony in 
residues from coal fired plants, in biological material, in 
soil samples, etc.) and for control gauges for production 
systems in different kinds of industries. For all these 
applications several facilities covering a wide range of 
irradiation times and sample volumes are in use at HFR Petten.

For NDT (non-destructive testing) by neutron radiography 
there are presently two NR facilities in operation at the HFR :

- an underwater NR system in the HFR pool used for the 
inspection of irradiation devices and fuel rods,

- a "dry" NR system attached to a horizontal beam tube (HB 8) 
in the HFR containment building.

i
The "dry" NR system, which is mainly used for the 

inspection of up to 2 m long radioactive objects, e.g. fuel 
rods from commercial reactors, is at present under 
reconstruction for upgrading. The upgrading involves the 
installation of filter systems and cooling in order to provide 
"cold" NR capability (with subthermal neutrons). Through this 
upgrading and installation of ¡associated equipment new NR 
applications such as :

- investigation of the dynamics of processes in chemistry and 

mechanical engineering by real time NR

- investigation of concrete samples (ageing)
- pathological investigations
- investigation of hydrogen accumulation in steel
- checking of aircraft and missile structures (e.g. honeycomb)
- checking of cable cutters and separation bolts for 

spacecraft
- checking of electronic circuits and ignitors
- checking of cast structures with complex void structures, 

and
- checking of sealings and brazings
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FIG. 5. Utilization (%) o f capacity for the period 1988-1991.

will become feasible and attractive to industry and research 
institutes.

4. FUTURE PERSPECTIVES

It is intended to maintain the strategy of constant 
modernizing and improvement of the HFR, which has proven 
successful in the past. Short and medium term actions planned 
or under discussion include :

- replacement of all beryllium reflector elements
- power increase to 60 MW
- use of fuel assemblies with higher U-235 content
- installation of a filtered neutron beam facility, for 

possible boron neutron capture therapy studies
- installation of a cold neutron source.



IAEA-SM-300/55 293

Concerning the future financing of the HFR programme, it 
can be assumed that the present formula with the definitely 
agreed participation of the Federal Republic of Germany, the 
Netherlands and to a lesser extent the JRC will continue also 
for the next four years. But special efforts have to be 
devoted to increasing the share of irradiations for other 
organizations on payment to cover the small gap between 
"guaranteed" income and real expenditures.

The medium and long term utilization of the HFR will be, as 
now, in the order of 75 % of its theoretical capacity based 
on tariff (practical limit of occupation : about 85 %).

Fig. 5 presents the distribution of HFR irradiation 
projects or activities for the various areas for the next four 
years. Predictions are of course difficult and it cannot be 
ruled out that political and economic factors could influence 
the present situation.

Summarizing, one can state that HFR Petten is presently 
one of the most powerful and best utilized materials testing 
reactors in the world. A very experienced staff guarantees 
that the HFR will retain this position for at least the next 
decade of this century.
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Abstract

THE BR2 MULTIPURPOSE RESEARCH REACTOR: A TRADITION OF INTERNATIONAL 
COLLABORATION, IN PARTICULAR FOR THE DEVELOPMENT OF FAST BREEDER 
REACTORS.

The BR2 reactor is a high flux MTR. The fuel is 93% 235U enriched uranium. The nominal 
power ranges from 60 to 100 MW. The main features of the design are: maximum neutron flux: thermal,
1.2 x  1015 n -cm '2-s_1; fast (E >  0.1 MeV), 8.4 x  1014 n-cm"2- s '‘; great flexibility (the core con
figuration and operation mode can be adapted to! the experimental loading); neutron spectrum tailoring; 
and the availability of five 200 mm diameter channels besides the standard channels (84 mm diameter). 
The reactor is used to study the behaviour of fuèl elements and structural materials intended for future 
nuclear power stations of several types (fission and fusion). Irradiations are carried out in connection 
with performance tests up to very high burnup or neutron fluence, as well as for safety experiments, 
power cycling experiments and, generally speaking, tests under off-normal conditions. Irradiations for 
nuclear transmutation (production of high specific activity radioisotopes), neutron radiography, use of 
beam tubes for physics studies and pilot scale gamma irradiations are also carried out. The BR2 is used 
in support of Belgian programmes, at the request of utilities, industry and universities and in the frame
work of international agreements. The paper reviews the involvement o f the BR2 in work performed 
under various international agreements. Typical examples of FBR experiments performed at the BR2 
within the scope of several international co-operation programmes are given.

1. INTRODUCTION

The BR2 reactor at Mol was first put into service with an experimental loading 
in January 1963. On 31 December 1978 the reactor was shut down to replace the 
beryllium matrix. Routine operation of the reactor was resumed in July 1980.

The BR2 and its associated facilities are part of the CEN/SCK Reactors Divi
sion. A complete irradiation service can be provided, from design study to post
irradiation examination.

295
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2. BRIEF DESCRIPTION OF THE BR2 REACTOR

The BR2 reactor is a high flux MTR of the thermal, heterogeneous type [1]. 
The fuel is 93% 235U enriched uranium. The moderator consists of beryllium and 
light water, the water being pressurized (1.25 MPa) and acting also as coolant. 

The BR2 has the following main features and applications:

— High thermal and fast neutron fluxes (up to Ю 15 n-cm “2 -s_1);
— Numerous irradiation channels (up to 100);
— Besides the standard channels (84 mm diameter), five large diameter (200 mm) 

irradiation channels are available, with the possibility of loading loops cooled 
by independent water, sodium or gas circuits;

— According to a feasibility study, an experimental cavity of 400 mm diameter 
could be provided in the reactor central region if  requested;

— Neutron spectrum tailoring to achieve irradiation conditions very similar to 
those obtained in reactors of several types (fission and fusion);

— A wide range of irradiation devices for LWRs, LMFBRs, HTRs, GCFRs and 
fusion reactors and for radioisotope production;

— Long established use for safety experiments (MOL 7C) and production of power 
transients (testing of VIC loop and TRIBULATION programme);

— Irradiation campaigns on preirradiated fuel pins (without length limits) or on 
fuel pins with fuel cladding defects;

— Remote assembly of bundles of irradiated fuel pins and remote sodium filling 
of in-pile sections;

— Handling of circuits contaminated by fission products or tritium;
— Great flexibility: the core configuration and operation mode can be ádapted to 

the experimental loading [1 ].

The main operational characteristics are summarized in Table I. More details 
are given in Refs [1, 2]. A survey of the reactor utilization is presented in Ref. [1].

3. A TRADITION OF INTERNATIONAL COLLABORATION

The BR2 is used in support of Belgian programmes, at the request of utilities, 
industry and universities and, for a large part, in the framework of international 
agreements. The agreements fix the general frame of activities which, in this way, 
become part of large R&D programmes in nuclear reactor engineering. These activi
ties are of various natures, such as those defined by international agreements for shar
ing R&D and by direct co-operation or contracts with international organizations and 
with experimenters of different countries.

Since its early years the BR2 has been involved in international programmes. 
The following examples may be cited:
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TABLE I. BR2 MAIN DATA
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Maximum heat flux:
nominal 470 W/cm2
admissible 600 W/cm2

Nominal power 60-100 MW

Maximum neutron flux (for 600 W /cm2): 

thermal
fast (E >  0.1 MeV)

Irradiation positions Up to 100

Fuel enrichment 90-93% U-235

Fissile charge at start of cycle 9-13 kg U-235

Nominal cycle 7 days’ shutdown
21 days’ operation

— Operation of the BR2 and its associated installations was first (1960-1967) 
carried out on the basis o f a contract o f association concluded between Euratom 
and the CEN/SCK.

— Under the sponsorship of the International Atomic Energy Agency, irradiations 
have been carried out and trainees educated for countries entering nuclear 
research.

— Large support has been given to several gas cooled reactor development 
programmes: the Dragon project of the Organisation for Economic Co
operation and Development, AGR type reactor programmes of the United King
dom Atomic Energy Authority, and the Thorium High Temperature Reactor 
and Gasgekühlte Schnelle Brüter (GSB) projects of the Kernforschungsanlage 
(KFA) Jülich.

— Tests of fuel pins of various types have been carried out for the programme of 
the Commissariat à l ’énergie atomique involving the sodium cooled fast reactor, 
Rapsodie.

— An agreement between the Eidgenössisches Institut fiir Reaktorforschung 
(EIR), Würenlingen, and the CEN/SCK concerning R&D on advanced fast 
breeder fuels (mainly carbide fuel).

— An agreement concluded between the Kernforschungszentrum Karlsruhe (KfK) 
and the CEN/SCK concerning utilization of the BR2 for fuel, structural 
materials and safety irradiations in support of the Schneller Natriumgekühlter 
Reaktor (SNR) programme.

— Programmes defined in the memorandum of co-operation between Belgium, 
France, the Federal Republic of Germany, Italy and the United Kingdom cover
ing general research and development for FBRs.
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— Agreements with US, European and Japanese fuel manufacturers and utilities 
on particular irradiation programmes in the BR3 experimental power plant and 
the BR2 concerning the resolution of current problems in LWR fuel fabrication, 
mainly transient behaviour, the use of burnable poisons and the performances 
of mixed oxide fuels.

— Contracts with the Commission of the European Communities (CEC) related to 
in-pile tests in support of safety research concerning FBRs, and irradiations in 
the framework of fusion reactor development programmes.

4. EXAMPLES OF EXPERIMENTS IN FBR DEVELOPMENT

4.1. Framework of FBR irradiation programmes at the BR2

Since 1965, the CEN/SCK has acquired appreciable experience with irradiation 
testing of fast reactor fuel and structural materials in the BR2 [1, 2]. In general, the 
irradiation devices are either of the capsule type without coolant circulation or of the 
loop type with forced convection fluid cooling. The presence of a thermal neutron 
absorbing screen (usually cadmium) is characteristic for many of these rigs, for the 
reasons explained in Ref. [2]. With respect to the loop devices, in-pile sections have 
been operated with integrated sodium cooling circuits (LMFBR experiments) as well 
as with pressurized helium cooling (gas cooled FBR experiments).

To illustrate the different FBR irradiation programmes at the BR2, Table II 
summarizes the areas of R&D concerned, their objectives and some particular experi
ments performed.

4.2. Experimental requirements and BR2 features

From an experimenter’s point of view, when judging the suitability of an MTR 
for certain irradiation experiments on fuel rods or subassemblies, a number of test 
conditions must be fulfilled, depending on the goal of the experiment. Examples of 
such requirements are described below to illustrate the attractive features of the BR2. 
These examples refer to international R&D programmes on advanced fuels, mixed 
oxide fuels and advanced cladding alloys. Post-irradiation examinations on such fuel 
pins, which have been irradiated in different MTRs and prototype FBRs, have shown 
the large effect of neutron flux depression across the pins, mainly on the radial tem
perature gradient and the mass transport phenomena.

4.2.1. Advanced fuels

Thermal and epithermal neutron irradiations of advanced fuel pins (e.g. carbide 
fuel) were carried out in the BR2 in co-operation with the EIR. Under thermal flux, 
at the start of irradiation, the temperature gradient between the outer fuel surface and
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TABLE II. CHARACTERIZATION OF FBR IRRADIATION PROGRAMMES 
AT THE BR2

R&D area Objective Experiment

Fuel: pellets, pins, elements

Oxide fuel

Advanced fuel 
(e.g. carbides)
Advanced cladding material 
(e.g. oxide dispersion 
strengthened ferritic steel)

Physico-chemical research 

Parametric studies

Design qualification 
Concept demonstration

Endurance tests

Study of fuel-cladding 
interaction

Study of non-stationary 
behaviour

Fuel swelling, creep, 
thermal properties 
Fission gas pressure 
buildup
Fission gas release

Nominal operation of pins 
and bundles (sodium, NaK 
and gas cooled rigs)

High burnup behaviour, 
pin integrity
Beyond nominal operation 
(power, temperature)

Chemical and mechanical 
interaction
Beginning of life (BOL) 
behaviour

Operational and incidental 
transients in sodium loop; 
preirradiated pins

Structural materials

Cladding steel, reactor 
core materials

Shielding material 
(e.g. concrete) 
Instrumentation materials 
(e.g. impurity monitors, 
organic compounds)

Safety

Design basis accidents 
Beyond design (severe) 
accidents

E xam ination  o f  rad ia tion  

effects  on -m aterial 

p roperties:

— neutron induced effects 
(at low fast neutron 
damage, e.g. 10 dis
placements per atom, 
NRTa)

— gamma induced effects

Experimental evidence of 
accident consequences and 
code validation in respect 
of reactor commissioning

N eu tron  irrad ia tion  

in instrum ented  
rigs:

— high neutron fluence
— in-pile creep 
Gamma irradiation inside 
spent BR2 fuel facility 
(rigs and sodium loop)

Local blockage in fuel 
subassembly (fresh and 
preirradiated pins) 
Coolability of corium 
debris bed

a NRT: Norgett-Robinson-Torrens (dpa calculation code).
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the fuel centre was typically 250-300°C (for a linear power of 100 kW/m), whereas 
under epithermal flux the gradient was 400-450°C. Owing to this initial difference 
in temperature profile the fissile material distribution in the carbide fuel is modified 
as a result of the radial mass transport. The carbon distribution is also modified. The 
migration and local accumulation of fissile material at the beginning of life creates 
hot spots, leading to fuel-cladding mechanical interaction, mainly during the startup 
of a reactor cycle [3].

The experimental study of these complex mechanisms has been possible at the 
BR2 because of the adjustability of the neutron spectrum, ranging from thermal to 
fast, with respect to the physical events to be examined.

4.2.2. Oxide fuels

Although the radial temperature profile in an oxide fuel pin is less affected by 
neutron flux depression, oxygen mobility can be more or less correlated with the cen
tral fuel temperature and the existence of the central hole. This oxygen migration 
induces gradients in the chemical oxygen potential, leading to changes in physical 
properties such as thermal conductivity and corrosion phenomena at the inner clad
ding surface. Thus it appears important to reproduce correctly the radial temperature 
gradient in irradiated experimental fuel pins when studying the kinetics of inner clad
ding surface corrosion or the mechanical interaction between non-swelling cladding 
and high burnup fuel.

A typical example is the FARFADET experiment [4], devised to investigate at 
the beginning of life the fuel behaviour and fuel-cladding interaction in relation to 
the fuel density and the fuel-cladding gap. Such irradiations are done inside a cad
mium screen (located close to the pin), leading to a very hard neutron spectrum in 
the fuel pin.

4.2.3. Advanced cladding alloys

In the framework of the integrated European fast breeder R&D programme, 
advanced cladding materials are intensively investigated, in particular oxide disper
sion strengthened (ODS) ferritic steel. Reirradiation of fuel pins clad with ODS steel 
is planned to study chemical and mechanical fuel-cladding interaction. Major 
requirements of such experiments are the following:

— The ratio of cladding neutron dose to fuel burnup should be representative; con
sequently only pins previously irradiated in an FBR are to be tested;

— The linear power and axial cladding temperature profile are to be correctly 
simulated;

— The radial fission density across the fuel pin must be reasonably uniform to 
maintain the right radial temperature profile.
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These requirements need to be fulfilled under a steady state regime as well as under 
transient operation.

Different sodium loop devices are appropriate for such experiments in the BR2, 
e.g. the loop types MOL 7C, VIC and SOLISTE loaded in the central channel of the 
reactor. With respect to transient testing conditions, irradiation can be done under 
epithermal flux, even up to three times the nominal power level, with power increase 
rates up to 1 0 %/s.

4.2.4. Highly instrumented irradiation experiments

The suitability of the BR2 for dedicated and complex irradiation experiments 
under representative FBR working conditions results from the combination of several 
design features:

— High epithermal and fast neutron fluxes which yield the desired power level of 
test pins under relevant FBR neutronic conditions;

— Easy access to the reactor vessel for manipulation of rigs and core loading;
— Large diameter (200 mm) experimental channels, allowing the installation of 

integrated sodium loops or gas cooled loops (e.g. loaded with a fuel subassem
bly of 30 pins);

— The possibility to provide extended in-pile instrumentation inside the irradiation 
device and to connect this to outside the reactor vessel.

4.3. Typical FBR experiments

The examples given below are typical of loop experiments with forced convec
tion cooling of test fuel pins (single pin or bundle configuration). However, numer
ous instrumented rigs with stagnant cooling fluid (e.g. Na, NaK and gas mixtures) 
have been operated in the BR2 for a wide variety of experimental goals. These are 
concerned with irradiation testing of both fuel targets (pellets, pins) and structural 
material specimens. A review will be found in Ref. [1].

4.3.1. High burnup performance tests

Different sodium cooled loops have been operated to test the design behaviour 
of fast reactor fuel pins arranged in representative bundle geometry. A remarkable 
example has been the MOL 7B experiment on an 18 pin bundle. This experiment was 
specified to test the SNR-300 Mark la fuel concept under extreme operating condi
tions [5]. The bundle was irradiated at a maximum linear power of 580 W/cm during 
384 full power days, leading to a local maximum burnup of 110 000 M W -d/t oxide 
(13% fima).

Although a cladding breach was detected about half-way through the campaign, 
it was decided to run the irradiation to the target burnup. At the end of the campaign
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FIG. 1. Cross-section o f VIC sodium loop at reactor midplane.

all fuel pins but one had failed. In spite of these severe failures and significant fuel 
release to the sodium coolant with blockage formation, the bundle could be operated 
for an extended period at a high rod power without resulting in cladding melting or 
risking more hazardous consequences for the in-pile section, bundle integrity and 
reactor safety.

4.3.2. Operational transient experiments

Since 1981 there have been various operational transient tests on single fast 
reactor fuel pins. The irradiation device, called the VIC, is a versatile compact 
sodium loop which allows two basic types of off-normal and transient experi
ment [6 ]:

— Fission power alteration, e.g. steady overpower runs, power cycling and fast 
transient overpower (TOP);

— Mismatch of the sodium cooling with off-normal fuel cladding temperatures, 
e.g. operation with reduced sodium cooling and transient loss of flow (LOF).

The two types of experiment can be run either separately or simultaneously.
The irradiation is normally done under a cadmium screen, but different neutron 

screens can be deployed. Figure 1 shows a cross-section of the loop at reactor mid
plane. An integrated part of the test section is the 3He screen, which influences the 
absorption of thermal neutrons and therefore can be used to control the rod power 
within certain limits through variation of the density (or pressure) of the 3He gas. 
Between the 3He and Cd screens an optimized water volume is provided to allow for
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partial thermalization of the epithermal neutrons and thus to enhance the effectiveness 
of the 3He screen, but without depressing too much the fission density across the 
fuel pin.

Within the framework of the DeBeNe fast breeder R&D two experiments have 
been performed with a fresh fuel pin (0  6  or 7.6 mm) and a third experiment with 
a preirradiated pin (0  6  m, of KNK II /1 origin) [7].

A broad range of transient tests can be run. For illustration, typical fast transient 
parameter values, already being achieved, are given below:

— Overpower ratio:
— under Cd screen 1.5 X  nominal power
— without Cd screen 2.2 x  nominal power

— Rate of overpower ramping (TOP) 3-5 %/s (under Cd)
— Na outlet temperature during LOF:

— peak level 850-950° С
— ramping rate 30-60 K/s

The 3He screen technique is not sufficient for high amplitude power transients 
under a Cd screen (e.g. three times nominal power). These can be achieved by the 
BR2 itself, which allows controlled fast reactivity insertion within safe operating 
limits.

4.3.3. Safety experiments with local cooling interruption

Safety experiments on fuel bundles are performed in the in-pile sodium loop 
MOL 7C. The MOL 7C programme investigates the consequences of local cooling 
disturbances in an LMFBR core subassembly. The project is run jointly by the KfK, 
CEN/SCK and CEC. Its main objective is to demonstrate that fast failure propagation 
from pin to pin as a consequence of a local cooling blockage inside the bundle is 
limited in extent and that the cooling of the bundle as a whole is not endangered even 
if a large number of pins have failed [8 ].

The in-pile section comprises an integrated sodium circuit installed in the cen
tral channel of the BR2 core (Fig. 2). The test section is surrounded by a special 
driver fuel element with incorporated Cd screen for hardening the neutron spectrum. 
The target bundle is composed of 30 fuel pins, representing a subassembly of a fast 
reactor fuel element (SNR-300 Mark la design). Three experiments have been per
formed with fresh fuel pins and two experiments with preirradiated pins, the latter 
having a total length of 1600 mm and a fissile column length of 600 mm [9].

The bundle contains a local blockage located at the axial position of maximum 
power, as shown in Fig. 3. This blockage is a porous cage filled with small spherical 
particles (stainless steel or enriched U 0 2) and can be additionally cooled from the 
inside by sodium flowing through the central dummy rod. This extra cooling can be 
interrupted by closing a pneumatic valve at the inlet of the dummy rod, so as to create 
conditions leading to local sodium boiling, dry-out and fuel pin failure. These events
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FIG. 2. MOL 7C sodium loop with preirradiated fitel bundle: general arrangement o f  the in-pile section 
(dimensions in millimetres).

represent the transient phase of the experiment. The bundle as a whole remains suffi
ciently cooled during the transient.

Most of the total heat produced in the loop (up to 850 kW fission and gamma 
radiation) is transferred from the primary sodium circuit to a secondary helium cool
ing loop, which in turn is cooled outside the reactor pool by a tertiary water circuit. 

Typical operating parameters of the loop in the stationary regime are as follows:

— Irradiation under Cd screen
— Fast neutron flux (E >  0.1 MeV) 7 x  1014 n-cm~2 -s -1
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FIG. 3. MOL 7C sodium loop: local blockage and instrumentation (dimensions in millimetres).

— Maximum linear rod power 400 W/cm
— Na temperature at bundle inlet 370°C
— Na temperature at bundle outlet 600-650°C
— Bundle flow rate 1.4-1.8 kg/s

4.3.4. Safety experiments on post-accident heat removal (PAHR)

In the frame of the European PAHR programme [10], a series of experiments 
is being performed in the BR2 with the aim of studying the long term coolability of 
an initially liquid sodium saturated core debris bed with internal heat dissipation. The 
debris bed is assumed to have formed during a hypothetical severe accident in an 
LMFBR with partial core melting. The experiments take into account the numerous 
parameters affecting core debris bed cooling governed by conduction, single phase 
convection and/or two phase convective boiling. From the beginning it was decided
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that the experiments should be gradually upgraded in complexity and allow in the first 
place for extended dry-out, later for melting of stainless steel and ultimately for par
tial melting of U 0 2.

An integrated test facility, PIRAMID, has been designed for these experiments 
[11, 12]. It profits from the large experience the CEN/SCK has acquired in construct
ing and operating in-pile sodium loops and from the results of an extended backup 
programme. The CEN/SCK contribution to the latter programme has covered such 
topics as the testing of materials compatibility in a simulated debris bed environment, 
of high temperature sensor techniques, of U 0 2 +  Na filling procedures, of special 
radiation shields, and of brazing techniques on Nb sleeves and tight passages contain
ing different instrumentation wires, and also the development of a reliable high speed 
data acquisition system. Moreover, it has been required to conduct extended neu- 
tronic calculations to optimize the nuclear design and irradiation conditions.

For the three in-pile loops, the same design is used for the upper and lower 
sodium cooling circuits, as shown in Fig. 4. The middle part of the facility containing 
the refractory crucibles with the debris bed is different for each experiment to cope 
with the maximum specified bed temperatures of 1400, 2000 and 2900°C.

PIRAMID 1, the first experiment, was successfully completed in November 
1986; PIRAMID 2 and 3 are planned to have their irradiation campaigns in 
1988-1989.

4.3.5. Helium cooled loops

This final example deals with an important demonstration project being under
taken within the scope of the GCFR development programme run jointly by the 
CEN/SCK, KFA and Kraftwerk Union AG with the participation of the KfK and the 
General Atomic Co., San Diego.

The irradiation facility comprises a 400 kW in-pile helium loop, GSB, loaded 
with a hexagonal bundle of 12 mixed oxide fuel rods [13]. These rods are particularly 
characterized by a system for internal pressure equalization with the main He coolant 
circuit and by the open venting, on top of the rods, of the fission gas in the bypass 
to the main He circuit. Figure 5 shows the GSB test section and fuel bundle, together 
with the pressure equalization system and the venting system, as connected to the 
main He circuit and to the bypass circuit for fission gas separation.

The chief aim of the programme is to demonstrate the technical feasibility and 
test the high burnup behaviour of vented GCFR fuel elements under realistic irradia
tion conditions. Besides the many thermal hydraulic aspects, the test facility allows 
monitoring and control of the impurity and radioactive contamination levels (fission 
gas and tritium) in the main coolant and the venting circuit. One dummy (HELM 1) 
and three fissile test bundles (HELM 2, 3, 2A) have been irradiated. The bundles are 
remotely loaded and unloaded in the in-pile section. The long term campaign for 
HELM 3 up to a burnup of 70 000 MW • d/t metal exhibited excellent behaviour of 
the loop and the fuel bundle. Experiment HELM 2A was a short term test on a bundle
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FIG. 4. Post-accident heat removal: PIRAMID in-pile section (dimensions in millimetres).
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FIG. 5. GSB loop: fuel venting system.

containing one rod with an artificial defect, in order to check the performance of the 
pressure equalization system with leaking fuel rods.

Typical operating conditions of the loop are as follows:

— Irradiation under Cd screen
— Fast neutron flux (E >  0.1 MeV)
— Maximum linear rod power 450 W/cm
— He temperature at bundle inlet 250° С
— He temperature at bundle outlet 500° С
— Coolant pressure 6  MPa
— Coolant flow rate 225 g/s
— Venting gas flow rate 0.3 g/s
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The BR2 reactor was first put into service with an experimental loading in 1963. 
Since then it has been intensively used in the framework of international agreements. 
Typical examples of past and present international co-operation have been given.

Through international co-operation, the quality of the work conducted can be 
assessed under conditions of continuous interaction with the international scientific 
community and one can benefit from the much larger resources available.

As a result of international co-operation, the use of high performance research 
reactors can be optimized, and countries which do not have such reactors can have 
access to these reactors for the resolution of particular problems in materials testing 
at high flux, basic research, production of radioisotopes of high specific activity and 
training of personnel.

As far as the future is concerned, efforts will be continued in order to include, 
as much as possible, the utilization of the BR2 in international collaborative 
programmes.

5. CONCLUSION
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Abstract

THE MULTI-PURPOSE RESEARCH REACTOR CENTRE AT HARWELL.
The paper describes the comprehensive facilities available at the Harwell Reactor Centre, where 

three reactors operate. The eldest of these, GLEEP, is a low power, graphite moderated, air cooled reac
tor and is a national standard for neutron cross-section and absorption measurements. The main activity 
concerns the two multi-purpose research reactors DIDO and PLUTO. These basically identical reactors, 
heavy water cooled and moderated, have been uprated from their original 10 MW(th) to 25.5 MW(th). 
DIDO and PLUTO are described, and the irradiation experiments carried out in them are discussed. 
These include fuel and materials testing, and replication of gas and water cooled reactor systems by 
dynamic loops for a variety of experiments. Radioisotope production, and irradiation of bulk silicon for 
subsequent semi-conductor manufacture are also covered. Beam tubes serve 14 external neutron beam 
instruments. These were designed primarily for fundamental physics research but are now being utilised 
to help solve problems of an applied nature posed by both nuclear and non-nuclear industries. Examples 
include radiography of industrial components, small angle neutron scattering studies of porous materials 
such as cement, diffraction to measure internal stress in weldments, and diffraction and diffuse and 
inelastic scattering to study nuclear fuels such as U 0 2 at temperatures up to 3000 K. Other supporting 
facilities are also described. These include active handling cells, rabbit systems, the used fuel element 
pond where gamma irradiation of equipment and components can be performed, and the rigs workshop 
where rig assembly, development, testing and commissioning are carried out. Next, the important 
professional engineering support to the irradiation experiments is outlined. This includes comprehensive 
design and project engineering services covering mechanical, control and instrumentation and electrical 
aspects, technical appraisal and calculations, quality assurance and safety assessment. Finally, the vari
ous international aspects of the Centre’s work are presented.

1. INTRODUCTION

Since the advent of nuclear power research, Harwell has 
been involved with the development and operation of research 
reactors. Several Harwell reactors have been designed and 
built, beginning with GLEEP and BEPO, which were air cooled, 
graphite moderated piles. Later research reactors included 
the light water swimming pool reactor LIDO and the heavy water 
moderated reactors DIDO and PLUTO.

ВЕЮ and LIDO are now closed, but the others are still 
operating and highly utilised. GLEEP celebrates its fortieth

311
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birthday in 1987 whilst DIDO and PLUTO are seme ten years 
younger. The early success of the DIDO type reactors led to 
others being built in Australia, Denmark and the Federal 
Republic of Germany. As a result there is a regular DIDO 
Class Reactor Operators Conference at which experiences are 
exchanged and developments discussed.

The facilities at the Harwell Reactor Centre are shown 
schematically in Figure 1. This indicates the three reactors 
GLEEP, DIDO and PLUTO together with their notable features 
such as major experiment loops and key staff. Also shown are 
the used fuel pond, the rigs workshop and the engineering 
office block annotated with the various services provided in 
support of the reactors and their irradiation programmes.
These facilities are described below.

2. C T.R F.P

The GLEEP reactor (Graphite Low Energy Experimental Pile), 
built in 1947, was the first to be commissioned in western 
Europe. Still in regular use, this low power, air cooled 
reactor is extremely stable in operation. Originally designed 
for 100 kW it now operates at about 3 kW.

Because of its accuracy in neutron cross-section 
measurement it is used primarily for measuring the nuclear 
properties of candidate core components for nuclear power 
stations, and for calibration of ion chambers and other 
nuclear instruments such as self-powered neutron detectors.

3. DIDO and PLUTO

The Multi-Purpose Research Reactor Centre at Harwell is 
unique in being the only centre in the world with two 
virtually identical research reactors operating simultaneously 
with routine shutdowns arranged so that at least one reactor 
is always in operation.

These two reactors, DIDO and PLUTO, were originally 
designed for 10 MW thermal power but successive improvements 
have allowed an increase to 25.5 MW. Peak thermal 
neutron fluxes have therefore been almost doubled to 
2.4 x 1014 n cm-2 s~1 with accompanying peak fast fluxes of 
1 x 1014 n cm-2 s"1. Also, the number of experiment positions 
in high neutron flux has been increased by re-designing the 
fuel elements to provide central holes for irradiation rigs. 
Both reactors have given excellent and reliable service over 
the years with full power availability exceeding 80% on an 
annual basis.
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FIG. 1. Schematic o f Harwell Reactor Centre.

The fuel elements are fabricated at the UKAEA's Dounreay 
establishment from concentric, со-extruded tubes of 
uranium/aluminium alloy encased in aluminium, leaving a 
central hole for an irradiation rig up to 50 tren in diameter. 
Over the last 10 years, incorporation of burnable poisons has 
resulted in significant improvements in fuel performance and 
neutron flux patterns through the operating cycle.

These nucleonic improvements had to be accompanied by a 
corresponding improvement in the heat removal characteristics 
of the reactor and optimisation of coolant flow was achieved 
without major changes in reactor structure or ancillary 
equipment.

The reactors are cooled and moderated by heavy water (D2O) 
within an aluminium tank surrounded by a graphite reflector. 
They normally operate on a 24 day cycle with a 4 day shutdown 
at which about one third of the fuel elements are replaced.

The tank type reactor such as DIDO and PLUTO with D2O 
coolant and moderator gives good neutron economy and less 
severe neutron flux gradients than would be the case with light 
water, which has inferior moderating properties. The 
arrangement also gives a large available useful high flux 
experiment volume in the D2O reflector and utilisation of the 
fuel elements to contain irradiation rigs is another important 
feature. It could be argued that the dimensional constraints 
restrict rig design freedom. Whilst this is true and
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necessitates some extremely fine engineering work, on the other 
hand it is helpful in that standard rig containment thimbles 
can be used and the design envelope is fixed.

Total current experimental facilities in the two reactors 
are as follows:

DIDO

PLUTO

Up to 

Up to

Fuel Vertical Vertical Horizontal
Element Holes Holes in Holes
Holes in D2O Graphite

20 27 10 21

20 27 6 8

The vertical experiment holes vary in size frcsn 50 mm to 250 mm 
diameter and cover a wide range of neutron fluxes from 7 x 1 0 ^  
to 2.4 x 10^4 n cm“2 s-  ̂ (thermal) and 1 x 10^ to 1 x 1 0^  
n cm"2 s~1 (fast). In addition, the horizontal facilities in 
each reactor are particularly suitable for neutron beam 
experiments as discussed later.

The vertical facilities in PLUTO were greatly improved in 
November 1983, when a completely new top shield was 
f i t t e d . T h e  old, highly radioactive shield weighed 22 
tons. To avoid moving it outside the reactor building it was 
transferred to form the top of a previously prepared storage 
block for irradiated rigs. The new top shield improved the 
number of vertical facilities in the D2O reflector region from 
a maximum of 12 to 27 and introduced three new sizes. In 
particular seme of the larger holes favoured for in-reactor 
loops were repositioned to permit the installation of longer 
irradiation rigs which could utilise the full height of the 
reactor core.

4. IRRADIATION EXPERIMENTS AND SERVICES

Experiments have been carried out in DIDO and PLUTO in 
support of many reactor systems including Magnox, SGHWR, AGR, 
HTR, FR and PWR, and these have covered a wide range of 
operating conditions. Temperatures of specimens have been as 
high as 2000°C and down to cryogenic values with pressures frcxn 
200 bar down to vacuum conditions. The rig environments have 
included water, CO2 , helium and sodium or NaK. The main types 
of experiment carried out have been in support of:

(a) Fuel Development
Testing of candidate fuels for various reactor systems 
under normal, power cycling and accident conditions
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Studies of fission gas release fron irradiated fuels 
Testing to high burnup 
Interaction of cladding with fuel.

(b) Reactor Materials Testing 
Irradiation creep and growth 
In-pile fatigue corrosion
Studies of void formation due to irradiation 
Mechanical properties of irradiated materials 
Microscopy irradiations for basic metallurgical 
studies.

(c) Coolant and Chemistry Studies
Dynamic and static studies in CO2 , H2O, helium and 
sodium under irradiation
Irradiation induced dissociation of compounds, liquids, 
gases and solids
Corrosion and deposition studies in support of various 
reactor systems
Decontamination of radioactive circuits.

In addition to static irradiation rigs the reactors have 
always contained dynamic loops which can reproduce the coolant, 
pressure and temperature conditions of a particular reactor 
system. At present we have the DIDO Water L o o p ^  which 
can be operated at typical PWR conditions and the PLUTO AGR 
Test Loop (PAT Loop)' which will operate at AGR 
conditions and can irradiate full length fuel pins. The DIDO 
Water Loop has been used to study deposition of crud and 
activated species around the loop circuit and on the fuel. The 
PAT Loop will be used to test AGR fuel pins under power 
transient conditions, for coolant chemistry studies and for 
evaluation of new fuel designs.

Apart from irradiation experiments in support of reactor 
systems, many of the facilities are in continuous use for the 
production of radioisotopes for medical and industrial 
purposes. About 70% of isotopes sold world-wide by Amersham 
International are produced at Harwell. In this connection, one 
big advantage of Harwell's twin reactors is that there is no 
break in the supply of short-lived radioisotopes for hospitals 
since one of the reactors is always in operation.

The treatment of brain tumours by boron neutron capture 
t h e r a p y ^ ) is also the subject of current Harwell 
experiments.

In recent years, silicon irradiations have increased 
considerably. Neutron transmutation doped (NTD) silicon is an 
excellent semi-conductor material and is now widely used for 
such devices as high power thyristors and rectifiers. Harwell 
is a major world producer of NTD silicon mainly for customers 
from Japan and the Federal Republic of Germany.
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Initial work with neutron beams in DIDO and РШГО was aimed 
principally at investigating materials used in nuclear reactors 
and the nuclear industry. It then concentrated on the 
development of the theory and techniques for the study of 
condensed matter in general. This led to an expanding 
programme of fundamental work on condensed matter involving 
close collaboration with many U.K. universities. In 1966, 
Harvjell was the first nuclear centre to instigate a formal user 
programme with both instruments and staff made available to all 
university scientists. The programme, funded by the Science 
Research Council, had a strong training element, and about 1200 
scientists received guidance in neutron techniques whilst 
performing their experiments at Harwell. Over the past six 
years a further change has evolved. This is to utilise the 
accumulated knowledge and techniques to help solve problems of 
a more applied nature posed by industries. A  representative 
selection of work in this last area is reported below.

5.1 Neutron Radiography

The neutron radiography facilities^) originally 
developed to examine highly active rigs, fuel pins and reactor 
components are now increasingly used for industrial 
radiography. An outstanding example of this is the radiography 
of aero-engine turbine blades using the gadolinium doping 
technique to validate the absence of residual casting 
material.

Real time dynamic neutron radiography using a neutron 
scintillator screen/TV camera system is now used extensively in 
commercial projects to study the flows of lubricants and fuels 
in engines. One example shown in Figure 2 is of the operation 
of an oil injector in the fuel inlet of a two stroke engine.

5.2 Colloids and Porous Materials

Small angle neutron scattering (SANS) is used to study the 
mechanisms of sol gel processes and in studies of oxide 
colloids in w a t è r  at high t e m p e r a t u r e s . ^ )  Examples are 
absorbents, catalysts and coatings. SANS yields information on 
the size and shape of the colloidal particles and, with further 
analysis, information on the ordering of the particles and the 
nature of the inter-particle forces.

The cement gel calcium-silicate-hydrate (CSH) is the binder 
in cement which gives it strength. A  number of different 
cement samples have been examined by SANS, and the small angle 
neutron scattering observed as a function of time after mixing

5. NEUTRON BEAM APPLICATIONS
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FIG. 2. Neutron radiograph o f a two stroke engine (courtesy Burmah Castrol!Kawasaki).

(Figure 3) to give the evolution of the structure of the CSH 
gel and the resulting fine porosity of the cement.

5.3 Metallurgy

One of the pleasant surprises of industrially sponsored 
work is that it occasionally gives important new insights. A 
good example has been work on evaporated chromium-aluminium 
alloys which have high thermal stability. The early stages of 
segregation in the alloy can be studied without the
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S c a t te r in g  V ecto r Q (nm-1)

FIG. 3. Small angle scattering pattern o f CSH cement gel in ordinary Portland cement. The scattering 
vector Q is proportional to the scattering angle and dL/dtt is the intensity.

complications introduced by quenching the alloy. Monte Carlo 
simulations help to justify the model used for data 
interpretation.'® )

A  major area in the metallurgy programme is the use of 
neutron diffraction to study residual stress in 
s t r u c t u r e s ^ ) , particularly weldments. Figure 4 shows the 
results obtained from an evaporator tube weldment. A  notable 
feature is the rapid oscillation in the strain observed near 
the tail-off of this single pass weld.

5.4 Reactor Safety

UC>2 has anomalous thermodynamic properties in the 
temperature range 2000 К to 3000 К which are relevant to 
nuclear reactor safety calculations when considering possible 
fault conditions. Neutron scattering measurements made using a 
high temperature furnace showed the temperature dependence of 
scattering up to 2930 K. The anomalies were shown to be caused 
by thermally induced oxygen ion disorder, and the form of the 
oxygen defect was identified.^
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Positions around circum ference 

FIG. 4. Residual strain measurements on an evaporator tube weldment (Haz: heat affected zone).

5.5 Active Waste Disposal

Neutron diffraction studies of the structure of 'simple' 
borate and silicate glasses help to give a picture of the more 
complex boro-silicate glasses required as matrix material for 
active waste disposal. In addition structural modifications 
due to the inclusion of waste materials have been examined. In 
a particular study neutron diffraction was used to detect the 
crystallization of simulated waste materials under extreme 
treatments of the glass. ( 11 )
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6. SPECIAL FACILITIES

6.1 Rabbit Systems

DIDO has two rabbit systems into which encapsulated samples 
can be loaded, transferred into an irradiation facility for a 
specific period and then quickly withdrawn for subsequent 
monitoring. These rabbits are used primarily for activation 
analysis work and post-irradiation measurements can be made by 
gairaia spectroscopy or delayed neutron analysis. Both systems 
accommodate 60 mm diameter capsules and transit times from 
in-reactor to the send/receive station are around 10 seconds.

6.2 Flux Converter

Of particular note is this recently developed facility in 
PLUTO which is being used initially for irradiation of pressure 
vessel steels. The flux converter is basically a light water 
cooled "jumbo" fuel element which produces a local neutron 
energy spectrum similar to that in a PWR.

6.3 Active Handling Cells

Each reactor has a shielded view cell where irradiated 
specimens can be unloaded for measurement or examination and 
replaced or renewed. Further cells in the active handling bays 
outside the reactors are primarily used for cutting up and 
storage of irradiated hardware. For more sophisticated post
irradiation examination of fuels and materials (e.g. gamma 
scanning, metallography) irradiated specimens are transported 
to dedicated active handling buildings elsewhere at Harwell.

6.4 Used Fuel Pond

Spent fuel elements fron the reactors are installed in a 
large storage pond. By suitably arranging these, the intense 
gamma radiation fields achieved can be used to study 
irradiation effects on various materials, electronic 
instruments and mechanical components. Another use is to 
sterilise medical supplies such as syringes and dressings. The 
pond is also utilised as a radiation shield and coupling medium 
for repeat ultrasonic scanning of irradiated pressure vessels 
used on certain irradiation rigs. Safety considerations at 
Harwell dictate that such vessels must be scanned prior to 
service and subsequently at decreed intervals to monitor 
possible defect growth.
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7. RIGS WORKSHOP

Although most irradiation rigs are manufactured and 
assembled in the main Harwell workshops or by contractors, some 
rigs and most of the control panels are assembled in the rigs 
workshop of the Reactor Centre. All rigs and associated panels 
must pass through this shop for testing and ccranissioning (T&C) 
before being loaded in the reactors. Comprehensive checks are 
carried out against a detailed T&C schedule. Such tests can 
include dimensional checks, hydraulic or pneumatic pressure and 
leak tests, flow tests, pressure drop tests and electrical 
continuity and resistance checks on thermocouples, heaters, 
leak detectors and self-powered neutron detectors.

Component testing of, for example, valves, couplings and 
seals is also carried out in this workshop to ensure their 
suitability for rigs or the associated control panels. From 
time to time it is also necessary to carry out development work 
when novel design features are involved.

8. ENGINEERING SERVICES

The whole process of design, development, manufacture, 
testing, installation and operation of irradiation rigs and 
loops is carried out or supervised by teams of Project 
Engineers comprising mechanical, electrical and control and 
instrumentation disciplines. They are supported by a Design 
Office which utilises up to date computer aided design 
techniques, and by a Technical Assessment Section who are 
highly skilled in such areas as heat transfer, fluid flow and 
structural integrity, for which topics a variety of computer 
programmes are used. Such assistance is particularly necessary 
for the compulsory submission of detailed safety documents for 
every experiment. In this connection probabilistic risk 
assessments are also carried out where deemed necessary.

The Project Engineers are also responsible for new research 
reactor designs and for major improvements to and refurbishing 
work on the existing reactors, with particular emphasis on 
safety related work.

Quality assurance procedures are applied throughout the 
whole design, manufacture and testing process and in the 
operation of the reactors. The Reactor Centre has its own QA 
system and procedures, presided over by its own QA manager.
The Centre has received QA approval from its biggest customer, 
the Central Electricity Generating Board (CEGB), and is able to 
give advice and assistance in the field of QA to other 
organisations.
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9. INTERNATIONAL ASPECTS

As well as providing support to the U.K. reactor programme, 
the Harwell Reactor Centre has carried out work for and been 
involved in collaborative programmes with a large number of 
overseas organisations. This has involved:

(a) Design and manufacture of irradiation rigs and loops 
for installation in overseas reactors.

(b) Providing expert staff on secondment to overseas 
reactor centres for specific periods.

(c) Carrying out rig design, manufacture and irradiations 
in DIDO and PLUTO for overseas customers.

(d) Collaborative research programmes with other 
countries. In particular, on neutron beam research, 
about 180 scientists from 40 different countries 
spanning all continents have used the neutron beam 
facilities at Harwell during the last 20 years.
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Abstract

UTILIZATION AND OPERATION OF THE SWISS RESEARCH REACTOR SAPHIR.
The reactor SAPHIR of the Swiss Federal Institute for Reactor Research (EIR) is a swimming 

pool reactor with MTR fuel elements. It became critical in April 1957 at Würenlingen and operated at 
a power of 1 MW. After several modifications and improvements over the years the power has been 
successively increased. SAPHIR has been operating since January 1984 at a thermal power of 10 MW. 
The current operation schedule is three weeks at full power followed by one week of low power opera
tion. Thus a total of about 330 days of operation per year is achieved. At full power operation the reactor 
is mainly used for: beam hole experiments; solid state physics, for which four two- or three-axis spec
trometers are mainly in operation; isotope production for medical and industrial applications; material 
testing, especially irradiation of pressure vessel steel; activation analysis; silicon doping and other 
irradiation services; and irradiation testing of low enriched MTR fuel elements (RERTR program). In 
the low power operation phase the reactor is used for training and education of power station operating 
personnel and students and experiments in connection with improvements of the reactor and safety 
systems. The paper treats operational and financial aspects and some applications of the reactor.

1. IN T R O D U C T IO N

The reactor SAPHIR is a therm al, light water m oderated and cooled, open pool 
type research reactor operated by the Swiss Federal Institu te  for Reactor Re
search (EIR) at W ürenlingen, Switzerland.

I t became critical on 30th April 1957 and operated at a power of 1 MW . During 
the succeeding years a lot of modifications have been made. The power level 
was raised, following to ta l renewal of the instrum entation, to  5 MW in 1970, and 
to  10 MWth> its present operational level, in 1984. A further power increase to  
about 15 MW  seems feasible in the near future.

The reactor is the only Swiss research reactor w ith a reasonable neutron flux to  
serve for a broad palette  of experiments such as: beam  hole and loop experi
m ents, fuel irradiation  and testing, safety experiments, m aterial testing, isotope 
production, irradiation  of special m aterials and education of nuclear specialists.

323



324 W INKLER

2. R E A C T O R  D E SC R IPT IO N

The therm al neutron flux of SAPHIR is 8  • 1013 n -cm“ 2- s ~l at the core surface, 
up to  1 . 2  ■ 1 0 14 in the central irradiation positions and 1 ■ 1 0 14 at the beam  hole 
nose behind a beryllium  reflector.

The reactor building contains the reactor and experimental hall, control room  
and all rooms for the necessary auxiliary equipment such as workshops, water 
purification, electricity distribution, and offices. A cross-section of the reactor 
buildings is given in Fig. 1.

The core is assembled from standard M TR fuel elements w ith 23 fuel plates. 
At present there are three types of element in use: high enriched (93%) w ith 
280 g U-235, medium enriched (45%) w ith 320 g U-235 and for test purposes 
LEU-elements (20%) with 410 g U-235.

A standard  core configuration consists of 30 to 32 elements and 15 beryllium 
reflector elements in a roughly 7 x 8  arrangem ent.

The m ean burn-up of such a core is about 30% (maximum burn-up 70%) at the 
beginning of a cycle. Two incore irradiation positions serve for isotope produc
tion and other high flux irradiations.

Four fork type control rods (Ag-In-Cd) serve as shim and safety rods and a stain
less steel rod of the old central type as regulating rod.

The pool (Fig. 2) is 2.9 m  wide, 9 m long and 8.4 m  deep and contains about 
210 m 3 demineralized water. The reactor bridge is movable along the pool. The 
reactor can operate at any position up to  100 kW  but only in the zero position 
at full power. This feature has mainly been used in the past for shielding exper
iments and m aintenance on the beam hole.

Five radial and one tangential beam  hole, all equipped with specially developed 
shutter-plugs, serve m ainly for neutron scattering experiments. The arrangem ent 
of the beam  ports is given in Figs. 2  and 3.

3. R ESEA RCH  A N D  UTILIZATION

SAPHIR supports research in many areas. The facilities are described below and 
a brief description of the research program  will be given.

•  N eutron scattering is one of the m ain research activities. Four spectrom e
ters are placed on ports 2 to  5, all equipped w ith inpile filters (silicon single 
crystals, cooled to liquid nitrogen tem perature).

Fig. 3 shows a horizontal section through the center of the core. There are 
five rad ial and one tangential beam  tubes.



IAEA-SM-300/1 325

FIG. I. SAPHIR reactor building: (a) vertical cross-section, (b) horizontal cross-section. U21: 
storage; U22: workshop; U23: experimental hall; U24: storage; U25: air-conditioning; U26: heat 
exchanger; U27: active storage.
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Nos. 2  and 5 are triple-axis spectrometers w ith vertically and horizon
tally focussing monochromators and horizontally focussing analyzer crys
tals. The curvatures are variable and allow adaptation of the spectrom eter 
resolution w ith respect to  the physical problem to be studied. No. 3 is 
a powder diffractometer w ith an LCC 400 (Thomson-CSF) m ultidetector 
covering an angular range of 80° with a resolution of 0.2°. At beam  tube 
No. 4 a m ultidetector powder diffractometer with 400 channels is installed.

All spectrom eters are completely autom ated (LSI-11 /23, CAMAC) and 
have high flexibility in bo th  experimental conditions and data  analysis.

The source and the spectrometers are adequate for studies in the therm al 
neutron region. The scientific program  includes structural and dynamical 
aspects of magnetic specimens, hydrogen storage in m aterials and biological 
systems, lattice dynamics and phase transitions. It is based on an active 
collaboration between staff members and scientists from universities and 
other laboratories.

Regular progressive improvements to the SAPHIR facilities for neutron 
scattering have been made:

-  upgrading of the reactor power to 10 MW (1983/84).

-  new beam  tubes and plugs with a larger beam  cross-section and He- 
filling to reduce air scattering; cooled silicon single-crystal filters to 
improve the quality of the therm al beam  (1984).
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F I G .  3 .  C o r e  a n d  b e a m  h o l e  a r r a n g e m e n t .

— Larger m onochrom ator crystals w ith variable curvature in 2 dimen
sions (graphite 1985; beryllium  1986/87).

• The EIR radioisotope group uses the high neutron flux in the central irra 
diation position to  produce radioisotopes for medical and industrial appli
cations, especially 1-131 and some other short lived isotopes.

In addition irradiation  for a variety of different purposes and research ac
tivities is carried out. More than  1000 samples were irradiated  in 1986.

• Semiconductor silicon for p-doping of ground m aterial is irrad iated  rou
tinely for m anufacture of high current switches. About 200 kg of silicon 
rods of 20 to  100 im n diam eter were processed in 1986 and further capacity 
is available.
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Irrad iation  services:
There is an increasing demand from industry for irradiation to test vari
ous m aterials, especially electronic circuits. Most of this work is not very 
a ttractive financially to  the reactor operator but should nevertheless be 
carried out. As different research reactors in Europe have been shut down, 
requests from foreign countries for irradiation services have increased, es
pecially from the Federal Republic of Germany.

One irradiation service which seems to be profitable is the irradiation of 
gemstones in order to  change their color. This work of course needs careful 
radiation  surveillance and control so th a t any distribution of radioactive 
gemstones can be avoided. Especially for this work, but also for other irra
diation services, internationally agreed activity lim its for free utilization of 
irrad iated  m aterial are needed.

Neutron activation samples are irrad iated  in a pneum atic rabbit system. 
N eutron activation analysis (NAA) is used for tracer element identification 
in such m aterials as food, detection of impurities in water, environmental 
research and radioactive waste disposal studies.

M aterial testing
In  connection w ith the m aterial testing and safety program  of the Institu te , 
pressure vessel steels are irradiated under operational conditions. The main 
purpose of this program  is to  study damage mechanisms relating to pressure 
vessel lifetime in Swiss nuclear power stations.

T rain ing  and  education  in  nuclear technology
Training program s are offered for operational personnel of Swiss nuclear 
power stations and research reactors. As part of these courses SAPHIR is 
used to  perform  practical experiments in reactor physics.

Regular basic experim ental courses on reactor operation and physics are 
performed at SAPHIR for students of universities and technical high schools 
in  connection w ith their training programs. These courses mainly concern 
the low power operation phase.

Reduced enrichment tests (RERTR)
Much effort has been invested in support of the IAEA reduced enrichment 
program . For dem onstration purposes medium enriched fuel (M EU) has 
been introduced in the core. Since 1985 the reactor has operated w ith a 
complete MEU core. During the transition phase HEU and MEU fuel ele
m ents were used simultaneously w ithout problems. M easurements showed 
th a t the reduction to MEU gives no significant disadvantages either in flux 
or safety margins.

In order to  test the newly developed low enriched silicide fuels (LEU) 19 
standard  and one control element have been ordered from two fuel sup
pliers. The loading w ith U-235 was substantially increased (HEU: 280 g,
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LEU: 410 g U-235 per element). This compensates for the absorption by 
the U-238 content. M easurements have shown th a t the reactivity w orth of 
the fresh LEU-element is practically the same as for the HEU- or MEU- 
elements. The control rod worth is the same as before.

Since the beginning of 1987 the reactor has operated w ith a mixed core of 
mainly MEU- and LEU-elements and some HEU-elements for final burn-up 
of the la tte r. Fig. 3 shows the actual distribution of the different elements 
and their burn-up (loading in August 1987). Following good experience 
w ith the LEU-elements a full core test is planned for the near future w ith 
a continuous transition  from MEU to LEU.

4. O PE R A T IO N  A N D  STA FFIN G  OF THE R EAC TO R

The reactor is operated in three shifts in a four-week cycle, w ith three weeks 
continuously on full power followed by one week of low power operation and 
m aintenance. The low power operation time serves mainly for training and ed
ucation of power sta tion  operating personnel and college students. During this 
tim e the necessary core-changes, operations and safety m easurements are also 
carried out. In to ta l about 270 full power days and 60 days of low power opera
tion are achieved per year.

The operating staff, which are also responsible for part of the m aintenance work, 
consist of 17 to  20 people ( 6  operators, 6  shift supervisor, some operators in ed
ucation and 4 to  6  senior reactor engineers, including the reactor m anagem ent). 
A dditional support am ounts to  a to ta l of about 5 to  6  man-years from other de
partm ents.

A shift group consists of one operator and one shift supervisor w ith a senior reac
tor engineer on stand-by. The shift supervisor is mainly responsible for the safe 
operation of the reactor, supervision of incore experiments and routine radiation  
control. Additionally he carries out all irradiations and reloading for isotope 
production as well as the routine supervision of experiments, especially a t night.

5. COSTS OF THE R EA C TO R  OPERATION

The operating costs of the reactor are mainly determ ined by four factors:

fuel costs 
personnel costs
replacement of old equipment (back-fitting) 
m aintenance and operating m aterials.
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According to our financial control system the cost distribution is spread as follows:

30% each for fuel and personnel costs,
25% for equipment renewal

and 15% for operating m aterial.

T he to ta l costs am ounted to about SFr. 4.5 million in 1986.

On the other hand we could charge as income for the different experiments in 
1986 about SFr. 4 million. Most of this was from internal accounts.

6. F U T U R E  PR O SPEC TS

In the past, continuous work was done in order to keep the reactor SAPHIR 
representative of the sta te  of the art, so different developments to  improve the 
experim ental possibilities of the facility, to replace old, inadequate equipment and 
to  improve reliability resulted.

For the future further improvements are planned, such as:

• A further increase in power to about 15 MW is envisaged in the near future.

• Studies to optimize the fuel management and the flux demand of the ex
perim enters are under way.

• A fast gas-jet system  has just been completed. It has been developed by 
the chemical division and will serve for research on aerosol particles.

• Studies and some prelim inary trials for neutron radiography are under con
sideration.

SAPHIR is the only power research reactor providing a reasonable neutron flux 
in Switzerland. Continuing operation and development of the reactor well into 
the 1990’s seems to  be assured.
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A bstract

THE JAPAN MATERIALS TESTING REACTOR.
The characteristics of the Japan Materials Testing Reactor (JMTR), the irradiation facilities and 

the post-irradiation examination facility which have been installed in the JMTR complex are introduced. 
A summary of international co-operation involving the JMTR Project in past years is also given. The 
original purpose of the JMTR Project was to carry out the following activities in accordance with users’ 
requirements: (1) design and fabrication of irradiation equipment, (2) irradiation experiments, and
(3) post-irradiation examination. The JMTR Project accepts trainees from other countries to make their 
own technical investigations. At the same time they receive information and gain practical experience 
in a similar way to on-the-job training during routine work of JMTR staff members.

1. INTRODUCTION

The Japan Materials Testing Reactor (JMTR) complex is 
owned by the Japan Atomic Energy Research Institute (JAERI) 
and operated by the JMTR Project. The construction work of 
the JMTR complex was commenced in June 1965. The first 
criticality of the JMTR was attained in March 1968, and 
power operation at 30 MW for irradiation experiments was 
begun in January 1970. In this stage, various examinations 
were tried in order to get the engineering data on reactor 
operation itself and on irradiation prior to high power 
operation. The 50 MW high power operation was attained in 
November 1971- The chronology of construction and operation 
is shown in FIG.l.

The JMTR was originally designed as the nuclear 
irradiation experiments facility for the research and 
development of power reactors in Japan. The JMTR complex 
consists of the JMTR as reactor facility, irradiation 
facilities,a hot laboratory as the post-irradiation 
examination facility, and the critical assembly (JMTRC) as 
nuclear mock-up facility.

The reactor pool, which includes the reactor pressure 
vessel, is connected with the hot laboratory by a water 
canal, so the irradiated specimens are transferred to the

331
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FIG. 1. Chronology o f construction and operation o f the JMTR complex. Double line: construction; 
single line: operation.

hot laboratory easily and safely by the water canal. The 
JMTRC is set up in the JMTR reactor building. The JMTRC has 
the same loading amount of U-235, same size fuel region and 
same core configuration as the JMTR.

The JMTRC has been operated to take experimental data on 
reactor physics and engineering, for example details of the 
neutron flux distribution in the irradiation specimens and 
the neutron flux distribution in the reactor core.

With regard to international co-operation in the 
utilization of the JMTR as a multi-purpose research reactor, 
more detailed information on the present situation of each 
facility will be presented in the following sections [1, 2].

2. JMTR COMPLEX

2.1. JMTR
The JMTR uses 45 % enriched uranium fuel, is cooled and 

moderated by light water, and has beryllium and aluminum 
elements as reflectors. The core is divided into the fuel 
region and reflector region. The fuel region is a 7x5 array 
containing 22 fuel elements, 5 control rods and 8 experiment 
positions which serve for the requirements of fast neutron 
irradiation. The reflector region consists of the inner 
region with beryllium elements and outer region with 
aluminum elements and provides mainly the experiment 
positions for the irradiation of materials.
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Each fuel element (horizontal cross-section 77 rom x 77 
mm, height 1200 mm) consists of 19 fuel plates. The content 

of 235~U per element is about 310 g.
Each control rod consists of a box type hafnium section 

as neutron absorber and a fuel follower. The fuel follower 
contains 16 fuel plates with a total weight of 205 g 235~U. 
Their drive mechanisms are installed on the bottom of the 
reactor vessel. The control rods are moved vertically.

All of the reflector elements have the same outside 

dimensions as a fuel element. Each element is equipped with 
an irradiation hole drilled along its axis.

The reactor vessel is installed in the reactor pool 6 m 
in dicmeter and 13-7 m in depth; it is a stainless steel 
tank 3 m in diameter and 9 .5 m in height. The top head 
flanged to the shell has several openings for access to the 
core and many nozzles for experiments. The bottom head also 
provides the holes for through-loops as well as for control 

rods.
One operation cycle of the JMTR consists of two 11-day 

high power operations; 2 days' shut-down for refueling work 
is provided between the two 11-day operations. After the 
operation cycle, about four weeks are usually provided for a 
long shut-down for the refueling work, the setting up of new 
irradiation facilities in the core and the removing of 
irradiated facilities from the core. Five operation cycles 
will be performed in an ordinary year [1, 2].

2.2. Irradiation facilities
Several kinds of irradiation facilities were installed 

in the JMTR in accordance with the construction plan year by 
year.

Capsule type irradiation facilities (hereinafter 
"irradiation capsule") have been designed and fabricated for 
the irradiation of small specimens. The design and 
fabrication have been conducted in order to satisfy the 
irradiation conditions in each case based on the requests of 

researchers. Irradiation capsules are loaded into and 
removed from the reactor core in each operation cycle of the 
JMTR according to the irradiation plan.

Two hydraulic irradiation facilities were installed in 
the JMTR: hydraulic rabbit irradiation N0.1 (HR-1) was 

completed in 1967, and another one, HR-2, in 1972. Both HR-1 
and HR-2 have a double concentric tube which is connected to 
the reactor core region, passing through the reactor 
pressure vessel from the canal side. Irradiation specimens 
are packed in the rabbit capsule prior to being loaded into 
the HR-1 or HR-2 for an irradiation. The rabbit capsule is 
transferred to the reactor core by the circulated water 
stream inside the double concentric tube. The rabbit capsule
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can be easily inserted and removed during reactor operation; 
it is convenient for short term irradiation.

The He-3 power control facility (P.C.F.) was developed 
for power ramp tests of LWR fuels. This facility consists of 
an in-pile portion with gas screen which has an annular gap 

between two concentric tubes filled with He-3 gas, and an 
out-of-pile portion with He-3 gas pressure controller. A fuel 
rod (segment) for a power ramp test is assembled in the 
boiling capsule, and this capsule is inserted into the 
central hole of the He-3 gas screen. During reactor 
operation, He-3 gas pressure in the screen is controlled 
(charging or discharging) by the gas pressure controller 
remotely. Consequently, thermal neutron flux at the fuel rod 
position is changed. This facility is under operation, but 
more upgrading of power ramp speed is required, so the 
necessary technical development is being continued in 
parallel with operation.

Three irradiation loop facilities were installed in the 
JMTR. The first one is Oarai Water Loop N0.1(OWL-1); it was 
completed in 1969- The second one is Oarai Water Loop N0.2 
(OWL-2); it was completed in 1972. The third one is Oarai 
Gas Loop NO.l(OGL-l); it was completed in 1977- Both OWL-1 
and 2 have been used for irradiation experiments on fuel 
elements and component materials in light water reactor 
conditions. OWL-1 was removed from the reactor core in 1984. 
0GL-1 has been used for irradiation experiments on fuel 
elements for a high temperature gas cooled reactor [1, 2].

2.3- Hot laboratory for post-irradiation examination
The hot laboratory has been operating since 1971, and 

consists of concrete cells, lead cells and steel cells. The 
main activities in each cell are as follows:

In the concrete cells, the dismantling of irradiated 
capsules and post-irradiation examination (PIE) of fuel 
materials are conducted.

In the lead cells, many kinds of PIE work such as 
tensile, compression and Sharpy impact tests are conducted.

In the steel cells, specific PIE work such as PCI-SCC 1 
tests, electric resistivity measurement and dimension 
measurement is conducted.

In the case of power ramp tests, the irradiated 
specimen (fuel segment) is irradiated again after PIE. In 
this case, necessary recapsuling work is carried out in a 
concrete cell, and this recapsuling work increases year by 
year. New techniques for the measurement and handling of 
high level radioactive specimens in the PIE are required and 
therefore the development of new techniques for hot cell 
work is a main activity in the hot laboratory [1, 2].

1 PCI: pellet-clad interaction; SCC: stress-corrosion cracking.
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2.4. Organization of JMTR Project
The JMTR Project takes the responsibility for the 

operation of the JMTR complex. The JMTR Project is organized 
into eight divisions; each division has separate 
responsibilities. The main activities are as follows:

(1) planning and management of facility operation,
(2) arrangement of users' requests for the irradiation 

facilities and experiments,
(3) design and fabrication of irradiation equipment,
(4) operation and maintenance of the JMTR, the JMTRC, 

irradiation facility, utility facility, and PIE 
facility,

(5) irradiation experiments,
(6) post-irradiation examination,

(7) development of the technology for the above 
mentioned design, fabrication, experiments, 
operation, etc.

The total number of staff members in the JMTR Project is 
about 220, including about 50 operators from outside under 
contract on facility operation and maintenance. In this 
number, there are about 30 researchers. However, researchers 
not only do technical development work, but also carry out 
facility operation, design and fabrication of equipment, and 
analysis and inspection of irradiation specimens and 

equipment.

3. INTERNATIONAL CO-OPERATION CONDUCTED BY JMTR PROJECT

(1) The Japanese Government has been operating the 
Scientist Exchange Programme in Nuclear Energy Research 
between Japan and Neighboring Countries since 1985-

Researchers from neighboring countries have stayed in 
several institutes in Japan under this programme. JAERI is 
one of these institutes which accept researchers. The JMTR 
Project has accepted three researchers since 1985- 

One researcher came from China to study 
post-irradiation examination technology for irradiated 

specimens in the JMTR in 1985-
Another researcher from China made a study on the 

operation programme management of the JMTR in 1986.
One researcher from Malaysia made a study on the 

development of irradiation technology.
All of these researchers stayed for three months in the 

JMTR Project, made their technical investigations by 
themselves, got the necessary information case by case, and 
also gained technical experience in a similar way to 
on-the-job training under the support of JMTR staff members.
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(2) JAERI has undertaken international collaboration with 

research organizations in other countries in order to 
promote very high temperature reactor (VHTR) research and 

development.. These collaborations were based on the 
agreements between governments.

For example, JAERI has done collaborative work with the 
Jülich Nuclear Research Center (KFA) in the Federal 

Republic of Germany since 1979- Under this agreement, one 
researcher stayed in the JMTR Project in order to perform 

research experiments using the OGL-1 for five months in 1985 
and 1986. This is a typical example of international 

collaboration in a specific field involving use of the JMTR 
facility.

(3) JAERI has made an agreement with the Korea Advanced 
Energy Research Institute (KAERI). It is officially called 
the Agreement for the Implementation of a Cooperative 
Research Programme in the Nuclear Safety Area and other 
Related Areas between the Korea Advanced Energy Research 
Institute and the Japan Atomic Energy Research Institute.

In the post-irradiation examination area under this 
agreement, staff of the hot laboratory in the JMTR Project 
and staff of the hot laboratory in the KAERI have been 
exchanged in each year since 1985, in order to share 
technical information on PIE work.

4. USERS' REQUIRMENTS

On the occasion of a review of the long term programme 
on the utilization of nuclear energy, the future 
requirements for research and test reactors were surveyed in 
Japan in 1986. The future requirements of domestic users 

for irradiation experiments and PIE on fuel and materials in 
each development field are as follows:

(1) Upgrading of the light water reactor,
(2) Development of a new type of converter reactor,
(3) Development of a fast breeder reactor,
(4) Development of a high temperature gas cooled

reactor,
(5) Development of a fusion reactor,
(6) Fundamental research, and

(7) Radio-isotope production.

A large part of the future requirements in each 
development field is not able to be satisfied by the
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existing irradiation facilities and post-irradiation 
examination facility. Therefore, in 1986, the JMTR Project 
had been looking for the solution to how to satisfy users' 
requirements. It was decided that the best way would be to 
improve and modify the reactor core and the post-irradiation 
examination facility. Then several new irradiation 
facilities will be installed in the reactor core, and the 

PIE facility will be also upgraded for the handling of and 
PIE work on irradiated specimens. In order to realize this 

plan, more detailed discussion and investigation of the 

technical feasibility are being conducted in the fiscal year

1987.

5 . CONCLUSION

In order to consider the feasibility of 
international co-operation in the utilization of the JMTR 
complex, this paper described mainly the present status of 
the JMTR complex.

At present, under the STA Scientist Exchange Programme 
in Nuclear Energy Research between Japan and Neighboring 
Countries, the JMTR Project has responded in three fields: 
the development of irradiation technology, post-irradiation 
examination technology, and operation programme management.

Therefore, for example, a trainee from another country 
will be able to get his technical information and practical 
experience e.g. as on-the-job training during the routine 

work of JMTR staff members.
As mentioned in previous sections, various technical 

activities have been conducted in the JMTR complex, and will 
also be continued in future. In this context, the JMTR 
Project can make possible international co-operation and 
utilization of the JMTR complex in the following fields:

(1) General management
(1) Arrangement of reactor facility operation schedule,
(2) Arrangement of irradiation facilities operation 

schedule,

(3) Arrangement of users' irradiation requirements,
(4) Nuclear safety calculations,

(5) Nuclear fuel management.
(2) Operation and maintenance

(1) JMTR,
(2) JMTRC,
(3) Irradiation facilities,
(4) Utility facility,
(5) Post-irradiation examination facility.
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(3) Supporting work
(1) Chemical analysis of water and gas in the reactor 

and irradiation facilities.
(4) Technical development

(1) Design and fabrication of irradiation facilities,
(2) Design and fabrication of PIE equipment,
(3) Design and fabrication of handling tools,

radioactive material transfer casks and core 
components,

(4) Destructive and non-destructive inspection of 
irradiation specimens and facilities.

In addition, irradiation experiments and 
post-irradiation examination of materials under an 
international research programme will also be possible.
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A bstract

FACILITIES AND UTILIZATION OF THE BANGLADESH MULTIPURPOSE 3 MW TRIGA 
REACTOR.

The first 3 MW TRIGA Mark II research reactor has been installed and commissioned in 
Bangladesh. This multipurpose reactor, capable of both steady state and pulsing operation, has been put 
into service in several disciplines. The initial core mapping of slow neutron fluxes has been completed. 
Measurements with threshold foils have been initiated as part of the program to determine the energy 
spectrum. A comprehensive program has been initiated to produce radioisotopes, to develop manpower 
through research and training, and to perform applied research with neutrons. Experts of the Interna
tional Atomic Energy Agency have assisted in important ways in the development of this program.

1. INTRODUCTION

In 1986 a 3 MW  TRIGA Mark II reactor was completed in 
Savar, AO k m  from Dhaka, for the Bangladesh Atomic Energy C om

mission [1]. This installation was the first TRIGA reactor to 
take full advantage of the power capability of the standard di
ameter TRIGA fuel (3.63 cm). Except for one, all previous Mark
II TRIGA reactors have been operated at steady state power lev
els of 1 M W  or less using natural convective cooling for the 
core. The one exception is the TRIGA Mark II at the University 
of Illinois which is licensed for 1.5 MW  operation using either 

natural convective or forced cooling. The standard TRIGA fuel 
has been operated with natural convective cooling in other types 
of TRIGA reactors such as the TRIGA Mark III at power levels up 

to 2 MW. The Bangladesh TRIGA reactor is the first Mark II re

actor system that can be operated up to 1 MW  with natural con
vection and also up to 3 M W  with forced cooling.

The Bangladesh TRIGA reactor is also the first installation 
to be fully loaded initially with long life low enrichment u ra

nium (LEU) TRIGA fuel. Other TRIGA facilities have been employ-
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ing the TRIGA LEU fuel as replacement fuel in partial core load
ings since the 1970s. The long lived TRIGA fuel in this reactor 
fully meets the USNRC requirements for LEU.

The reactor has the capability to operate in steady state 

as well the pulsed mode. The steady state operation was demon
strated in the power range 500-1000 kW  with natural convection 
and with forced cooling at power levels in the range 0.5 to 3.0 
MW. The pulsed operation has been tested with step reactivity 
insertions up to $2.00.

2. TECHNICAL DESCRIPTION AND DESIGN

The Bangladesh TRIGA Mark II reactor is a somewhat larger 
version of the standard Mark II design; larger primarily to ac

commodate the 3.0 MW  power level. The diameter of the water 
tank is the same, but the tank is deeper. For the same reason, 
the concrete biological shield is somewhat thicker than that for 
a 1 MW  reactor core. The major addition within the reactor tank 

is a container that surrounds the core and its reflector and 
extends 0.8 m  above the top of the core. In the event of an 

accident that drains the water out of the reactor tank, this 

container will retain sufficient water for after-heat removal.

2.1 REACTOR SHIELD

The reactor shield is a reinforced concrete structure 
standing 7.9 m  above the reactor room floor. The lower o c 
tagonal portion is 6.6 m  across the flats. The four bea m  ports 
are installed in the shield structure with tubular penetrations 
through the concrete shield and the reactor tank water that ter
minate either at the reflector assembly or at the edge of the 
reactor core. The reactor core and the reflector assembly are 
located at the bottom of a 2 m  diameter aluminum tank, 8.2 m  
deep. Approximately 6.4 m  of demineralized water above the core 
provides the vertical shield. The radial shielding of the core 

is provided by a minimum of 2.29 m  of concrete having a minimum 

density of 2.75 g/cm, 45.7 cm of water, 19 cm of graphite and 5 

cm of lead. The heavy concrete shield was made using locally 
available ilmenite, and magnetite from beach sand from C o x’s 
Bazar.

The provision for a thermal column has been made for later 
use in the lower portion of the shield structure. However, at 

present there is no graphite and the column has been filled with 
blocks of concrete.

2.2 REACTOR CORE

The reactor core is at the bottom of the aluminum reactor 
tank, which has a 0.63 cm  thick wall with an inside diameter of
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2 m  and a depth of 8.2 m. The reactor core and reflector assem
bly is cylindrical, approximately 1.1 m  in diameter and 0.89 m  
high. The reactor core consists of a lattice of fuel-moderator 
elements, graphite dummy elements and control rods. The core is 

surrounded by a graphite reflector and a 5 cm  thick lead gamma 
shield. This entire assembly is bolted to a support stand that 
rests on the bottom of the reactor tank. The outer wall of the 

reflector housing extends an additional 0.8 m  above the top of 
the core to provide sufficient water for after-heat removal in 
the event of a tank drain accident. Cooling of the core for 

high power operation is provided by forced downflow circulation 

(226 liters/s) through a 32,500 liter holdup tank for 16N decay 
and a water-to-water heat exchanger. In case of loss of cooling 
water in the reactor tank, there is provision for an emergency 

core cooling backup system.

The top grid plate is an anodized aluminum plate that con

tains 121 holes in six hexagonal bands for locating the fuel and 
other core components. Provision is made for 3-element cut-outs 

in the upper grid plate in a combination of D- and E-ring fuel 
locations for inserting specimens with up to 5.2 cm  diameter.

The active part of each TRIGA fuel-moderator element is ap

proximately 3.63 cm in diameter and 38.1 cm long. The fuel is a 
solid, homogeneous mixture of Er-U-ZrH alloy containing 20 wt% 

U and about 0.47% by weight of erbium. The uranium enrichment 

is less than 19.9 percent. The H/Zr ratio is approximately 1.6. 
Each element is clad with 0.051 cm  thick stainless steel. Two 

sections of graphite are inserted within each fuel assembly, one 
above and one below the fuel, to serve as top and bottom reflec

tors for the core.

2.3 BEAM PORTS AND IRRADIATION FACILITIES

Four b eam ports provide tubular penetrations through the 
concrete shield and reactor tank water, making beams of neutrons 

and gamma rays available for a variety of experiments. These 
ports also provide irradiation facilities for larger specimens 

(up to 15.7 cm diameter) in regions close to the core. Three of 

the ports are radial and one is tangential to the core.

In addition to the four beam ports, the following ex

periment and isotope production facilities are available: a ro
tary specimen rack assembly located in a circular well in the 
reflector assembly; a pneumatic transfer system located in-core 
for production and handling of short lived radioisotopes; one 

central experimental tube (central thimble) in the center of the 

core for in-core irradiations. A  second, faster pneumatic 

transfer system will be installed for future use in specialized 

research.
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3. PERFORMANCE CHARACTERISTICS

The startup testing of the 3 MW  TRIGA Mark II reactor was 
conducted uneventfully during September and October, 1986. The 
startup tests included: alternative core configurations, c on
trol rod calibrations, instrument linearity checks, power 

calibrations, partial power operation with natural convective 
cooling, full power operation with forced cooling, pulsed o p 

eration demonstrations, extended full power operations, and ra
diological survey measurements at full reactor power.

3.1 FINAL CORE CONFIGURATION

The core fuel configuration was selected to meet several 
engineering requirements. The core must contain a minimum of 
100 fuel elements so as not to exceed the desired power density 
in the fuel. The six control rods shall possess sufficient shut

down reactivity that the reactor shall be shut down even with 

the most reactive rod removed from the core. The maximum excess 
reactivity of the cold, clean critical core was 1.19% Ak/k. The 
total reactivity worth of the control rods in the final con
figuration was 11.7% Дк/к, a quantity entirely sufficient to 
satisfy the "stuck control rod" criteria. The practical limit 

for the pulse size in a multipurpose 3 MW  reactor is about 1.40% 

Ak/k. The final position of the transient control rod was the 
D-l position to reduce its reactivity worth downward to a value 
of about 1.5% Ak/k.

3.2 POWER DETERMINATION

The power calibration for this reactor was performed in two 
independent manners in order to provide checks on consistency. 
Although the flow-ДТ method is frequently considered the more 
reliable where forced cooling is employed, the large body of In 
formation on power calibrations obtained by the calorimetric 
method for TRIGA systems with power levels up to 2.0 M W  sug
gested that the calorimetric method could be used successfully 
for this 3.0 M W  system. Power calibrations by the calorimetric 

method (with the reactor cooled by natural convection) were p er

formed at power levels of about 102 kW, 358 kW, and 728 kW. The 

nuclear power monitor channels were adjusted to produce the de
sired indications and could be used reliably at 3.0 MW. The 
calibrations thus obtained were compared with the flow-ДТ indi
cations (where AT is the measured temperature rise in the cool

ing water after passing through the core) to compare internal 

consistency. As improved coolant temperature measurements were 
obtained, the power determination from flow-AT became increas

ingly accurate and finally agreed within measurement error with 
that for the nuclear power channels.
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3.3 POWER OPERATION TESTS

As part of the tests, the reactor was operated at various 
power levels to check the performance. Various nuclear perfor
mance parameters were determined for forced and natural convec
tive cooling for operation up to 1.2 MW. Even in the absence of 

a diffuser system for this reactor the radiation levels at the 
top of the reactor tank due to 16 N were acceptable for operation 

up to at least 500 kW.

Operation with forced cooling (220 liters/s, 3500 gal/min) 

was very smooth. For relatively long term 3.0 MW  operation, the 
secondary cooling system was able to maintain the bulk cooling 
water in the reactor tank at a temperature in the range 36-38°C.

A  major improvement in reactor parameters for the higher 
power operation is achieved through the use of forced cooling. 
This improvement is most noticeable in the reduced requirement 
for reactivity at the higher power levels. This reduced reactiv

ity loss is of course due to the lower fuel temperatures in the 
presence of the forced cooling.

The pulsed power tests included a series of pulses from 

about $1.25 (0.87% Дк/к) up to a maximum of $2.00 (1.4% Ak/k). 
The peak power (MW), prompt energy release (MW»s), period, full 
width at half power, and peak fuel temperatures were all deter
mined for each level of reactivity insertion. All results were 
as predicted for this well verified fuel system. The maximum 
peak pulsed power was 852 MW  for a reactivity insertion of 1.40% 

Ak/k. The peak measured fuel temperature in the hottest fuel 
element (C-l) was 438°C, a value considerably less than the ap
proximately 600°C temperature in the hottest fuel element expe
rienced in normal 3.0 MW  steady state operation.

3.4 RADIATION DOSIMETRY

During the high power operation at 3.0 M W  that lasted more 
than 6 h, a radiation survey was conducted at different facility 
locations. Around the vertical face of the biological shield, 
the neutron dose rate was essentially unmeasurable (<< 1
m r e m/h), and the gamma ray dose rates were low everywhere (~1 
mR/h)2, with the highest level measured near the return cooling 

water pipes (~4 mR/h) most likely due to the residual 190 (26.9 
s half life). The gamma ray levels measured at the reactor top 
at floor level were found to be 20 mR/h. The values 1 meter 

above the floor were about 15 mR/h. The radiation levels at the 
railing immediately around the top of the reactor were low, in 

the range 2-5 mR/h. No detectable neutron flux was encountered

1 1 rem = 0.01 Sv.

2 1 R =  258 мС/kg.
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at any of the locations at the top of the reactor nor outside 

the biological shield as noted above.

A. FLUX DETERMINATION

The mapping of neutron flux and initial activation of foils 

for neutron spectrum calculations were carried out during Febru

ary and March 1987 with the assistance o f  a visiting IAEA ex 
pert. The spectrum measurements will be reported later. The 

results of the thermal and epithermal neutron flux measurements 
are reported herein. These measurements were performed with 
bare and cadmium covered gold foils placed in the reactor core 

positions indicated below.

(1) Radial distribution from the core center outward to the

graphite reflector (positions A to G ) .

(2) Vertical (axial) distribution within a water-filled central

thimble.

(3) Vertical distribution in the irradiation facility located
within the graphite reflector.

The flux mapping experiments were performed at a low power 
level (50 and 100 watts). The results were then extrapolated to 
full reactor power (3 MW). The radial distribution across the 
core of the thermal neutron flux levels was found to be close to 
the values predicted in the Safety Analysis Report. The thermal 

flux in the water-filled central thimble in the А-ring was me a 

sured in two locations. The value at the outer edge of the ring 
was about 4.6 x 10** n/cm?»s. It is likely that the flux in an 

air-filled central thimble would be similar; this is taken as 

the A-ring flux. The flux for the second measurement was deter
mined at the center of the central thimble where the value was
1.07 x 1014 n/cn?*s. This peaking was due in large measure to 
the water filling and agrees with the 0.9 x 1014 n/cm?«s calcu

lated for a similar core configuration. Typical experimental 

values of these thermal neutron fluxes are summarized in 
Table I.

5. CURRENT AND FUTURE EXPERIMENTAL PROGRAMS

For the effective utilization of the 3 M W  research reactor
a comprehensive program haa been developed on the basis of the
manpower and equipment already available and expected to be made

available in the near future. The major objectives of the re

actor utilization programs are: (1) to meet the immediate needs

of Bangladesh in the form of services such as supply of radio

isotopes and material analyses; (2) to develop nuclear manpower
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Table I. Measured Peak Neutron Fluxes for 3 MW  
TRIGA LEU Core

Core Position Thermal Flux 

(n/cir? *s)

Epithermal Flux 

(n/cir? *s)

Central thimble 

(water-filled - 

center line)

1.07 x 1014 2.51 x 1013

A-ring

(water-filled, next 
to outer wall)

4.60 x 1013 1.40 x 1013

G-ring 1.99 x 1018 9.00 x 1012

Lazy Susan 9.70 x 1012 2.80 x 1012

through research and training; and (3) to perform applied re

search related to the overall nuclear program of the country.

5.1 PRODUCTION OF RADIOISOTOPES

Apart from the neutron flux mapping and spectrum measure

ments and operator training, the reactor has been used mostly 
for the trial production of radioisotopes (such as Tc-99m) using 
the rotary specimen rack. The programs for radioisotope produc
tion include the production of radiopharmaceuticals currently 
being used in the various nuclear medicine centres in Bangladesh 
and the development of ne w  radioisotopes and labelled compounds 
useful for medical purposes. Facilities exist in the Physical 
Science Division for the production of Tc-99m from irradiated 

MoOj targets and for labelling Hippuran with 1-131. Towards the 
end of 1987 a plant will be installed for the production of 
1-131 from Te targets. Hippuran labelled with iodine at the 
nearby radioisotope laboratory has already been used for diag

nostic purposes with patients. Earlier, in cooperation with an 
IAEA expert, a low-temperature Tc-99m Sublitech generator was 
prepared from titanium molybdate and applied successfully on 

patients. Both products met the standard requirements for radio

nuclide, radiochemical, and biological quality control.

In addition to the program currently in progress, there are 

plans to produce sodium-24, phosphorus-32, sulfur-35, 

chromium-51, iron-59 and gold-198 radioisotopes. An investiga

tion has been planned to find a n ew target material for the pro

duction of a vanadium molybdate gel generator. To support this
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activity, a new laboratory for the production of radioisotopes 

is presently under construction with completion expected in the 
near future.

5.2 NEUTRON ACTIVATION ANALYSIS

The role played by different elements in the living system 

demands the detection and monitoring of their concentration lev

els in human beings and in the environment. With the ease of 

measurement offered by neutron activation analysis (NAA), it is 
possible to establish normal levels and to go on to establish 
corresponding standards and regulations. The primary objective 

of this work is to develop fast and reliable analyses. Two ar 

eas of application are involved. One is concerned with toxic
and essential trace elements in biological and environmental
samples: e.g., fish, meat, vegetables, milk, tea leaves, air,

and drinking water. The elements of main interest are As, Cd,
Hg, Pb, Se, Br, Si, Co, Zn, Fe, and Cu. Such work would ulti
mately create public awareness of dietary intake, quality con

trol of the food products, and control of environmental pollu
tion. The other area of interest for NAA is the study of soil 

and ore samples. The elements of interest in soil are N, P, K, 

etc., whereas heavy minerals such as Au and U are of interest in 
ore samples.

5.3 NEUTRON RADIOGRAPHY

In order to expand the scope of non-destructive testing, a 
program for neutron radiography (NR) has been initiated with one 
of the beam ports. The design of the aperture, collimator, and 

beam catcher for neutron radiography has been finalized. Mate
rials for the fabrication of these components are being procured 
locally. Other equipment such as a compound microscope, vacuum 
cassette, enlarger, printer, dryer, etc. is being procured 
through the IAEA. An etching bath and track etch foils have al
ready been procured for this special application of neutron ra
diography. It is expected that the NR facility will be ready 

for use mid-1988.

5.4 NEUTRON SCATTERING

Thermal neutron scattering is a powerful tool for both ba 

sic and applied research in physics, chemistry, materials sci

ence, biology, and metallurgy. The unique properties of a neu

tron as regards its penetration and its ability to distinguish 
different isotopes have made neutron scattering a formidable 
technique in the study of materials. The technique complements 

rather than competes with other experimental methods such as 

electron microscopy, X-ray diffraction, nuclear magnetic 

resonance, infra-red spectroscopy, and Raman spectroscopy. 
Studies of crystal structures, textures, lattice dynamics and
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phase transitions, defects, residual stresses, magnetic materi
als, and small angle scattering by biological molecules and 

polymers can be based on neutron scattering.

Two specific programs initiated in neutron scattering are 

the following:

(1) A  triple-axis spectrometer program with the assistance of 

the IAEA is under active consideration. Preliminary review 

of the neutron scattering program and appropriate equipment 

has been made by an IAEA expert. One possibility is for 

the Bhabha Atomic Research Centre (BARC) to design, fabri

cate, and supply the necessary equipment to the Bangladesh 

Atomic Energy Commission.

(2) The design and fabrication of a double-axis neutron spe c 

trometer to perform neutron diffraction studies was started 
in 1986. This program will go far to develop expertise 
in this specialized field and to impart scientific training 
to the younger scientists. The primary collimator of the 
spectrometer has been designed and is undergoing fabrica

tion. The design and drawings are being finalized for the 
remaining spectrometer c o m p o n e n t s , such as the monochro
mator drum with shielding, the second axis, sample table, 

detector shield, and beam catcher.
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Abstract

DEVELOPMENT AND UTILIZATION OF RESEARCH AND EXPERIMENTAL REACTORS IN 
CZECHOSLOVAKIA.

The paper describes the system of research and experimental reactors developed to meet the needs 
of the nuclear power industry in Czechoslovakia. Plans for the optimum development of this system take 
into consideration user requirements. The users may be divided into three groups: producers o f nuclear 
power plant components, nuclear power plant operators and users in non-nuclear industries. The paper 
then describes the LVR-15 research reactor, which will be constructed by modernizing the WWR-S 
reactor. An account of the reactor components and characteristics is presented. Finally, the experimental 
facilities of the reactor are described in detail.

1. INTRODUCTION

Development of nuclear power is a crucial factor in the Czechoslovak national 
economy, not only for construction of the electrification system itself but also through 
its contribution to Czechoslovak engineering exports. Czechoslovakia occupies the 
second place (after the Union of Soviet Socialist Republics) among the member coun
tries of the Council for Mutual Economic Assistance in production of equipment for 
nuclear power plants, and ranks among the ten most developed countries in the world 
able to manufacture such demanding products.

Meeting the requirements that arise from  advancement of the nuclear 
programme necessitates mastery of a wide range of scientific and engineering dis
ciplines, with reactor physics and technology taking the leading position. In the first 
part of this paper, the Czechoslovak reactor research basis is described; in the second 
part, a detailed description o f the research reactor LVR-15 is presented.
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2. DEVELOPMENT AND UTILIZATION OF REACTOR RESEARCH 
BASIS IN CZECHOSLOVAKIA

The development of research and experimental reactors in Czechoslovakia dates 
from before 1957, when the first Czechoslovak research reactor, WWR-S, with a 
power of 2 MW, was put into operation. The advancement of Czechoslovak nuclear 
power and rapid growth in the needs of the national economy predetermined an inten
sive development of nuclear research. The term ‘reactor research basis’ is used in 
this paper to mean the Czechoslovak system of research and experimental reactors, 
including their instrumentation and experimental and technological equipment; 
through planned and co-ordinated utilization of this system, the growing demands of 
a number of branches of the national economy, as well as the development of nuclear 
science and technology, can be satisfied.

In planning the advancement of the reactor research basis it is necessary to 
define the needs of the users. In Czechoslovakia, the users may be divided into three 
groups:

— The Czechoslovak nuclear industry as manufacturer of fundamental nuclear 
power plant components;

— The nuclear power plant operators (there are eight WWER-440 units in opera
tion, and five WWER-440 and four WWER-1000 units under construction);

— Other branches of the national economy.

It is obvious that these needs cannot be met with a single research reactor. On 
the other hand, construction and operation of research reactors are very exacting 
activities. It was therefore considered necessary to adopt a systems approach to the 
formation of the reactor research basis; to plan the use of the reactors by considering 
the relation between the users and the reactor research basis; and to optimize the 
satisfaction of the requirements by means of further construction.

The advancement and utilization of the reactor research basis are stipulated in 
the State plan for the development of science and technology, and are part of the State 
programme, Development of Nuclear Power by the Year 2000.

2.1. Structure of reactor research basis

The Czechoslovak reactor research basis is composed of:

— Research reactor WWR-S, with a power of 10 MW, located at the Nuclear 
Research Institute (UJV), Rez;

— The experimental zero power reactor LR-0, also at the ÚJV;
— The experimental zero power reactor SR-0, at the Power Engineering Works 

(ZES), Skoda, Plzeñ.
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It can be said generally that all three reactors are multipurpose and together 
meet a major part of the needs of all users. Nevertheless, each reactor also has 
specific uses:

— The work at the WWR-S is oriented towards meeting not just the demands of 
various branches of the national economy, but also the needs of the manufac
turer of components of nuclear facilities and partly the needs of nuclear power 
plant operators;

— The LR-0 is used mainly for the benefit of the component manufacturer and 
plant operators;

— The SR-0 is employed solely by the component manufacturer.

The utilization of these reactors is co-ordinated, and their present experimental equip
ment is optimum.

2.2. Development of reactor research basis

Following an analysis of how the reactor research basis was meeting demand, 
a plan for further advancement of research and experimental reactors was elaborated 
within the framework of the State plan for the development of science and technol
ogy. This plan, based on (i) an analysis of the needs of a growing number of users 
(long term projection) and (ii) the physical state of the reactors in operation, and the 
fact that some equipment is out of date, can be expressed as follows:

(a) The needs of the non-nuclear branches of the national economy are growing 
rapidly, not only in the extent of activities but also in terms of qualitatively new 
requirements.

(b) The needs of interdisciplinary work on research and experimental reactors are 
growing.

(c) The requirements for training of experts in nuclear power continue to grow.

These facts determine the basic directions of further development o f the reactor 
research basis. In the period ending in 1990 the following tasks will be accomplished:

(1) Reconstruction of the WWR-S reactor into the LVR-15 reactor; the aim will be 
to increase power from 10 to 15 MW, replace the obsolete equipment and 
improve the experimental equipment.

(2) Modification of the SR-0 reactor, mainly to improve its experimental 
capabilities.

(3) Construction of training reactors, namely the zero power VR-1P reactor at the 
Nuclear and Physical Engineering Faculty (FJFI) of the Czech University of 
Technology (CVUT), Prague, and the VR-1B reactor at the Electrotechnical 
Faculty (EF) of the Slovak Technical College (SVST), Bratislava.
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TABLE I. PRINCIPAL CHARACTERISTICS OF THE CZECHOSLOVAK 
RESEARCH AND EXPERIMENTAL REACTORS

Reactor Operator Reactor type Max.
power

Status

WWR-S ÚJV, Rez Light water, tank type 
with forced cooling

2 MW, 
upgraded to 
10 MW

Planned end of operation, 
1987-12-31

LVR-15 ÚJV, Rez Light water, tank type 
with forced cooling

15 MW Preparation for reconstruction 
of WWR-S into LVR-15

LR-0 ÚJV, Rez Light water, neutronic model 
of WWER-1000 reactor core

5 kW In continuous operation

SR-0 Skoda,
Plzen

Light water, neutronic model 
of WWER-1000 reactor core

5 kW, to 
be up
graded to 
10 kW

In continuous operation

VR-1P FJFI, CVUT, 
Prague

Pool type 10 kW Under construction

VR-1B EF, SVST, 
Bratislava

Pool type 100 kW Preparation for 
construction

The principal characteristics of the reactors are presented in Table I.
Completion of the tasks mentioned above will represent a pronounced qualita

tive change of the reactor research basis. In particular, introduction of the training 
reactors will represent a significant enlargement of the sphere of users of the reactor 
research basis, and therefore programmes for optimum application of the VR-1P and 
VR-1B are in preparation. The initial interest shown by various institutions in the use 
o f a training reactor would indicate an attendance of more than 700 students in a year 
for both reactors.

A significant feature of the present advancement of the reactor research basis 
is that the demanding programme containing extensive innovations and reconstruc
tions and even the construction of new reactors is carried out solely by Czechoslovak 
organizations. The conceptual work and fulfilment of the planned tasks are realized 
under the direction and co-ordination of the Czechoslovak Atomic Energy Commis
sion. The design work is carried out by Chemoprojekt, Prague, and the Power 
Engineering Works, Skoda; the ZES also produces the principal technological 
components.
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3. DESCRIPTION OF THE LVR-15 REACTOR

The LVR-15 will be a tank type reactor with forced cooling and highly enriched 
fuel. The reactor core will be located in an unpressurized stainless steel vessel. The 
vessel head, which will serve also as part o f the shielding, will not be joined to the 
vessel but will be anchored into the concrete shielding. The reactor will be a universal 
research facility designed to meet the demands of Czechoslovak research institutions 
and industry. It will have a power of 15 MW(th).

The LVR-15 has been so designed that it should safely operate for the next 30 
years. Whereas the reactor vessel is made of stainless steel, the internal parts of the 
reactor will be made of an aluminium alloy. The whole vessel will rest on a cast iron 
support plate which was part of the WWR-S reactor.

The main parameters of the reactor vessel are:

— Outer diameter: 2300 mm
— Total height: 5760 mm
— Cylinder wall thickness: 1 2 mm
— Bottom thickness: 15 mm
— Volume: 2 2 m 3

— Mass (without water): 7900 kg-

The reactor control rods and experimental equipment will be attached to a steel 
support plate situated in the upper part of the vessel and partially covering the vessel.

3.1. Reactor core

The reactor core will be composed of IRT-2M type fuel assemblies made in the 
USSR with enrichments of 80% and 36% 235U for the first and second stages of 
operation, respectively. The core grid will have a pitch of 71.5 mm and 80 cells. In 
the basic operational configuration (Fig. 1), 28 cells will contain fuel elements and 
4 cells among the fuel cells will be dedicated channels for experimental probes. In 
the periphery of the core, a pressurized water loop and a silicon irradiation channel, 
two cells for two pneumatic rabbit systems and ten vertical irradiation channels will 
be located. The remaining cells will contain beryllium filler rods. A rectangular core 
shell made of aluminium, its vertical axis identical with the axis of the reactor vessel, 
will be fastened to the steel support plate.

The reactor will have 12 control rods suspended from a bridge so designed that 
their configuration in the core can be changed. It will be possible to disconnect the 
control absorber itself from the control drive by means of a ball clutch. During hand
ling, it will be possible to leave the absorber rod in the core, disconnect the upper 
part of the control drive and carry out its replacement or repair. The control system 
is universal and can be used as an automatic control rod, compensation rod or emer
gency shutdown rod. Of the 12 rods, one will serve as an automatic control rod, eight 
as compensation rods and three as emergency shutdown rods. The absorber rods will
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FIG. I. The basic operational configuration o f the LVR-15.

be made of a boron-aluminium alloy (boral) and have a diameter of 24.5 mm and 
length of 750 mm.

3.2. Principal nuclear physics characteristics

The reactor core with 80% 235U enriched IRT-2M fuel will have the following 
characteristics:

(1) Thermal neutron flux density at a pow er o f 15 MW (th) in the basic configura
tion (Fig. 1):

— maximum thermal neutron flux density,
</>, =  1.7 X 1018 n-m~2 -s_l

— maximum fast neutron flux density,
<£f =  3.2 X 1018 n-m~2 -s_1

— maximum thermal neutron flux density at the horizontal channel inlet,
<t>t = 1 X 1017 h-m" 2 -s_1

(2) Excess reactivity ((3eff =  0.007 41):
— total built-in reactivity: 15.4 /3eff

(3) Reactivity consumption:
— equilibrium xenon poisoning at 15 MW: 5.9 /3eff
— burnup reactivity: 9.5 /3eff

(4) Unevenness of distribution of thermal flux:
— in radial direction, kp =  1.37
— in vertical direction, kz = 1.59

(5) Average burnup: 30%.

All characteristics are more favourable than or comparable with those of the WWR-S 
reactor [1].



IAEA-SM-300/86 355

3.3. Principal heat transfer characteristics

The LVR-15 will be cooled with light water in one cooling loop. The loop will 
include five parallel circulation pumps (type META 34 УС, manufactured by Sigma, 
Olomouc), two parallel horizontal heat exchangers, connecting conduits and cor
responding valves. The maximum coolant flow rate will be 2000 m 3 -h~'. At
15 MW the maximum reactor inlet average temperature will be 45° С and the maxi
mum reactor outlet average temperature 51.5°С [2 ].

The emergency cooling system of the LVR-15 will include a META 34 YC 
pump working continuously together with the main circulation pumps and having the 
same parameters as these pumps. Unlike the main circulation pumps, which will be 
driven with an asynchronous motor, the emergency cooling pump will have a direct 
current motor supplied from an accumulator battery. The system will have two 
pumps; one of them will always be a stand-by pump. The emergency cooling system 
will protect the reactor against the effects of failure of the power supply and of the 
main circulation pumps. The coolant flow rate during emergency cooling will be 
greater than 1 0 0  m 3 -h_l.

4. EQUIPMENT FOR REACTOR OPERATION

Transport of spent fuel to wet storage will be provided by a slanting channel, 
the same as in the WWR-S reactor. During handling operations in the core it will be 
possible to employ containers for fuel assemblies, located around the periphery of the 
reactor vessel. Vertical irradiation channels for ionization chambers will be joined 
to the steel support plate partially covering the water surface in the vessel. The bridge 
supporting the control rods will also be joined to this plate. Under the plate, along 
the periphery of the reactor core, an emergency sprinkler for spraying on to fuel and 
for coolant make-up will be located. In the central plane of the core and along the 
core periphery, there will be nine radial horizontal channels (see Section 5.8).

5. EXPERIMENTAL FACILITIES

The planned utilization of the LVR-15 in the particular areas is shown below:

— Pressurized water loop: 15-20%
— Materials testing probes: 20-30%
— Vertical irradiation channels: 5-10%
— Channel for Si irradiation: 20-30%
— Beam tubes: 10-20%
— Thermal column: 5-10%
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The reactor will be equipped with the following experimental facilities:

— Pressurized water loop;
— Vertical channels for materials testing probes;
— Vertical channel for silicon irradiation, with a diameter of 100 mm;
— Thermal column;
— Vertical irradiation channels, four with a diameter of 6 8  mm and six with a

diameter of 44 mm;
— Two pneumatic rabbit systems for short irradiation;
— Hot cells;
— Nine horizontal radial channels.

5.1. Pressurized w ater loop

The water loop will be used to model the operating conditions of the primary 
circuits of WWER-1000 reactors and can be employed in research in the following 
areas [3]:

— Control of boric acid concentration;
— Continuous physical and chemical control of water chemistry;
— Transport, deposition and dissolution of corrosion products;
— Improvement of systems of ion exchangers.

The loop machine room, conduits and operational laboratory are situated in the 
reactor hall. The machine room for the air-conditioning equipment is in the annex 
to the reactor hall. The loop controls are in the laboratory area of the reactor building, 
from where it is not possible to see the loop facilities.

The loop will permit experiments to be performed within a wide range of oper
ating parameters, limited by the following maximum values:

— Permissible overpressure: 16.67 MPa
— Working overpressure: 15.70 MPa
— Working temperature: 350°C
— Flow rate: 10 m 3 - ^ 1

Chemically treated ordinary water will be used as a working medium. The loop 
will be a closed circuit with forced circulation of coolant and have the following 
experimental equipment:

— Hot test sections in the reactor core and comparison test sections,
— Hot and cold test loops,
— Filtration loop,
— Sampling facility for liquid and gaseous samples,
— Dosing device,
— Delay tank,
— Digital information system.

The loop conduits are to be made of a special stainless steel.
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5.2. Materials testing probes

The reactor irradiation probe will serve for irradiation of samples of structural 
materials, mainly the steels for reactor pressure vessels produced in Czechoslovakia.

The irradiation facility will be composed of an irradiation probe situated in the 
reactor core, electronic control and measuring apparatus, auxiliary facilities for air 
removal and a control unit. The probe itself will be composed of a steel shell, a sam
ple carrier with an irradiation capsule for 36 Charpy samples and 18 MT samples, 
and a heating section.

The probe will be equipped with an apparatus for measurement of temperature 
and fluence of fast and thermal neutrons. The temperature during irradiation will be 
adjustable up to 300°C. As a protective atmosphere, helium, nitrogen or argon with 
an overpressure of 0.15 MPa will be used. The probe will be cooled with water from 
the reactor primary circuit [4].

5.3. Silicon irradiation facility

The channel for irradiation of silicon is designed in the form of a pneumatic rab
bit tube for irradiation of silicon monocrystals with a maximum diameter of 76.5 mm 
and maximum length of 200 mm. The silicon irradiation facility will have the follow
ing principal parts: a vertical rotating channel, a connecting conduit, a container of 
irradiated and unirradiated crystals, a driving unit, and control and measuring 
apparatus. The crystals are to be irradiated in repeatedly used capsules (rabbits). 
During irradiation, the sample will be cooled with water from the facility’s own cir
cuit. The irradiation process will be controlled automatically, and achievement of the 
prescribed fluence will be a signal to stop the irradiation and to replace the crystals. 
Uniformity of irradiation will be achieved partly by rotating the channel and partly 
by turning the crystal in the channel. The maximum annual capacity of the channel 
for irradiation of crystals with the dimensions stated will be approximately 
2500 kg [5].

5.4. Thermal column

The thermal column of the LVR-15 has been designed in the same way as that 
of the WWR-S, except that the graphite block will be shorter by approximately 
80 cm. The space between the, reactor core and the head of the thermal column will 
hold a vessel which can be filled with water or air. The thermal column will serve 
as a neutron source for a wide range of biological irradiation experiments.

5.5. Vertical irradiation channels

For ‘standard’ irradiation, the reactor will have altogether ten vertical irradia
tion channels, as mentioned before. The material to be irradiated will be enclosed in
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a special container which is then remotely inserted by means of a special device into 
an irradiation channel during reactor operation. In the same way the container will 
be remotely transported into a hot cell and opened there, and the irradiated material 
then transported to storage.

5.6. Pneumatic rabbit systems

For the purpose of neutron activation analysis, two pneumatic rabbit systems 
are being manufactured and will be installed into the periphery of the reactor core. 
It will be possible to irradiate samples with a diameter of 30 mm in polyethylene con
tainers for short times. The end stations of both systems will be outside the reactor 
building, in the neutron activation analysis laboratories.

5.7. Hot cells

The LVR-15 will have five hot cells. The first cell will serve as a receiving cell 
and be connected with the area under the reactor vessel head by a slanting channel 
and a rabbit system. This hot cell will also have a device which can be used to open 
irradiation containers.

Irradiated samples will be treated in the second and fourth cells. The third cell 
will be adapted to permit control of the hot channels of loops and probes. For this 
purpose, an inlet hole will be provided in the ceiling of the cell to allow vertical inser
tion of the irradiation channels from the area of the reactor hall. The newly built fifth 
hot cell will serve for clean transport of the irradiated material. All hot cells will be 
equipped with new manipulators: the first and fifth cells will have manipulators with 
a lifting capacity of 80 kg, the second, third and fourth cells with a capacity of 
20 kg. All cells will be interconnected with a special transport container.

5.8. Horizontal channels

The LVR-15 will be equipped with nine horizontal radial channels forming radi
ation outlets. The channels will be made of aluminium and connected with the reactor 
vessel by means of flange joints. Six channels will have inner diameters of 100 mm 
and three will have inner diameters of 60 mm. The channel closures will be the Soviet 
made originals from the WWR-S reactor.

6 . CONCLUSION

The reconstruction of the WWR-S reactor will affect all of its principal parts. 
In spite o f this the basic properties of the reactor will remain practically unchanged. 
One reason is that the LVR-15 will be installed in the existing building and the exist
ing shielding, and this layout determines the new design. A further reason is that the 
reactor will have a multipurpose character, like the WWR-S.
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The LVR-15 will be a new facility, built according to an approved programme 
of quality assurance, and therefore safe and reliable. The neutron flux densities will 
be significantly higher and the access of experimenters to the reactor core will be 
improved, which will result in an increased irradiation capacity. The use of more 
modern concepts for the reactor control system and new components in the venting 
system will reduce the risk of exposure of the surroundings.

In spite of some practical drawbacks caused by the old layout and the multipur
pose character, the LVR-15 will be able to meet the demands of Czechoslovak 
science, technology and industry after 1990 [6 ].
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Abstract

DETERMINATION OF NEUTRON TOTAL AND DOUBLE DIFFERENTIAL SCATTERING 
CROSS-SECTIONS FOR CALCINED BAKELITE.

In order that the dynamics and structural properties of calcined Bakelites could be determined, 
neutron total and double differential scattering cross-sections were measured respectively with the neu
tron crystal spectrometer installed at the 1 kW Argonaut research reactor of the Instituto de Engenharia 
Nuclear (IEN) and a neutron time-of-flight and beryllium filter arrangement at the 5 MW swimming 
pool research reactor of the Instituto de Pesquisas Energéticas e Nucleares (IPEN). The total cross- 
section information obtained with the IEN arrangement, complemented by other methods, allows an 
estimation of the probable molecular formulae of calcined Bakelites. The emergent spectra obtained with 
the IPEN arrangement permit, through an appropriate formalism, the determination of the neutron dou
ble differential cross-sections.

1. INTRODUCTION

Bakelite is an amorphous material and when calcined it does 

not melt and does not dissolve in water or in mineral acids. 

Then, information about its dynamics and structural properties |i 

must be obtained by use of rather sophisticated techniques, such 

as neutron measurements.
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In the present work, neutron total and double differential 

scattering cross-sections in calcined Bakelite at different 

temperatures were investigated. This information is necessary in 

the study of reactor physics functions and parameters J 2 [ when using 

Bakelite as a nuclear fuel binder.

2. DESCRIPTION OF MATERIAL AND METHODS

To obtain neutron total cross-sections a crystal spectrometer 

installed at the J-9 irradiation channel of the 1 kW Argonaut 

research reactor at the Instituto de Engenharia Nuclear (IEN), Rio 

de Janeiro, was used. The method used was neutron transmission 

measurement in the energy range from 3.5 meV to 0.1 eV, with a 

resolution ДЕ/Е between 6 and 50%.

Neutron inelastic scattering measurements were also carried 

out with a time-of-flight and beryllium filter spectrometer, 

installed at the 5 MW swimming pool research reactor at the Ins

tituto de Pesquisas Energéticas e Nucleares (IPEN), Säo Paulo.

In that experimental system a polycrystalline beryllium filter 

is cooled by liquid nitrogen and transmits a neutron spectrum 

having a peak at 5.2 meV, with a mean energy of 3.2 meV and a 

width of 2 meV. A lead single crystal is used for gamma radiation 

reduction. The neutrons scattered from the sample into an angle 

of 45° are pulsed by a curved slit slow-neutron chopper operating 

usually at 1300 rev/min, and they are detected by ten He-3 

detectors after a 3.15 m length of flight.

The emergent neutron spectrum is obtained in a multi-channel 

analyser, whose resolution is 1.7% for 5 meV and 6.4% for 80 meV 

neutrons |3,4|.

The Bakelite in its original form is a thermosetting 

phenolic resin, whose chemical composition is mainly benzene 

rings linked by CH2 bridges and some hydrogen atoms and hydroxyl 

radicals surrounding the rings. To be used as binder, Bakelite is 

calcined at different temperatures and its treatment is controlled 

by several chemical and physical methods of analysis.
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FIG. I. Neutron total cross-sections o f calcined Bakelites at different temperatures obtained by neu
tron transmission measurement.

3. RESULTS AND CONCLUSIONS

It was verified that thermal treatment at 800°C is the best 

for the samples, from both technical and economic aspects.

Neutron total cross-section measurements are shown in Fig. 1, 

where the probable molecular formulae of the Bakelites were 

estimated by correlation of the cross-sections with data obtained 

by infra-red spectroscopy, elemental analysis and other techniques.

These results show some differences in the samples, mainly 

due to their hydrogen contents. The decrease in the number of CH2 

groups could be related to a graphitization process. This process 

depends on the benzene ring packing, which is probably a result 

of polynuclear condensed structure.

Neutron inelastic scattering spectra were also obtained for 

600°C and 800°C calcined samples. After the background, the chopper
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NUMBER

FIG. 2. Neutron double differential cross-sections obtained fo r  calcined Bakelite samples using a time- 
of-flight and Be filter spectrometer.

transmission, the air absorption and the detector efficiency 

corrections were done, these spectra were transformed by a 

convenient formalism into double differential cross-sections, as 

shown in Fig. 2. The errors in these spectra were about 10%.
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Abstract

EXPERIMENTAL VERIFICATION OF METHODS AND CODES USED IN DESIGN STUDIES OF 
NEW REACTOR CONCEPTS AND IMPROVED IN-CORE FUEL MANAGEMENT SCHEMES.

The paper gives a short description of the zero power heavy water research reactor RB in the 
Nuclear Engineering Department of the Boris Kidric Institute of Nuclear Sciences. It describes briefly 
different experiments and different modifications performed on this facility during the last two decades. 
In particular, it concentrates on the possibility of using this reactor to verify experimentally methods 
and codes used in design studies of new reactor concepts and improved in-core fuel management 
schemes. When calculations are made for an axially inhomogeneous reactor core, for example, proce
dures for determining reactor lattice cell parameters and overall reactor parameters can be combined 
in different ways. Since it was possible to simulate such an axially inhomogeneous core in the RB reac
tor, experimental verification of different calculational models has been performed. Suggestions, given 
as the conclusion of these experiments, refer not only to the situation when axial inhomogeneity 
originates from different initial compositions of a reactor core, but also to the most common situation 
when the axial inhomogeneity is caused by nonuniform depletion during reactor operation. Finally, the 
paper points out a number of other interesting and useful experiments which can be performed on the 
zero power reactor RB and indicates the potential use of this reactor in international cooperative 
programs.

1. IN TRO DUC TIO N

The research reactor RB in the Nuclear Engineering  
Department o f the Boris Kidric In s titu te  of Nuclear Sciences 
in Vinca was the firs t  critical facility  in Yugoslavia, designed 
and built by Yugoslav scientists /1 / .  In its original form, as 
a natural uranium metal, heavy w ater, zero power reactor, 
having a fixed 12 cm lattice pitch and two safety rods /2 / ,  the 
reactor went critical for  the f irst  time in 1958. Jn the period  
1959-1962 the reactor was reconstructed in order to improve 
its safety and flex ib ility  in the performance of experim ents.
The improved reactor, with new control, safety and monitoring 
systems, went critical again in 1962.

365
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The RB reactor core is situated in an AI tank, 2 m in 
diameter and 2.3 m h igh. Besides the natural uranium metallic 
fuel (rod length 2.1 m, diameter 2 .54 cm, 1 mm thick AI clad
d in g ), 2% enriched uranium metallic fuel, as shown in Fig.1  
(annulus length 11.25 cm, inner diameter 35 mm, uranium th ick 
ness 2 mm, 1 mm th ick AI c ladd ing), designed for the 6.5 MW 
RA reactor, is also used. The Al support plates. F ig .2, make 
it possible to change the reactor lattice pitch from 7 cm to 8,
9, 12 or 13 cm, as well as to use some of the possible m ultiplets.
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The heavy water circulation system has two speeds for 
filling  the RB tank (2 .5  cm/min or 0 .8  cm/min) and two d ra in 
ing speeds (11 cm/min or 1.7 cm /m in). The heavy water level 
is measured with an accuracy of 0.2 mm using a special level 
meter. The safety system includes 12 trim  c ircu its , 2 safety 
rods and the heavy water level meter, which acts as an add iti
onal safety rod.

The RB reactor power ranges from 10 mW. to 50 W under 
normal operating conditions, but it can reach 10 kW under spe
cial conditions. The constant power level is maintained e ither by 
the operator adjusting the heavy water level, or automatically by 
moving the steel control rod. A Ra-Be neutron source of 17.5 GBq
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is used during the s ta rt-u p  procedure. The dosimetry system 
includes neutron and gamma dose measuring devices in the reac
tor hall, the reactor control room and the reactor build ing, with  
indicators at the reactor control panel. The RB reactor is used 
mainly as a thermal heavy water critical assembly for d iffe ren t 
kinds of experiments in reactor physics and engineering, as well 
as for tra in ing  students in nuclear engineering.

New 80% enriched uranium dioxide fuel elements, having 
the same geometry and dimensions as the 2% enriched metallic 
fuel, became available in 1975, making possible new kinds of 
experim ents.

The investigation of the fast neutron fields at the RB 
reactor started with the construction of an external neutron con
v e rte r which transforms the thermal neutron leakage flux into a 
fast fission neutron flux  /3 / .  The principal advantages of this 
converter are easy accessibility to the large experimental space 
and the possibility of fast neutron spectrum downshifting, using 
screens of d iffe ren t materials. Its main shortcoming is the low 
in tensity of the fast neutron flu x . The intensity of the fast 
neutron flux was upgraded in 1982, when the experimental fuel 
channel was constructed, using the same 80% enriched fuel ele
ments in a standard fuel element channel of the RB reactor /4 / .  
In this case, however, a smaller experimental space and softer 
neutron spectrum are obtained. In 1983, in order to overcome 
the problems encountered with the outer or the inner neutron  
converter, construction of a coupled fast-therm al system was 
started , using en tire ly  the existing nuclear fuel and with mini
mum reactor modifications.

The new 80% enriched uranium dioxide fuel was also used 
to form mixed lattices and simulate d iffe ren t core configurations. 
As an example, this paper presents the study of an axially inho- 
mogeneous reactor core, pointing out how the RB reactor can 
serve for experimental verification of methods and codes used 
for its theoretical in terpretation .

2. TH EO RETICAL TREATMENT OF AN AXIALLY  
INHOMOGENEOUS REACTOR

New reactor concepts and advanced in-core fuel manage
ment schemes are the subject of increased interest for both 
technical and economic reasons. However, techno-economic
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evaluation of some advanced reactor cores requires improved 
calculational schemes, e ither because o f more complex core 
configurations, or because of more restric tive  accuracy requ
irements. In most cases, mock-up or c ritica lity  experiments for 
new reactor cores are practically unfeasible, while studying  
b u rn -u p  effects in practice by using new fuel management 
schemes is too expensive an d /o r time consuming. Thus experi
mental verification , on existing and available research reactors, 
of models, data and codes used in techno-economic evaluations 
is particu larly  desirable and im portant.

The problem of treating  a reactor core that is inhomoge
neous in the axial direction was encountered in a particu larly  
pronounced form when analyzing possibilities and effects of 
using a natural uranium blanket in a PWR 151. Since the ex
pected effects, although important from the economic point of 
view, are re latively  small in absolute amounts, it is very  im
portant to eliminate the possibility of drawing erroneous con
clusions on the basis of inadequate results.

When making calculations for an axia lly  inhomogeneous 
reactor core, procedures for determ ining reactor lattice cell 
parameters and overall reactor parameters can be combined in 
d iffe ren t ways. The following calculational schemes have been 
studied :

M Z-XYZ -  The inhomogeneous reactor core is partitioned  
into a number of zones, each comprising fuel 
having the same enrichm ent; cell parameters are  
determined for each zone of a multizone system; 
calculation of global parameters of the multizone 
reactor is performed by a 3-D program in XYZ 
geom etry.

HOM-XYZ -  The reactor core is treated as a homogeneous
system; volume averaging of material parameters 
along the axial direction is performed and cell 
parameters are determined for an axially homoge
nized lattice cell; global parameters of the homo
genized core are calculated by a 3-D program in 
XYZ geometry.

MZ-RZ -  The reactor core is partitioned and the cell para
meters are determined in the same way as with  
the scheme M Z-X Y Z; global parameters of the
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multizone core are calculated by a 2-D program  
in RZ geometry.

HOM-RZ -  The reactor core is treated as a homogeneous
system and cell parameters are determined in the 
same way as with the HOM-XYZ scheme; global 
parameters of the homogenized core are calculated  
by a 2-D  program in RZ geometry.

HOM-XY -  Homogenization of the reactor core is performed
in the same way as in the previous case; global 
parameters of the homogenized core are calculated 
using a 2-D  program in XY geometry and a speci
fied axial c ritica lity  param eter.

In order to validate d iffe ren t calculational approaches, 
a reactor core inhomogeneous in the axial direction has been 
simulated on the zero power reactor RB, using the fact that
its fuel channels are formed of a number of 11 cm long fuel
segments, which contain either 2% enriched uranium metal or 
80% enriched uranium dioxide dispersed in aluminium.

3. EXPERIMENTAL STUDY OF AN A X IA LLY  
INHOMOGENEOUS REACTOR

Three core configurations have been studied on the RB 
reactor in order to examine the effects of using blankets at 
both ends of a reactor core. These are:

(0) all fuel channels contain 80% enriched fuel only;

(1) at each end of all fuel channels there is one segment
containing 2% enriched uranium;

(2) at each end of all fuel channels there are two segments
containing 2% enriched uranium.

The cores (1) and (2) simulate the situation when a number 
of enriched uranium pellets at the ends o f a PWR fuel element 
are substituted by natural uranium pellets.

The RB reactor core can have a variable lattice pitch  
and a d iffe ren t number of fuel channels, while the critical
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configuration is obtained by adjusting the moderator level in 
the reactor tan k . For the experiments described here, the 
lattice pitch was chosen to be 16 cm and the core was composed 
of 32 fuel channels as indicated in F ig .2. The heavy water 
tem perature was 294 K. The light water content was 1.35%. 
Besides the critical height of the reactor core the axial and 
radial d istributions of the therm al, fast and integral neutron  
flux were measured by activating Au foils in AI or Cd cladding.

4. EXPERIMENTAL V E R IF IC A T IO N  OF COMPUTATIONAL  
RESULTS

Calculations of c ritica lity  parameters were firs t performed  
in order to plan the experim ents. The results o f these calcula
tions are given in Table 1.

In F ig .3  (a , b and c) the calculated and measured dis
tributions of thermal neutron flux  are presented for the cores
(0 ) ,  (1) and (2 ) ,  respective ly .

In order to v e r ify  the above calculational procedures, 
all calculations were repeated using the measured value of 
critical height in both the cell averaging and the overall calc
ulations in RZ geom etry. The value of kef f - l  was considered 
to be the measure of the calculational accuracy. These results  
are presented in Table 2.

The results presented in Tables 1 and 2 suggest that 
the axially  inhomogeneous reactor core should be treated in 
the following way: f irs t ,  volume averaging of physical data 
should be performed for each axially inhomogeneous zone of 
an equivalent reactor lattice cell; group constants are to be

Table 1. Calculated and measured values of 
critical height (cm)

Core  C a lcu la tion a l scheme
t y p e MZ-XYZ HOM-XYZ MZ-RZ HOM-RZ

c x p e r i m e n

(0) 115.04 115.04 115.05 115.05 117
(1) 118.37 122.38 117.96 118.66 121.24
(2) 120.32 122.28 119.95 120.93 123.36
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Table 2. Calculated values of keff-1  for measured values of 
critical height

Core Ca lculat ional  scheme
ty p e MZ-XYZ HOM-XYZ MZ-RZ HOM-RZ HOM-XY

(1) 0.01098 -0.00721 0.01211 -0.00941 -0 .00156
(2) 0.01124 0.00692 0.01261 0.00946 -0 .00129

determined for an axially  homogenized reactor lattice cell; calc
ulation of global reactor parameters is to be performed sup
posing that it is homogeneous in the axial d irection . In fact, 
there is no justification for d ivid ing the reactor core into a 
number of axial zones to be treated by a 3-D or a 2-D  RZ 
procedure (which is practically the same as for a cylindrically  
symmetrical system ), since in this case the basic concept of a 
reactor lattice cell and equivalent cell parameters is jeopardized. 
This conclusion is supposed to be tru e  not only in the case 
when axial inhomogeneity originates from d iffe ren t in itial fuel 
compositions, but also in the most common situation when axial 
inhomogeneity is caused by nonuniform fuel depletion during  
the reactor operation.

5. CONCLUSION

Experimental verification , on existing and available  
research reactors, of models, data and codes used in techno- 
economic evaluations of new reactor concepts and advanced 
in -core fuel management schemes is particu larly  im portant.
Namely, these evaluations usually require  improved calculational 
schemes e ither because o f a more complex core configuration, or 
because a h igher accuracy is desired. The paper presented the 
study of an axially  inhomogeneous reactor core, pointing out how 
the RB reactor can serve for experimental verification of methods 
and codes used for its theoretical in terp re ta tion .

In the Nuclear Engineering Department o f the Boris 
Kidric Ins titu te  of Nuclear Sciences work on thermal heavy water 
reactor parameter measurement has been in progress since 1960. 
Also, since 1976 there has been constant ac tiv ity  on the realiza
tion of fast neutron fields at the zero power RB reactor. Using
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highly enriched uranium fuel and an external neutron converter, 
a special experimental fuel channel and the firs t stage of a 
coupled fast-therm al reactor system have been constructed and 
studied. Efforts are being made to broaden the experimental 
possibilities of the RB reactor and to use it for experimental 
verification of methods used in nuclear data evaluation and 
methods used in design studies of new reactor concepts and 
fuel management schemes, as well as for experimental verifica 
tion of some advanced methods used in design studies of reactor 
shield ing.
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Despite its relatively low neutron flux, the first Belgian research reactor, BRI, 
of the CEN/SCK is still a very useful tool for particular fission physics experiments. 
This is due to the very good thermalization of the neutrons in the graphite moderator 
and to the very flexible operation of this reactor.

A good illustration of the suitability of the BRI for physics experiments is our 
systematic study of the fission fragment spectroscopy of the plutonium isotopes. In 
this work, the fission fragment energy and mass distributions for spontaneously fis
sioning plutonium isotopes are calibrated against and compared with the correspond
ing 239Pu(nth,f) distributions. The method has been thoroughly investigated for the 
240Pu(sf)-239Pu(nth,f) comparison, in which the fissioning system 240Pu is formed at 
zero excitation energy and at 6.5 MeV excitation energy, respectively [1]. Accurate 
comparison conditions are created by using samples consisting of a homogeneous 
mixture of 239Pu and 240Pu deposited by vacuum evaporation on a thin polyimide 
backing. The sample is viewed by two surface barrier detectors, in which coincident 
fission fragments are detected. The great advantage of the method is that the 
239Pu(nth,f) reaction can be studied when the reactor is in operation, and the 240Pu(sf) 
fragments can be recorded at night and during the weekends with the reactor shut 
down. In this way, a frequent alternation of (sf) and (nth,f) measurements is real
ized, which enables a very accurate comparison to be made.

In the same line of investigation, the spontaneously fissioning isotopes 242Pu 
and 238Pu have also been studied. Measurements on 236Pu are under way, and a 
study of 244Pu is being prepared. In all cases, the isotope to be studied is mixed with 
239Pu, allowing a good calibration against the 239Pu(nth,f) reaction. This study clearly

375
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demonstrates the strong influence of spherical and deformed neutron shells in the 
fission fragments on the fragment energy and mass distributions. Further, the excita
tion energy appears to have a strong impact on these distributions.

Another type of experiment planned at the BRI is the study of the ternary fission 
process. This is a rather rare phenomenon, in which both fission fragments are 
accompanied by a charged particle, usually an alpha particle. The characteristics of 
the ternary fission process are well known for 235U(nth,f) [2], which reaction will be 
used for the calibration of the ДЕ-Е detectors.

The thermal neutron beams of the BRI are also used, on the basis of the induced 
(n,f) or (n ,a) reaction rates, for the checking and/or assay of layers to be used for 
fission cross-section measurements, and/or neutron fluence determinations.
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1. INTRODUCTION

The International Atomic Energy Agency (IAEA) is co-ordinating Phase 3 of 
a research programme on The Optimization of Reactor Pressure Vessel Steels and 
their Analysis. The main objectives of Phase 3 are to consolidate the increasing body 
of knowledge on the neutron embrittlement of reactor pressure vessel steels and to 
assess the techniques used to determine the mechanical properties, so as to establish 
guidelines for surveillance which can be used internationally.
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As part of the United Kingdom’s contribution to this programme, an evaluation 
will be made of the macroscopic mechanical properties and the micromechanisms of 
embrittlement of a range of pressure vessel steels which will be irradiated in a new 
flux converter facility in the PLUTO MTR at Harwell. This facility was commis
sioned in April 1987 and calibration and validation programmes are in progress. 
From the data generated, a reloadable irradiation rig is being designed for the IAEA 
programme.

The flux converter has been specifically designed for the irradiation of pressure 
vessel steels in order to produce:

— A neutron energy spectrum similar in form to that for a PWR pressure vessel, 
with a low ratio of thermal to fast neutron flux;

— A neutron flux similar to that obtained in light water moderated MTRs, which 
have been extensively employed for studies of pressure vessel steels, i.e. a fast 
flux (> 1  MeV) of (1-5) x  1012 n -cm '2 -s"‘;

— A low spatial variation in neutron flux, gamma flux and temperature across rela
tively large test pieces (e.g. 60 mm x  60 mm compact specimens);

— A well characterized and controlled irradiation environment in terms of temper
ature and neutron spectrum, factors which have been shown to be important in 
determining the subsequent mechanical properties.

2. FLUX CONVERTER

PLUTO is a heavy water moderated reactor characterized by a relatively soft 
in-core neutron spectrum (i.e. low energy biased) compared with those of light water 
moderated reactors. This is due to the relatively large neutron mean free path 
promoted by heavy water moderation.

The flux converter has been designed to enhance the fast flux locally within the 
reactor; this has been done by surrounding a volume in the reflector region with extra 
fuel which is fissioned by the incident thermal flux from the core, thus converting 
a thermal to a fast neutron flux. The converter is positioned some distance from the 
core to restrict partially moderated neutrons, thus creating a hard neutron spectrum. 
A series of physics calculations and low power runs have been made to tailor and to 
characterize the neutron spectrum.

The fuel in the converter is in the form of curved plates of an aluminium clad 
enriched uranium-aluminium alloy, 600 mm long. The plates are formed into quad
rants which slide into rails on a flow divider tube such that on assembly three rings 
of fuel are separated by flow channels. The fuel is cooled by light water which is con
tained by inner and outer aluminium thimbles. The bore of the inner thimble 
(~ 8 5  mm diameter) forms the irradiation volume. The outer thimble fits within a 
secondary containment thimble of 190 mm diameter. The converter is sited 375 mm 
from the edge of'the core.
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3. IRRADIATION RIGS

A series of irradiation rigs have been designed and built for the converter, with 
separate non-reloadable calibration and operational rigs for each specimen geometry; 
a series of reloadable rigs are being designed. The in-core part of these rigs consists 
o f a split aluminium carrier which has milled out recesses to accept the samples. The 
two halves of each rig are bolted together to clamp the samples. Thermocouples and 
flux monitors are located at selected positions within the carrier and the samples.

The required sample temperatures are achieved by a combination of gamma 
heating in the samples and the irradiation rig, and the thermal resistance of the gas 
gap between the rig and the inner thimble of the converter. Sample temperatures are 
controlled by changing the composition of the flowing He-Ne gas mix. Particular 
attention was paid at the design stage to the heat transfer aspects to minimize the tem
perature variations within the samples and the temperature difference between the 
samples and the monitoring thermocouples in the carrier block. This included care 
in sample surface preparation and the details of the clamping arrangement.

3.1. Calibration rig

The Charpy calibration rig contains 32 samples arranged in two packs of
16 samples. The rig is extensively instrumented with 48 thermocouples to accurately 
determine the temperature variation within the assemblies and the nuclear heating 
rates. Thermocouples are positioned within selected Charpy specimens and adjacent 
sample carrier positions, as well as in the Charpy notch positions. In addition, the 
rig contains three removable flux monitor packs, one at each end of the sample carrier 
and one in the centre position to determine the flux profile. The rig will be used at 
intervals to check conditions within the converter.

3.2. Operational rigs

Samples for mechanical testing are being irradiated in a series of non-reloadable 
rigs. These rigs are similar to the calibration rig except that thermocouples are not 
positioned within the samples. Performance data from the calibration rig are being 
used to make minor modifications to the design to further improve the temperature 
profile of future rigs.

3.3. Reloadable rigs

On the basis of the temperature and flux distributions determined from the 
calibration programme and the experience gained from operating the converter, 
reloadable irradiation rigs are being designed for the IAEA programme. Particular 
attention is being directed at optimizing the temperature profile, the number of sam
ples, the position of the sample carrier and the profiling of the gas gap. The use of 
these rigs should extend the flexibility and improve the cost effectiveness of the flux 
converter facility.
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SILICON IRRADIATIONS IN 
THE HARWELL REACTORS
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As the demand for neutron transmutation doped silicon has risen during the last 
ten years, the Harwell reactors DIDO and PLUTO have supplied a significant 
proportion of the world market in this material. The advantage of neutron transmuta
tion doping (NTD) is such that the number of applications is growing rapidly, and 
in order to meet this demand the facilities in the Harwell reactors using already well 
suited conditions are being progressively improved and expanded to give the best pos
sible results for the NTD process and to take the total capacity beyond 35 t/a.

A dose-resistivity relationship is now well established and its validity demon
strated by the accuracy of post-irradiation results. A comprehensive quality control 
system and a safety conscious health physics system ensure not only the smooth 
passage of the silicon through the irradiation process, but also that it is returned to 
the customer’s manufacturing environment with residual radioactivity values much 
lower than those demanded by international regulations.

IAEA-SM-300/71P
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UTILIZATION OF THE PAKISTAN RESEARCH REACTOR 
(PARR-1) FOR PHYSICS AND CHEMISTRY STUDIES

M.N. CHEEMA, N.M. BUTT 
Pakistan Institute of Nuclear Science 

and Technology,
Islamabad, Pakistan

The swimming pool type 5 MW Pakistan Research Reactor (PARR-I) became 
critical on 21 December 1965 and attained full power on 22 June 1966. It had been 
operated for 27 507 h up to 18 January 1987. The design of PARR-I is more than 
20 years old. The ageing instrumentation system and controls were modernized in 
1986 in the light of new design concepts. The control room console was replaced and 
a number of additional channels added.
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FIG. 1. Distribution o f toxic and essential elements in chicken. C: chest; G: gizzard; H: heart; L: leg; 
Lv: liver. Concentrations are in fig/g, except for: * Hg and Co (pplO9), and ** К  (%).

The renovation [1] consisted of computerization of controls and instrumentation 
according to the state of current technology and to meet the more stringent safety and 
operation needs. A PDP-11/23+ computer has been interfaced with the instrumenta
tion for data logging, data analyses and reactor operation control. Locally fabricated 
graphite reflector elements loaded in the core provide adequate reactivity gain and 
have helped in the reuse of depleted fuel elements and the increase of their burnup. 
Feasibility studies are being conducted for the conversion of PARR-I to low enrich
ment fuel and for power upgrading. Standard computer codes were used to calculate 
designs for core conversion from 93% to 20% enriched uranium, including the selec
tion of different reflector materials. The instrumentation system and controls were 
so selected that reactor operation under the changed conditions can be continued 
without major replacement after upgrading.
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The reactor has been utilized in physics experiments, for the production of 
radioisotopes and radiopharmaceuticals and for neutron activation analysis (NAA) 
with high sensitivity. The research and development around the reactor include the 
measurement of neutron cross-sections, the study of nuclear structure, the measure
ment of fission parameters, the determination of the structure of materials and the 
study of radiation effects. Debye-W aller factors for Nb, Zn and Te were measured 
and studies of mixed materials and alloys undertaken using neutron diffraction. Com
pilation of Debye-W aller factors for cubic materials was jointly undertaken with 
Oxford University and the Kernforschungszentrum Karlsruhe. In the field of radia
tion damage, studies were conducted of defects in welded zirconium alloy and other 
alloys developed at the Pakistan Institute of Nuclear Science and Technology 
(PINSTECH).

PINSTECH has been producing short, lived radioisotopes and supplying them 
to nuclear medical centres and hospitals ever since the commissioning of the reactor
[2]. Large scale production of 5 lCr, "T c m, 198Au and 13II, and preparation of radio
active labelled compounds and kits and development of radioimmunoassay are being 
gainfully carried out. Radiochemical and biological quality controls were carried out 
before release of the radioisotopes. Related equipment in the field, such as a radio
aerosol ventilation system to diagnose pulmonary embolism, has been developed and 
is in use.

NAA has been extensively applied for precise and accurate analyses of geologi
cal materials [3-6]. A method was developed and applied for the simultaneous analy
sis of uranium and thorium. An instrumental NAA procedure was developed to 
measure zirconium and hafnium in zircon concentrates [7] and ten rare earth elements 
in low grade uranium and zirconium ores.

Non-destructive methods were employed for the study of trace impurities in 
reactor materials and in the identification of certain alloys. Owing to their high neu
tron absorption cross-sections, rare earth elements [8 ] such as Dy, Sm, Gd, Eu, La 
and Lu were measured in purified U 0 2 used for the fabrication of fuel for the 
Karachi Nuclear Power Plant (KANUPP).

NAA has been utilized to measure essential and toxic elements in biological 
materials [9], powdered milk, cereals, plants [10] and meat (Fig. 1) to establish base
line values and to assess the safety of human diet. Studies were undertaken to deter
mine inorganic elements in atmospheric aerosol particulates using NAA. The main 
source of elements in the atmosphere of Nilore (Islamabad) appears to be the earth’s 
crust. A large number of methods have been developed for the radiochemical separa
tion of elements using synergic solvent extraction systems [1 1 , 1 2 ].

To achieve reliable measurements, we have been participating in the intercom
parison programmes of the United States National Bureau of Standards [13] and the 
International Atomic Energy Agency for the last 15 years. During this period a large 
number of geological, biological and environmental materials have been analysed for 
their major, minor and trace [14] constituents.
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Abstract

INDIAN EXPERIENCE WITH RESEARCH REACTORS AND THEIR IMPACT ON NUCLEAR 
SCIENCE AND TECHNOLOGY.

The Indian experience in developing nuclear science and technology, which is unique in some 
sense, can be of great value for planning programmes in developing countries. One important lesson 
that has emerged from this experience is that research reactors have a very important role to play in 
such a development and that the financial inputs as well as the efforts invested in research reactors are 
certainly worth while. In India the first research reactor, Apsara, was built in 1956. This 1 MW swim
ming pool type reactor led to many programmes for development of nuclear technology. The first decade 
of the Indian research programme was essentially based upon the utilization of this reactor. In the early 
1960s, the 40 MW research reactor Cirus went into operation. With an availability o f neutron fluxes 
in the range of 1013 n - c m '^ s '1, comparable to that in power reactors, Cirus proved to be a useful 
facility for testing new fuels as well as for studying radiation damage to reactor internals. Familiarity 
with the heavy water system, with all its complications, facilitated the training of engineers to man the 
nuclear power programme. The plutonium produced in this research reactor made the basis for generat
ing a capability in reprocessing and separation of plutonium, which in turn formed the foundation for 
developing the programme on fast reactors. A fast critical facility, Purnima-I, was built in 1972, with 
which many experiments were done on neutronics o f fast systems. Гп the 1970s, with the maturing of 
the programme in nuclear engineering, it was decided to design and build a heavy water reactor using 
natural uranium at a power rating of 100 MW. Basic design concepts were developed to make this useful 
in several fields. The Dhruva reactor went into operation in 1985. This reactor has a neutron flux in 
the range of 1014 n-cm '2-s_l and incorporates several novel features. Research reactors not only pro
vide the basic infrastructure for training personnel for nuclear power stations but also provide a powerful 
tool for research in nuclear physics, materials science, analytical chemistry, nuclear safety and control 
instrumentation and, of course, for the production of radioisotopes for agriculture, industry and medi
cine. Some of the major activities undertaken in setting up and utilizing research reactors at Trombay, 
and the scientific and technological spin-offs from this work are discussed in the paper.
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The commissioning of the first nuclear chain reactor in 1942 heralded a new era 
in human civilization. It not only demonstrated production of nuclear energy from 
the fission process but also verified, at one stroke, many basic facts about neutrons, 
nuclei and their interactions. It is one of the few events which has had such an 
extraordinary impact on science, society and the course of human civilization. This 
effort involved some of the best brains available at that time. The most obvious out
come of this event was an atomic bomb but it also led to the development of physics 
of chain reacting systems, concepts for production of plutonium and nuclear power 
reactors. The copious radiation produced from the reactor helped to probe the nature 
of nuclei. The chain reaction was demonstrated with minimal safety devices. It 
perhaps demonstrates that in the hands of those pioneers who understand, even a new 
system is quite safe. There is a lesson for us to learn from this.

Soon after this, many reactors were designed and built essentially to verify 
theories in heterogeneous chain reacting systems consisting of a variety of fuels, 
moderators, coolants and core configurations. While the initial attempts were 
restricted to natural uranium, the availability of enriched uranium ushered in a new 
class of research reactors. Of these, the water boiler, the light water swimming pool 
and the zirconium-graphite based TRIGA reactors are important. The evolution of 
this field excited many outstanding physicists, and concepts such as flux trap, fast 
neutron converter and cold and hot sources were introduced.

The neutron spectrum provided an excellent source of radiation for experiments 
in nuclear physics and condensed matter physics. The research reactor proved an 
excellent tool in which the variation in different parameters could be tested to estab
lish the design parameters of power reactors. The initial problems associated with the 
development of reactor materials, especially owing to their neutron sensitivity, 
evolved out of this effort with research reactors.

1.1. The research reactor as a tool

While the research reactor as designed in the initial years was basically a simple 
device, it involved several disciplines, especially in engineering. It involved a modest 
but unconventional civil engineering, mechanical engineering, electronics, control 
engineering, chemical engineering and materials science. Anybody associated with 
this work was convinced that the future effort in this technology was going to be 
multidisciplinary.

The production, preparation and dispensing of isotopes for a variety of pur
poses, ranging from non-destructive testing to nuclear imaging, involve many basic 
disciplines. They also demand the use of different techniques. Thus remote handling, 
shielding, quality control of chemical products, biological testing for toxicity and 
other such expertise were needed to make useful products. The research reactor as 
a tool for production of radioisotopes covers a major area of the peaceful applications

1. INTRODUCTION
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of nuclear energy (Section 7). Over the years it has benefited everybody, from the 
farmer in a developing country to the most sophisticated medical researcher in a 
developed country. Its applications pervade agriculture, industry, medicine and basic 
sciences.

It is well known that the nuclear fission reactor has two limitations with respect 
to its safe operation. One comes from the criticality, of excess reactivity, which is 
maintained in equilibrium by feedback of information on the neutron flux and its time 
variation. Even though this has been solved in practice, it still has a certain element 
of uncertainty and in recent years has added further worries owing to human error. 
The second aspect arises out of the decay heat carried by the fission products. Its 
removal requires continuous availability of the coolant even after shutdown and has 
considerably added to the complexity of the engineering design. The fission process 
itself does not demand these two conditions for energy production. However, more 
effort is required for perfecting the present designs of power reactors in respect of 
these two safety related factors. It is not as if the fission reactor technology cannot 
be modified to minimize possible dangers due to these two causes, but it requires 
greater research effort and an innovative approach of a calibre demonstrated in the 
early days of nuclear energy.

A fact that has come out very clearly over the years is that, unlike those for con
ventional systems, the operators of a nuclear reactor require the character of a dedi
cated scientist, with concepts of reactor science and technology deep-rooted in 
experience. The best way of evolving manpower in any nuclear programme, hence, 
depends on the availability of a research reactor and the breadth of the programme. 
In a world in which nuclear power is being rapidly commercialized, it is even more 
important to recognize that simulator training alone is not enough. The deeper 
involvement of well selected and dedicated trained and retrained staff is necessary 
for its success. The research reactor is an ideal tool for this purpose.

1.2. The research reactor as a neutron source

The pioneers responsible for the first research reactor were also those who were 
researching the properties of the neutron and its interaction with other nuclei. Thus 
the application of a fairly intense source of neutrons from such a reactor to basic 
nuclear science obtained priority. Devices such as monochromators were built to 
accurately measure cross-sections of different nuclei for neutrons throughout the 
energy spectrum. Resonances in the cross-sections were interpreted in terms of the 
characteristics of nuclear potentials. To exploit the suitability of the wavelength of 
the most abundant neutrons for diffraction work, neutron diffractometers were 
invented to study crystal structures. The very favourable energy-momentum relation 
of neutrons and that of excitations in condensed matter aided the development of neu
tron spectrometry. Thus basic areas in physical sciences attracted the attention of a 
much larger community of scientists. Research reactors became the centre of large 
national efforts in basic research. The spin-offs by way of developments in
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instrumentation and associated techniques had their impact in every related field. For 
instance, the fully automated single crystal diffraction apparatus was invented for 
neutron diffraction to overcome the difficulties with a moderate flux and it was then 
adopted by X-ray crystallographers for single crystal structure studies.

2. RESEARCH REACTORS IN INDIA

For discussing the various ways in which research reactors have been utilized 
in India, the activities built around them will be used as examples. Table I gives the 
relevant details of the reactors at the Bhabha Atomic Research Centre (BARC).

There was a time when zero energy reactors were considered as a must for 
assimilating the complexities of a reactor system. In the Indian context, where the 
development of local expertise in reactor technology had to start from almost nothing, 
it was thought necessary to build a zero energy system to gain first hand information 
as well as experience in the types of reactor system being contemplated for power 
generation. Thus Zerlina, a zero energy, heavy water, natural uranium system, was 
commissioned in 1961. Several experiments with different lattices and sizes of ura
nium rods were carried out to verify computer codes developed at BARC. After about 
twenty years of service this reactor was decommissioned.

With the availability of plutonium, and recognizing the need to venture into the 
area of fast reactors for utilization of thorium resources in the country, it was decided 
to build a small air cooled zero energy fast reactor, called Purnima-I. This reactor 
had many features which were original and it was used to determine parameters for 
a pulsed reactor system [1]. The design and construction of this reactor itself gave 
enormous confidence to the scientists and engineers in the field of fast reactor tech
nology. Purnima-II [2] was a simple modification of Purnima-I, but utilized 233U in 
the form of uranyl nitrate solution of variable concentration. This has helped to 
generate information on the properties of 233U in a light water system. The design
ing of a fine control for the transfer of uranyl nitrate solution gave considerable 
experience to the control engineers.

In order to accelerate the growth of fast reactor technology, India has also built 
a sodium cooled, plutonium carbide fuelled fast breeder test reactor at Kalpakkam
[3]. This is perhaps the first reactor in which the entire core is of plutonium carbide. 
It promises a higher breeding ratio in addition to generating important data. The 
irradiation experience with this fuel will go a long way in the designing of the 
500 MW fast breeder reactors.

Dhruva is the latest among the Indian research reactors and is not only the larg
est but has also been an entirely indigenous effort. Hence this will be described in 
more detail.
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2.1. Dhruva

The construction of Dhruva was an important milestone in the history of reactor 
technology in India. It is perhaps the most important research tool, by virtue of its 
diverse research facilities, for the large multidisciplinary scientific community of 
BARC. Right at the inception of the project, a user committee consisting of 
experimentalists from different disciplines defined facilities that needed to be incor
porated in the design. The diverse requirements from a large user community had to 
be synthesized into a viable system which could be engineered within the means 
available in the country. This was obviously a very challenging task. In its present 
form Dhruva provides high flux facilities in the form of neutron beams of different 
specifications as well as irradiation volumes for a variety of experiments and radio
isotope production. In addition, the reactor system is flexible enough to accommodate 
in future modified configurations with regard to both fuel and in-pile irradiation 
experiments. A number of novel features in the form of large diameter (300 mm) Zir- 
caloy re-entrant cans in a variety of shapes, metallic internal seals for the coolant 
channels, thin sleeve rolled joints to extend the in-core Zircaloy tubes to the stainless 
steel tubes, electron beam welding on a large engineering structure, etc., were 
developed.

2.2. Experimental facilities at Dhruva

One of the various objectives of the use of Dhruva is to further the scope of 
research in physics, chemistry, activation analysis and biology. For achieving this, 
the following experimental facilities have been provided. A cross-section of the reac
tor is shown in Fig. 1.

Radial beam holes. Two of these are 300 mm in diameter and four are 100 mm 
in diameter. They end in the heavy water reflector area, thus permitting a view of 
the region of peaked thermal neutron flux and avoiding the gamma flux from the fuel 
elements.

Tangential beam holes. They provide thermal neutron beams having low 
gamma and fast neutron background. The construction of these beam holes is similar 
to that of the radial beam holes except that the re-entrant cans are inclined at an angle 
of 41° to the radial direction.

Low temperature irradiation facility. This is installed in one of the radial beam 
holes.

Hot neutron source. This facility enhances the intensities of neutrons of 0.2 eV 
by about a factor of ten. The construction of the beam holes is essentially the same 
as that of the radial beam holes. All the three tubes are provided with independent 
inner gates.

Cold neutron source. This is provided to enhance the intensities of neutrons of 
very low energy (in the 10"3 eV region). A 300 mm diameter beam hole is provided 
to house the cold source assembly. Another radial tube of 300 mm diameter points



TABLE I. BASIC FEATURES OF INDIAN RESEARCH REACTORS AT THE BHABHA ATOMIC RESEARCH CENTRE

A psara C irus Z erlina Pum im a-I D hruva P urnim a-II

R eactor type Sw im m ing pool T ank Tank Tank Tank Tank

D ate o f  criticality 4 A ug. 1956 10 Jul. I960 14 Jan . 1961 18 M ay 1972 8 A ug. 1985 10 M ay 1984

R eactor pow er 1 M W  (m ax.) 40  M W  (m ax.) 100 W  (nom inal) 1 W  (nom inal) 100 M W  (m ax.) 10 m W  (nom inal)

Fuel m aterial E nriched U -A l alloy N atural U N atural U Pu N atural U U-233

Fuel elem ent C urved p late Rod Rod P u 0 2 pellet Rod U ranyl n itrate 
solution w ith
6 0 -1 3 0  g U /L

Fuel cladding . A1 A1 A1 Stainless steel A1 N one

Total w eight o f  fuel 3 kg 10.5 t V ariable (3 .7  t in 
first core)

21 .6  kg 6 .6  t 400  g

C ore  size 8 .5  m  (L) x  
3 .0  m  (W ) x  
8 .2  m  (H)

3 .14  m (H ) X 
2 .67  m  (D)

4.35  m  (H ) x  
2.29  m  (D)

18 cm  (H) x  
18 cm  (D)

3 .87  m (H) x  
3.72  m  (D)

50 cm  (H) X  

14.8 cm  (D)

M axim um  neutron 
flux (n-cm ~2 -s_l)

1012 6.7  X  1013 0.5  X  108 ~ 1 0 8 1.8 X  1014 ~ 1 0 7
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A psara C irus Z erlina Purnim a-I D hruva Purnim a-II

M oderato r L ight w ater H eavy w ater H eavy w ater N one H eavy w ater L ight w ater2

Coolant L ight w ater Light w ater H eavy w ater Air H eavy w ater Light w atera

C ontro l rod  - C d BC4 Cd M o C d Cd

U ses Isotope production; 
basic research; 
shielding 
experim ents

Iso tope production; 
R&D in reactor 
technology; 
operato r training

L attice studies F ast reac to r 
physics studies

B asic research; 
reac to r technology; 
isotope production; 
tra in ing

U -233 fuel 
studies; futuristic 
reacto r evaluation

a In the form  o f  fuel solution.

u>40
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Out-of-core facilities

1 H ot neutron sources (3 )

2 Ion cham ber baskets (3)

3 300  mm d ia . beam holes (2)

4  Cold neutron sources (2 )

5 Low er th rough  tube

6 Upper through tube

7 Self-serve fa c ilit ie s  (2)

8 100 mm d ia . tangential 
beam holes (4)

9 100  mm d ia . radial 
beam holes (4)

In-core fac ilit ie s

О 150 m m  d ia . engineering 
loop (1)

о 100 mm d ia. engineering 
loop (1 )

• 75 mm d ia . creep and
corrosion loops (3)

“ Isotope tray  rods (2)

0 Pneum atic carrie r rod (1 )

e Fue l channels (129)

Reactor shutdow n devices

Cadm ium  shut-off rods

G ado lin ium  n itrate  
liqu id  poison tubes

FIG. 1. Dhruva experimental facilities. (The numbers o f  beam tubes are given in parentheses.)
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towards the cold source. Four neutron guides, made of nickel plated optical glass, 
start from the gate and extend into the guide tube laboratory. A shielding tank filled 
with solid shielding materials extends from the pile face to the reactor hall to protect 
the personnel.

Through tubes. Two through tubes are provided, one above the other, in the 
reactor structure. They are made of Zircaloy. At the centre of each tube there is a 
compartment of heavy water in communication with moderator heavy water. This 
entrapped heavy water scatters neutrons out along the tubes, yielding high intensity 
neutron beams. The lower through tube provides a neutron beam for research pur
poses. The upper through tube is used to locate self-serve facilities at both ends. Each 
self-serve facility permits loading and discharge of irradiation samples in spherical 
containers.

Tray rods. Two tray rods are provided in the reactor for isotope production. 
Each tray rod can accommodate 72 capsules of 22 mm diameter and 75 mm length. 
Tray rods serve long term irradiation needs. Loading/unloading of a tray rod can be 
done on-power by the fuelling machine.

Pneumatic carrier facility. This provides for short term irradiation of samples 
with a very short transit time, which is necessary for studying very short lived fission 
and activation products.

3. NUCLEAR PHYSICS RESEARCH WITH REACTOR NEUTRON BEAMS

Thermal neutron beams from high flux research reactors have played an impor
tant role in nuclear physics research, particularly in nuclear spectroscopy through 
neutron capture gamma ray studies and studies of fission phenomena.

At BARC, extensive investigations of the fission process have been carried out 
over the years using physical and radiochemical techniques [4]. These have involved 
measurements of fragment mass, charge, kinetic energy distributions and correlations 
among these quantities. Measurements of the prompt radiations emitted during the 
de-excitation of the neutron rich fragment nuclei, consisting of prompt neutrons, 
gamma rays, К X-rays and conversion electrons, have provided an important method 
to study the nuclear structure of these nuclei.

The investigations have helped in developing expertise in nuclear instrumenta
tion involving various types of ionization chamber, scintillation counter and fast elec
tronics. They have also in turn helped to train a large number of scientists and 
technicians in this area, who have subsequently contributed to the instrumentation 
programme connected with the nuclear power programme.

One particular example worth mentioning here is the high resolution Si(Li) 
X-ray detectors developed for the studies of К X-rays emitted from fission fragments, 
which have also been put to novel analytical applications [5]. These detectors today 
form the basis o f energy dispersive X-ray fluorescence and particle induced X-ray 
emission based analysis of materials. BARC was among the first to use the
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indigenously developed high resolution X-ray detectors for these analytical applica
tions, long before these detectors became commercially available.

Occasionally, along with the two heavier fragment nuclei, the fission process 
also results in the emission of light charged particles. Detailed investigation of this 
process, which has a very low probability of occurrence (about 2 X 10 3 per binary 
fission), has been made possible with the use of high flux reactors by studying ther
mally fissile nuclei. These studies [6 ], which have provided new information about 
the dynamics of the last stages of the fission process, have been extensively carried 
out with the research reactors at Trombay.

4. NEUTRON SCATTERING

The research reactors at Trombay have been used for research in condensed 
matter physics with neutron scattering techniques for many years now. Apsara is a 
low flux reactor (central flux nearly 1012 n ■ с n r 2 • s~1 at 400 kW). The first piece of 
work was the examination of an antiferromagnetic structure of FeGe and phonons in 
Fe. With the availability of Cirus, which had a central flux of 6  x  1013 n -c n r 2 -s_l, 
much of the work was shifted to this reactor and over a decade a variety of neutron 
spectrometers were built around this facility. The paper by Rao and Dasannacharya
[7] at this symposium gives a summary of the various instruments and the nature of 
the studies to which they have been put. The structure of half a dozen amino-acids, 
inelastic spectra of liquid CH4 and CD4, phonons in Mg, Be, Zn, etc., the structure 
of liquid CC14, Ga, etc., and the magnetic structure of a variety of mixed ferrites 
are subjects of some of the salient studies that were carried out at Cirus. In addition, 
this reactor has been used for design development of new instruments for neutron 
beam research. The window filter spectrometer and ДТ window spectrometer are two 
important examples. The ДТ window spectrometer showed how one can achieve high 
resolution (about 40 /¿V) by a simple physical technique. The Be filter based inverse 
inelastic spectrometer was shown to be useful for phonon measurements in constant 
Q-mode, especially for high energy excitations [8 ]. Appropriate to medium flux 
reactors, the Bragg-Misset method was used for obtaining magnon dispersion 
relations in ferrites.

The reactors at Trombay are also used for supporting applied work. Neutron 
radiography has been employed routinely for inspecting fuel pins, space application 
components, etc. High resolution neutron diffraction has been employed for giving 
information concerning the texture of uranium fuel rods. We have also initiated 
studies based on small angle scattering.
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Research reactors have generated a new vista by providing neutrons as an ana
lytical probe in basic science and high technology. The use of neutron beam tech
niques to provide information on a macroscopic level based on contrast variation in 
transmission and scattering geometries is well exploited. Prompt measurements using 
capture gamma ray or particle emission provide rapid on-line analytical data. The 
activation approach has, by virtue of its high sensitivity for quantitative and simul
taneous multielement analysis, established for itself a unique position.

New avenues for analytical characterization have been developed. An example 
is the work on the triple coincidence measurement of the annihilation of positrons for 
enhanced specificity in activation analysis. This yields new information on the chemi
cal state and abundance of the positron emitting element in a sample [9]. The ratio 
o f yields, 3y/2y,  is a measure of the extent of formation of the positronium, which 
has been substantiated through measurement of Doppler broadening and 
angular correlation and further confirmed through studies of magnetic quenching in 
angular correlation studies.

The flexibility of a swimming pool type reactor in accommodating real life sam
ples is to be appreciated. In this connection, the core of Apsara, which has proved 
to be so useful, has been reconfigured to provide an irradiation position [1 0 ] (central 
water hole), enhancing neutron flux by a factor of five. The relatively large volume 
of the irradiation capsule at the pneumatic carrier facility at Dhruva will allow analy
sis of real life samples with adequate sealing to preserve their integrity. The facility 
for irradiation is matched with the facility for radiation measurement involving multi
channel analysers, including a personal computer based multichannel analyser, 
designed and fabricated at BARC.

5.1. Applications

A few examples in some of the important areas are discussed here to demon
strate the versatility of neutron activation analysis. In materials science, this tech
nique has been applied in prospecting for uranium through analysis of thousands of 
samples using the delayed neutron counting technique, for characterization of candi
date materials for fuel, cladding and coolant, and of high purity materials such as sili
con and gallium for several ‘active’ impurities down to sub-pplO9 levels, and for 
studies of diffusion in metals such as gold in germanium. The major limitation in the 
analysis of ultra-high purity materials is in the ability to preserve the integrity of the 
sample from environmental and process contamination. A dust free laboratory with 
a minimum of metal components has been set up to provide better than class 1 0 0  

cleanliness at the work surface. With this clean facility we can characterize materials 
such as silicon and gallium to a purity of 0.999 999 with respect to specific impurities 
of interest to the end user. This capability is expected to improve further with 
developments in new approaches to (micro)chemical separations [1 1 ].

5. NEUTRON ACTIVATION ANALYSIS
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In the earth sciences, trace element analysis, particularly involving rare earth 
elements, has been carried out on samples of geochemical interest. These samples 
include Zr, Hf, Sc, Th and U. Some of the data have been used to explain the genetic 
relationship among rocks. This study supports an earlier hypothesis from this labora
tory that the detrital zircons of Kerala Beach are time integrated cumulates from the 
whole rocks of this region.

In the environmental and life sciences, neutron activation analysis for several 
elements was carried out on head hair samples from hundreds of persons. Coupled 
with multivariate analysis of the data, taking into account such qualitative features 
as occupation, proximity of living area to industrial activity, food habits, etc., these 
data have clearly established the usefulness of hair as an effective first level monitor 
o f exposure to metals.

Application of neutron activation analysis to forensic science has been pursued 
for nearly two decades now. Investigations have been undertaken in toxicology and 
ballistics and in establishing the commonness of origin of samples from the scene of 
the crime and from the suspect.

6 . DEVELOPMENT OF FUELS AND MATERIALS FOR POWER
REACTORS

A major goal of a fuel development programme is to develop an analytical 
approach for predicting the behaviour of power reactor fuels and to compare the 
results of the in-pile and out-of-pile tests with analytical predictions.

The out-of-pile tests are carried out in the loops circulating water under reactor 
coolant conditions. After successful completion of out-of-pile tests, in-pile irradia
tions are carried out to verify the design. The in-pile loops are closed loops with 
water circulating under power reactor coolant conditions under neutron irradiation. 
If the neutron flux at in-pile loop positions is lower than the power reactor neutron 
flux, plutonium enrichment can be used to achieve the same heat rating in fuel pins 
as that of a power reactor. The simulation of abnormal/accident conditions is also 
possible during in-pile loop irradiation.

The two BWRs at Tarapur Atomic Power Station (TAPS), which were the first 
reactors to be installed, use 6 x 6  fuel bundles as designed by General Electric. Over 
the years, we have made a number of design changes to improve the fuel perfor
mance. To prove the design, irradiation tests were carried out in the Pressurized 
Water Loop (PWL) at Cirus.

The 235 MW(e) PHWRs at Kalpakkam use 19 element fuel bundles. The future 
500 MW(e) PHWR fuel bundles will be of the 37 element type. To test the latter, 
two in-pile loops are being installed at Dhruva. These in-pile loops have the facilities 
to measure power and generate other useful data, such as surface temperature, 
activity leakage from defective fuel and defect deterioration.
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6.1. U 0 2-P u 0 2 fuel development

A new design of fuel assembly for recycling plutonium in TAPS reactors was 
established. Irradiations were carried out to verify the design, manufacturing and fuel 
specifications and the benchmarking of our computer codes. Some of the important 
design variables which have been studied with respect to their effect on fuel perfor
mance include (i) the particle size of P u0 2 agglomerates and the effect o f their rela
tive location in the pellet; (ii) low pellet sintering temperature (1250°C as compared 
with normal pellet sintering at 1650°C); (iii) pellet-cladding gap; (iv) type of filling 
gas (between pellet and cladding); (v) cladding manufacturing schedules. Previously 
TAPS fuel used cold worked cladding. Now it uses fully annealed, thicker walled 
cladding to improve the ductility at the end of life and to produce more consistency 
in mechanical properties. The cladding can also be given different types of surface 
treatment, such as autoclaving and anodic oxidation. We are now engaged in compar
ing the results of post-irradiation examination with our theoretical predictions.

6.2. T h02-P u 0 2 fuel development

A programme was initiated to study the problems associated with the utilization 
of thoria based fuels in PHWRs. The use of T h 0 2-P u 0 2 fuel is envisaged, to start 
with, for the generation of 233U, a change being made to 233U 0 2-T h 0 2 fuel in later 
cycles. The irradiation experiment is continuing in the PWL, and the fuel cluster has 
already accumulated a burnup of more than 12 000 M W -d/t. This-irradiation is con
ducted mainly to study the adequacy of design, pellet specification and physics 
parameters.

T h0 2 fuel bundles could be used for the initial flux flattening in PHWRs. To 
prove the design, four fuel bundles were irradiated in the MAPS-I reactor at 
Kalpakkam. These bundles have accumulated a burnup of more than 1600 M W -d/t. 
Three T h 0 2 fuel bundles have also been loaded in Dhruva recently.

6.3. Materials development programme

Structural materials undergo changes in properties during fast neutron irradia
tion and show an increase in brittleness and nil ductility transition temperature 
(NDTT). Research reactors provide an opportunity for extensive materials evalua
tion. A case in hand is the 3.5% Ni steel used in Rajasthan Atomic Power Station 
and MAPS-I as the construction material for the end shield. Since we are concerned 
about the increase in NDTT during irradiation, more than 100 samples consisting of 
impact and tensile specimens were irradiated in Cirus to different fluence levels and 
tested.

The 500 MW(e) PHWR fuel needs to be verified by irradiation before being 
introduced in the production line. The PWL will be inadequate for carrying out such 
work. To overcome this, two more in-pile loops will be installed at Dhruva. They
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will have a heat removal capability of 2.5 MW and 150 kW. Their characteristics are 
given in Table II.

6.4. Measurement of radiation induced creep

The dimensional stability of structural components of a nuclear reactor — be 
it thermal, fast or fusion — is of vital importance for its safe and economic operation. 
Distortions of core components, including fuel, can take place because of the radia
tion induced creep, growth and swelling which originate primarily because of the 
preferential migration of point defects, such as irradiation produced self-interstitial 
atoms and vacancies, to sinks such as edge dislocations, grain boundaries and voids. 
Because of the distinctly different fates of the two types of irradiation produced 
defect, metals, alloys and ceramics creep at such low temperatures and stress levels 
that creep will not occur in the absence of irradiation.

An in-pile rig, to be located in the C-25 channel of Dhruva, is being developed 
[12]. It is enclosed in a stainless steel tube which has internal and external diameters 
of 21 and 23.5 mm. The whole assembly is about 2 m high and consists essentially 
of the following: a system for stressing and heating the specimen and a system for 
measuring the creep induced strain. Stress is applied by making a bellows arrange
ment on one end of the channel and applying helium under pressure. Temperature 
is controlled by a six zone furnace covering the irradiation capsule. The system deve
loped for measuring the strain is sensitive to strains as low as 2  x  1 0 " 6 cm and is 
immune to radiation effects and temperature fluctuations due to gamma heating.

7. ISOTOPE PRODUCTION IN RESEARCH REACTORS AT TROMBAY

Another important area where establishing research reactors in the initial stage
of the programme has helped to produce a vital impact is the production of radioiso
topes. These have been used in such areas as agriculture, industry and medicine, 
which are crucial for a developing country.

Apsara was used for the production of short lived radioisotopes and for the 
irradiation of odd-shaped objects (for radiation damage studies) which cannot be 
accommodated in the irradiation capsules of Cirus and Dhruva. Because of its higher 
fast to thermal neutron flux ratio Apsara is ideally suited for the production of radio
isotopes produced by threshold reactions, e.g. 32S, 32P, 58Ni and 58Co, and is useful 
even today for production of short lived isotopes and for activation analysis.

Cirus, on the other hand, has tray rods, two of which are used exclusively for
the production of 60Co (long term irradiation) and two for production of medium 
half-life radioisotopes. In the six self-serve units, each of which can accom
modate five capsules, the available neutron flux varies from 2  x  1 0 12 to 
1.5 X 1013 n -cm '2 -s_1. It also has a large number of locations along the periphery 
of the core (J-rod annulus) where cobalt slugs are irradiated with a relatively low
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TABLE II. IN-PILE LOOPS AT THE BHABHA ATOMIC RESEARCH CENTRE

PWL,
Cirus

2.5 MW 
in-pile loop, 
Dhruva

150 kW 
in-pile loop, 
Dhruva

Neutron flux 5 x  1013 1 x  1014 1 X 1014
(n-cm '2- s ')

Test section i.d. 57.4 103.4 23
(mm)

Heat removal capability 400 2 500 150
(kW)

Coolant conditions:

Temperature (°C) 260 270 270

Pressure (kg/cm2) 105 110 110

Flow (kg/h) 20 200 90 000 9 500

neutron flux of 6  x  1 0 12 n-cm  2 -s_l (average) for periods ranging from six to ten 
years.

At Dhruva the irradiation facilities consist of two tray rods and two adjuster 
rods, incorporating cobalt, which are designed for overriding xenon poisoning. It is 
also provided with two self-serve units, each with five capsule positions and a neutron 
flux up to 4 x  1013 n -cm '2 -s_l. A special facility is at an advanced stage of comple
tion, where xenon gas at 1 0  atm 1 pressure will be irradiated for the production 
of l25I.

Radioisotope production started in India in 1956, and today BARC provides a 
nationwide integrated service for the supply of radioisotopes and their applications. 
The technology for the remote fabrication of high intensity radiation sources has been 
fully evolved. Over 700 BARC radiography cameras are in use in Indian industry. 
Over 80 laboratory irradiators have been supplied. A pilot plant is being set up for 
irradiation of sewage to eliminate pathogens.

Radioisotopes are being produced for teletherapy and brachytherapy. An esti
mated 75 000 cancer patients are being treated annually with indigenously produced 
60Co teletherapy sources. More than 60 formulations of radiopharmaceuticals are 
being supplied to 150 nuclear medicine and radioimmunoassay (RIA) centres in the 
country. An estimated half a million patients are thereby benefiting from the diagnos
tic therapy. Four regional RIA centres are in operation.

1 1 atm = 101.325 kPa.
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Carbon-14 and tritium labelled compounds are being synthesized. Labelled 
biomolecules which are important research tools in genetic engineering have been 
prepared using 32P and 35S.

Stable isotopes and radiotracers have also been successfully used for detection 
of leaks in buried pipelines and dams, for measurements of recharge to groundwater, 
flow in canals and rivers, and movement of sediment on the sea bed at various ports 
and harbours, and for studying the efficacy of percolation tanks. These studies have 
conferred significant economic benefits on the country.

8 . CONCLUSION

One of the topics of this symposium is international co-operation. A research 
reactor was perhaps the only means by which international co-operation in front line 
science was readily initiated in developing countries. It spread the most modern tech
nology to many parts of the developing world through the initiative of the Atoms for 
Peace plan. Even in countries which did not have any base for sophisticated science, 
a research reactor started this, forcing as it were the initiation of a scientific effort 
in those countries. It was the intention to share the most modern technology with a 
much wider population and bring home the fact that the nuclear age had dawned and 
no one could afford to remain ignorant of its implications even if different nations 
reacted differently to this innovation.

An international co-operative project on research reactor utilization was started 
under the India-Philippines-Agency Project in 1965. It has now led to the Regional 
Co-operation Agreement for Research, Development and Training Related to 
Nuclear Science and Technology (RCA) among the nations in Southeast Asia. Under 
the RCA, training programmes, workshops and seminars are conducted in the region, 
involving scientists from various centres. This has led to sharing of information, 
opportunities for working simultaneously on a given problem at many centres, and 
developing technological capability. A much larger programme under the United 
Nations Development Programme, namely for the industrial use of isotopes, has been 
under way for several years now. This has created awareness of the implications of 
industrial applications of isotopes in the region.

Among the more advanced countries the Institut Max von Laue-Paul Langevin 
(ILL) at Grenoble is an example of international collaboration. The High Flux 
Reactor at ILL has helped to promote the technique of neutron scattering in many 
areas of science by bringing thousands of scientists in Europe to contribute to this 
field.

This paper has described the utilization of research reactors in many areas sup
porting basic research, evolving technical capability and personnel training in one of 
the most advanced areas of human enterprise. In spite of the criticism attracted by 
nuclear power, we in the developing world are conscious of the fact that today 
nuclear power is the only viable source for the densely populated regions of the earth.
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Personnel training is essential for the realization of the objective of nuclear power 
development. Research reactors and their utilization constitute perhaps the only 
means by which this could be achieved.

From a purely scientific angle, it is clear that neutron scattering has contributed 
to the development of technology, especially in relation to detectors, electronics, data 
processing and instrumentation. It has also helped basic science by combining physi
cal techniques for chemical and biological sample analysis, generating information 
on new materials and functions. The use of isotopes for a variety of scientific, techno
logical and industrial applications has enormously influenced the acceptability of 
nuclear science to the common man.
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A bstract

PROGRESS TOWARDS BORON NEUTRON CAPTURE THERAPY AT HARWELL.
Studies at Harwell aimed at the treatment of certain forms of cancer by boron neutron capture 

using epithermal neutron beams have concentrated on measuring the neutron spectra from experimental 
beams and optimising filter components. Biological irradiations in these beams have produced valuable 
results which suggest that therapy in such a beam would be possible. Conceptual designs of larger, more 
intense epithermal beams for a possible therapy facility have been evaluated by Monte Carlo neutronic 
modelling.

1. Introduction
Boron N eutron C apture Therapy (BN CT) is a cancer therapy procedure 

based on the selective up take by tum ours of drugs into whose m olecules 10B has 
been incorporated. By subjecting the appropriate region of the body to 
neutrons, local tum our cell killing by the short range products of the 10B (n ,a )7Li 
reaction will occur. The encouraging degree of success in Japan  [1] in treating 
the brain tum our glioblastoma m ultiform e  using therm al neutrons has stim ulated 
research on a worldwide basis into the developm ent o f in term ediate energy 
neutron  sources tha t prom ise increased depth  of penetration . W hen sub
sequently m oderated  within the brain they give a much m ore uniform  
distribution than can be achieved with incident therm al neutrons. Knock-on 
protons generated  during m oderation  how ever deliver dose indiscrim inately to 
norm al and tum our cells, which m ust be reduced by minimising the incident 
neutron energy.

2. Filtered Spectrum Experiments
A n extensive series of radiobiology m easurem ents has been carried out to 

assess the  effect of p ro ton  recoil dose for two different neu tron  beam s from  the 
Harw ell M aterials Testing R eactors, D ID O  and PL U T O . The first beam  was 
based on filtering the in-core neutron spectrum  with a com bination of iron, 
alum inium  and sulphur [2]. Iron has a cross section window at 24.5 keV , which 
in conjunction with low cross sections of the alum inium  and sulphur at that 
energy, gives a beam  of high intensity and purity, windows in iron at higher 
energies being effectively blocked by the o ther com ponents. A lthough the small
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scatterer

FIG. ]. Biological sample irradiations in the liquid argon filtered neutron beam facility.

available beam  diam eter (50 mm) severely lim ited the beam  strength, this was 
largely com pensated by using an iron scatterer within the core, effectively 
increasing the source luminosity within the narrow  energy window by the 
D EN IS (D epth  E nhanced N eutron Intense Source) principle [3]. A t 
~ 3 x l 0 7 n cm -2 s-1 the beam  current was adequate to  perform  cell survival and 
chrom osom e abnorm ality generation m easurem ents to  quite high doses.

The results of these m easurem ents [4,5] w ere disappointing in tha t they 
revealed tha t protons generated  during m oderation  of 24.5 keV  neutrons 
displayed high L inear Energy Transfer (L ET) characteristics, tha t is the cells 
sustained dam age not readily subject to  repair. The burden of dam age to  norm al 
cells, especially of the scalp, per therm al neutron  delivered to  the tum our site, 
was judged to  be on the borderline of acceptability.

The second beam  to be developed follows earlier work by N oonan and Russell 
[6] and utilises the fact that alum inium  and sulphur exhibit low cross sections 
over the energy range up to  ~ 30  keV  with a significant increase above that. 
A rgon in liquid form  was added as a th ird  com ponent of the filter shown in 
figure 1 principally because of its low cross section coupled with higher gamma 
stopping pow er per nucleus than  either A1 or S. A  small 10B com ponent was also 
included to  rem ove therm al and low energy epitherm al neutrons.
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B oth beam s have been subject to  considerable developm ent effort, involving 
optim isation of lengths of the different filter m aterials and intensity and 
spectrum  m easurem ents. The iron filter gave a 24.5 keV  beam  with about 5% 
contam ination of neutrons mainly of higher energies, responsible for ~ 2 0 % of 
the dose rate  [7]. Proton recoil spectrom etry (PRS) was used to  good effect to 
obtain the spectrum . The A l/S/A r beam  on the o ther hand has a broad  spectrum  
extending right down to ~ 1  eV . PRS was em ployed to  derive the spectrum  
above 10 keV  but could no t be used below tha t because of gam m a pulse pile-up.

This low er energy range was covered by a spectrum  m odification technique, in 
which absorbers com prising different thicknesses of I0B pow der could be 
interposed in the  beam  and the transm itted  neutrons m easured. M easurem ents 
w ere m ade with a vanadyl sulphate (V O SO 4) bath , which essentially m oderates 
all the  neutrons in the beam , a p roportion  of them  activating the vanadium  to 
give a signal independent of neutron  energy. In addition B F 3 cham bers were 
used which introduce a 1/v ( = l / \ /E )  weighting into the signal. Because the 10B 
absorbers rem ove neutrons up to  a progressively higher threshold energy the 
thicker they are, in principle the m ethod can be used to  "strip" the spectrum . In 
practice the threshold is no t distinct and the spectrum  is determ ined by an 
unfolding technique.

T he first stage in this spectrum  unfolding process is to  carry out an initial 
estim ate of the beam  spectrum  based on the in-core spectrum  obtained from  a 
reactor lattice cell calculation using the M onte Carlo code M O R SE  [8 ]. This is 
then m odified by the energy dependent transm ission probability com puted from 
to tal cross section data  for the filter com ponents [9]. This stage is repeated  for 
the  filter with the various 10B absorber additions. These spectra are condensed 
into 2 0  energy groups, in each of which is calculated the average attenuation  of 
the V O SO 4 bath  and the B F 3 cham ber signals by the different thicknesses of 10B. 
This form s the basis o f  a response m atrix for a series of "detectors", each 
com prising a com bination of either V O SO 4 or BF3 with a given 10B absorber, 
which together with the m easured responses of the  detectors enables the 
estim ated spectrum  to be refined. This has been achieved using the SEN SA K  
code [10], which uses a variance m inim isation algorithm  and takes into account 
user supplied uncertainties and covariance m atrices for all the  input param eters 
in adjusting the initial estim ate of the spectrum . T he adjusted  20 group spectrum  
has been re-expanded to  give the best estim ate of the  detailed spectrum  shown in 
figure 2.

3. Biological Irradiations

The biological effect o f the filtered beam s was m easured by irradiating 
cultures of m am m alian cells. The cells w ere seeded into 35 mm tissue culture 
dishes and allowed to  becom e confluent prior to  irradiation. T he dishes were 
positioned at various depths within a polythene phantom  and irrad iated  for 24 
hours. The tem peratu re  was controlled at 37°C during irradiation and the dishes 
were sealed to  prevent evaporation of the culture m edium .

A fter irradiation, the cells were recovered and seeded afresh to  assay the 
num ber of survivors. In some experim ents 10B , in the form  of 10B enriched boric 
acid, was added to  the  m edium  to evaluate its effect on cell survival. The results
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FIG. 2. Energy spectrum o f the Al/S/Ar filtered beam resulting from the unfolding process.

obtained with 'H eL a ' (hum an cervical cancer) cells are shown in figure 3. 
Qualitatively similar results were obtained with 'V 79' Chinese ham ster cells. To 
facilitate com parison betw een the iron and argon filtered beam s the survival 
data are norm alised to approxim ately equal therm al neutron fluence at 15 mm 
depth in the polythene phantom .

In the absence of 10B the argon filtered beam  is clearly less damaging than the 
iron filtered beam . In  particular the iron beam  gave very low survival values at 
the surface of the phantom , as expected from  the ra ther high R B E  of 24.5 keV 
neutrons [51. A lthough adding 10B enhanced cell killing the extra effect due to 
30 [xg mLT was relatively small and there was no evidence of surface sparing 
unless 60 (xg m L "1 10B was added. It is unlikely tha t such high concentrations 
could be obtained in vivo. The results for the argon filtered beam  are 
prelim inary and m ust be in terpreted  with caution. H ow ever, they do show a 
greater enhancem ent by 10B, and perhaps m ore im portantly this may be 
sufficient over the first few centim etres to alleviate the surface effect and 
generate a therapeutic advantage.

On the basis of the results with the iron filter it can be calculated tha t, under 
optim ised conditions and with at least 30 fig m L '1 of 10B, BNGT might be 
feasible. The equivalent calculations have yet to be carried out for the argon 
beam  bu t the initial results suggest a superior perform ance.
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FIG. 3. Comparison o f iron and argon filtered neutron beams. The data are normalised to approxi
mately equal thermal neutron fluence at 15 mm depth. (Figure by courtesy o f A.J. Mill (private 
communication).)

4. Therapy Facility Considerations
The 50 mm diam eter neutron  beam  obtained in the experim ents would no t be 

sufficient for a facility designed to  irradiate patients for therapy. А -larger beam  
diam eter would result in a higher therm al flux at the tum our site, and an 
increased ratio  o f dose a t this position to the fast neutron dose to  the scalp. A  
broader beam  gives a greater neu tron  current simply because of the geom etric 
consideration of collection of neutrons from the scatterer through a larger solid 
angle.

The Harw ell M TRs have a variety of beam  facilities which may be candidates, 
but the largest which can penetrate  into the reactor core is only 50 mm in 
d iam eter. The o ther possibilities are larger facilities giving access to  the D 20  
reflector which surrounds the core. These would allow beam  tubes of three 
types: vertical, accessing the radial D 2Q  reflector; horizontal, passing 
tangentially close to  the core; and horizontal, d irected norm ally to  the core. 
Some of these horizontal holes are already extensively used for therm al neutron 
beam s. In every case the difficulty in extracting a higher energy beam  is that 
there  is a significant am ount of D 20  betw een the core and the point from  which 
the  beam  can be extracted , leading to  excessive softening of the spectrum . 
D esign efforts aim ed at utilizing these facilities for BN CT irradiations have 
therefore concentrated  on displacing this unw anted m oderator. T he perfor
m ance of the  design concepts has been evaluated by neutronic calculations of
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the flux spectrum  and level. The complex th ree dim ensional geom etry of the 
system has necessitated the  use of M onte C arlo techniques, and the code M CNP
[11] has been used, running on the Harwell C R A Y -2.

Two concepts have so far been analysed, a vertical facility know n as the 10V 
hole, and a tangential horizontal facility, 7H , both in the PLU TO  reactor. The 
d iam eter of each of these beam s is around 175 mm; their positions in the reactor 
are shown in figure 4. The M onte C arlo m odels using M CNP represent the 
essential features of the reactor in three dimensions: the D 20  tank , the beam  
tube and scatterer itself, and all 26 fuel elem ents in the core. The two fuel 
elem ents nearest to  the BN C T scatterer are m odelled in considerable detail. The 
M CNP cross section library based on EN D F-B /4 was used for nuclear data. The 
model was run as a fixed source solution, the source being a fission spectrum  in 
the fuel elem ents according to a typical core pow er distribution. Fluxes were 
scored in the scatterer using the track length estim ator technique, and were 
recorded in each of 18 energy bins of equal lethargy w idth spanning the range 
1 eV  to 1 M eV. In addition, the flux in a graphite scatterer w ithin one of the 
fuel elem ent holes was scored, this being equivalent to the source of the beam  
used in the experim ents already perform ed.

In the 10V vertical beam , it is envisaged that in order to  a ttract the highest 
possible epitherm al neutron  population in the scatterer, the tube will be lowered 
through the hole in the top  shield and then inclined at a small angle as shown in 
figure 4, thus bringing the scattering block close to  the ou ter fuel elem ents and
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FIG. 5. Calculated unfiltered spectra o f  neutron current from conceptual therapy facilities.

reducing the am ount of intervening m oderator. The scattering block is of 
zirconium  in this case.

U se of the  horizontal 7H  beam  hole, which as shown in figure 4 passes close to 
the core at its lower extrem ity, would be based on a scatterer w ithin the tube 
(graphite was assum ed in the calculations), and a block of some m aterial 
in troduced betw een the tube and the nearest fuel elem ents, to  displace the D 20 .  
This odd-shaped block could be inserted through a vertical hole in the top  shield 
and m anoeuvred in to  place while the fuel elem ents were rem oved. Three  
options have been considered for the m aterial of this block: solid alum ina 
(ÀI2O 3), and the two extrem e cases of com plete voidage and of D 20  (i.e. no 
displacem ent of the existing m oderator).

The results o f these calculations are  scalar volum e in tegrated  neutron  fluxes in 
the scatterer in each case. The neutron  flux available at the  therapy position at 
the end of the beam  is related  to  this flux in the scatterer and som e factor due to 
the differing geom etries, in particular the  diam eter o f the beam . To evaluate this 
geom etric factor, fu rther M onte C arlo calculations were perform ed using M CNP 
with the sam e m odels, bu t this tim e with a fixed source in the  scatterer itself, the 
scored quantity  being the neu tron  curren t across a surface at the ou ter end of the 
beam  tube. This was done also for the scatterer in the fuel elem ent hole, as in the 
experim ents.

The energy spectra of the em ergent neutron  currents ob tained by com bining 
these results are shown in figure 5. These are in tegrated  over the cross sectional 
area of the beam  in each case to  give the total num ber of neutrons em erging per 
second from  the beam  end. The spectrum  of the beam  from  the fuel elem ent 
scatterer corresponds to  the incident curren t on the filter in the  experim ents. I t
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will be seen that the spectra in the o ther two facilities are m ore favourable, in 
tha t there is a relatively sm aller high energy com ponent, so tha t less filtering 
may be necessary in these cases.

In the case of the 7H facility, the alum ina block provides little gain over 
leaving the gap flooded with heavy w ater, and although a void in this region 
shows a further im provem ent, this is unlikely to be an acceptable practical 
option for reactor safety reasons. H ow ever this result does show the maximum 
flux th a t could be achieved in this facility, and it is clearly inferior to  the 
alternative of an inclined vertical beam  in the 10V position.

5. Conclusions

Experim ents have shown tha t by careful optim isation of neutron filter 
m aterials it is possible to  extract from an M TR  a beam  with a spectrum  suitable 
for BN CT irradiations. Biological m easurem ents on these beam s have 
dem onstrated  that a peak in the therm al neutron flux can be obtained within a 
phantom  head, with good differentiation betw een the dose in norm al cells and in 
boron doped tum our cells. Some conceptual designs for therapy facilities based 
on broader, m ore intense beam s from  the reactor reflector have shown 
prom ising results. A  higher flux would still be desirable, and the next stage in the 
study m ust be to evaluate the options for a horizontal beam  which is radial to the 
reactor core.
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Abstract

A CLINICAL TRIAL OF NEUTRON CAPTURE THERAPY FOR BRAIN CANCER.
Neutron capture therapy (NCT) is a possibly effective form of radiation therapy for certain forms 

of cancer, e.g. glioblastoma multiforme, which are not amenable to treatment with existing modalities 
such as external beam radiation therapy, surgery, or chemotherapy. A large amount of preclinical 
research on NCT has been accomplished by a few groups in the United States of America and Japan. 
Encouraging results from the NCT treatment in Japan of about 100 patients with high-grade brain tumors 
have generated renewed interest in clinical trials in the USA. The authors outline a recently initiated 
three-year project which will culminate in a limited clinical trial of NCT. This work is being carried 
out by an interdisciplinary team from the Nuclear Reactor Laboratory of the Massachusetts Institute of 
Technology and the Tufts New England Medical Center. In preparation for a clinical pilot study, the 
team will design and implement an epithermal neutron beam at the Massachusetts Institute of 
Technology Research Reactor, evaluate the effects of boron neutron capture therapy on tumor and 
healthy tissue, and develop a methodology for NCT dosimetry and treatment planning. The clinical pilot 
study will take place in the third year of the project with the NCT treatment of five to ten patients with 
grade III—IV astrocytoma.

1 .  IN T R O D U C T IO N

This paper outlines how we at the Nuclear Reactor Labora
tory at the Massachusetts Institute of Technology (MIT) and at 
the Tufts New England Medical Center (NEMC) propose to carry 
out preclinical scientific and clinical pilot studies in neu
tron capture therapy (NCT). An interdisciplinary medical and 
scientific team and available resources at both institutions

* This work was supported by the United States Department of Energy under contract 
DE-FG02-87ER60600, the Massachusetts Institute of Technology, and the Tufts New England Medical 
Center.
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will be combined to maximize the probability of success. Our 
aim is to explore whether NCT offers a superior alternative 
treatment to existing combined modality treatment for brain 
tumors. References [1], [2], [3], and [4] summarize the cur
rent status of NCT research in all areas.

In the current three-year project we plan to focus on the 
treatment of grade III-IV astrocytomas. Approximately 6000 
deaths occur annually in the United States from this type of 
cancer. The radiobiological and histological characteristics 
of high-grade astrocytomas (often referred to as glioblastoma 
multiforme) have continually frustrated attempts at their 
treatment using available therapeutic modalities. Recently a 
4-6% five-year survival rate has been reported [5]. Clearly, 
the success of NCT could create a large impact on survival with 
this form of cancer.

Neutron capture therapy for cancer treatment was first 
suggested by Locher in 1936 [6]. During the early 1940's sev
eral workers investigated this technique in animals using vari
ous boron and lithium compounds. Sweet and Javid [7] first 
demonstrated that certain boron compounds concentrate in human 
brain tumor relative to normal brain tissue. Subsequent stud
ies, principally at the Bróokhaven National Laboratory (BNL) 
and at MIT in conjunction with the Massachusetts General Hospi
tal (MGH), resulted in clinical trials of NCT at Brookhaven
during 1951 and 1952 [8,9], at the MIT Research Reactor from
1959 to 1961 [10], and at Teikyo University, Japan, since 1968 
[1,3]. Unfortunately from the viewpoint of clinical outcome, 
the early trials in the United States were a failure due to 
various physical and clinical factors which are now better un
derstood. The later more extensive Japanese trials by Hatanaka 
showed - and continue to show - encouraging results [1,2,4]. 
In the previous BNL and MIT/MGH trials three serious problems 
existed which have now been resolved. First, the boron com
pounds employed at that time, although being adequately ex
cluded from normal neural structures, nevertheless resulted in 
very high blood concentrations - often higher than their con
centrations in tumor tissue - which sometimes resulted in ex
tensive damage to cerebral microvasculature. Connected with 
this problem was a second one; namely, that the high boron con
centrations in blood occasionally caused serious radiation dam
age to scalp within the radiation field. Third, at the time of
the early trials there was no methodology for rapidly measuring 
boron’ concentrations in blood prior to irradiation, such as 
prompt gamma analysis, available to investigators. Lacking 
such a capability, which now exists, the early investigators 
had no warning of the unexpectedly high blood boron concentra
tions in many of the treated patients.



IAEA-SM-300/82 415

The promising results from Japan and a generally improved 

understanding of the various factors involved in NCT have en

couraged us to proceed with further clinical studies on NCT in 
the United States.

2 .  P R E C L I N I C A L  R E S E A R C H  AND D E V E L O PM E N T

The Workshop on Neutron Capture Therapy, held January 22- 
23, 1986 at Brookhaven National Laboratory, Upton, New York, 
and sponsored by the US Department of Energy [3], developed an 
international consensus as to the preliminary steps that should 
be accomplished as part of a research program in NCT leading to 
clinical trials. In this section, we briefly enumerate the na
ture of these preclinical tests as they relate to our own re
search program.

Much valuable preclinical information on NCT has been com
pleted collectively by various research teams throughout the 
world. It would seem that adequate analytic tools for perform
ing accurate macroscopic and theoretical microscopic dosimetry 
are available. These include threshold activation foil neutron 
beam characterization, prompt gamma rapid assay of blood boron 
concentration, Monte Carlo macroscopic tissue dose distribu
tions, and Monte Carlo microdosimetry [11]. Also, the technol
ogy for investigating new boron carriers by accurately measur
ing sub-cellular level boron distributions has been developed. 
Most importantly, canine brain dose tolerance experiments and 
the patient data from Japan have established a range of radia
tion doses which appear to be sufficiently tumoricidal and yet 
preclude injury to normal tissue structures.

The important areas which still require more research 
prior to the MIT-NEMC clinical trial of NCT are:

• Refinement of neutron-induced alpha autoradiography to 
permit complete characterization of the spatial distribution of 
boron-10 present in tissue.

• Determination using animal models of the effects on the 
cerebral microvasculature of the boron-10 reaction for cases in 
which the radiation dose is designed to cause deleterious ef
fects.

• Examination of the relative merits of rapid vs. pro
tracted neutron irradiation, vis-à-vis minimizing the biologi
cal effect of low LET components in the radiation field by al
lowing time for repair to take place.
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• Development of an epithermal neutron beam with adequate 
intensity and sufficiently low fast neutron and gamma contami
nation to allow irradiation through the intact skull (and, 
therefore, parallel-opposed treatment), and thus to allow the 
treatment of deeper tumors than is possible using a thermal 
neutron beam, as used for patient treatment in Japan.

• Examination of the optimum administration procedure for 
the boron-containing compound, using track etch techniques to 
measure tumor cell-to-blood B-10 ratios and absolute B-10 tumor 
cell concentrations.

• Improvement in the methods for treatment planning using 
Monte Carlo techniques, such that accurate individualized dose 
delivery can be accomplished for each patient.

3. DESCRIPTION OF FACILITIES

The 5 MW(th) MIT Research Reactor (MITR), Fig. 1, which 
first achieved criticality in 1958, was designed with the spe
cific intent of using neutron capture therapy to treat pa
tients. As part of the facility's original construction, a 
medical room was built directly under the reactor. MITR under
went an extensive modification and upgrade in 1973-1976. It is 
now a light-water cooled, heavy-water reflected, tank-type 
reactor. A major design goal of this upgrade was to produce a 
superior thermal neutron beam with a minimum of fast neutron 
and gamma-ray contamination. Fig. 2 is a vertical cross sec
tion of the medical therapy room showing both its geometric re
lation to the reactor core and the physical arrangement of the 
various shutters that control access to the neutron therapy 
beam. The room itself is designed as a small operating thea
ter. Located in the center of the room is a surgical couch 
mounted on a vertically adjustable pedestal. Fig. 3 shows a 
photograph of a manikin on the surgical couch located below the 
treatment beam aperture. Above the manikin is seen the neutron 
collimator of the therapy beam. The collimator is constructed 
of Li-6 loaded polyethylene sheets surrounding Li-6 loaded 
epoxy resin designed to collimate the neutron beam to the ap
propriate site on the patient's head. In an actual treatment 
situation the collimator would be brought into virtual contact 
with the patient's head.

Access to the neutron therapy beam is currently controlled 
by three shutters. These are a tank filled with light water, a 
lead shutter, and a boron-containing shutter. This shutter 
arrangement enables the therapy beam to be controlled independ
ently of the normal operation of the reactor. Opening of the
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lead shutter causes a bismuth plug to be centered within the 
therapy beam. The bismuth attenuates undesired gamma rays 
while allowing neutrons to pass. The energy spectrum of the 
neutron beam can be modified by a fourth shutter, a tank of 
heavy water located directly below the undermoderated core of 
the MITR. When this tank is voided, the epithermal fraction of 
the neutron flux entering the medical room is substantially in
creased. The level in this tank can be adjusted as desired
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FIG. 3. Manikin on surgical couch in medical therapy room.

thereby providing a selectable spectrum of neutrons. The pres
ent treatment beam has a thermal neutron flux of 4-9• 104 neu- 

—2 —1
trons cm *s , which can easily be increased by 2-4 times, if 
desired, and low associated exposure rates of 3-10 rad/min 
incident gammas and 0.3-10 rad/min fast neutrons.1 (Note: The
lower figure is for the D20 shutter closed, the higher for it 
open.) Using this beam it is possible to deliver a useful 
therapeutic dose by neutron capture in “20 min to 1 hour assum
ing typical concentrations of B-10. Fig. 4 [12] shows the ab
sorbed dose versus depth in a polyethylene head phantom for the 
DjO shutter open.

In addition to the medical therapy room, facilities exist 
for neutron-induced alpha autoradiography, neutron activation 
analysis, and state-of-the-art software including Monte Carlo 
codes. The staff of the MIT Research Reactor is skilled in re
actor operation, reactor physics, and calculational methods for 
neutron transport. Complementing this group are the physicians, 
and medical physicists of the 469-bed tertiary-care hospital of 
the Tufts New England Medical Center. On the staff of the lat
ter are experts in therapeutic radiology, diagnostic radiology, 
neurology, neurosurgery, adult and pediatric oncology, pathol
ogy, radiotherapy treatment planning and dosimetry. These spe
cialties are represented in the NEMC Brain Tumor Therapy Group, 
an active group of collaborating physicians and physicists who 
have spearheaded other innovative brain tumor therapy programs 
in the past, most recently including radioactive iridium seed 
implantation of grade III-IV astrocytomas.

1 1 rad =  0.01 Gy.
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4. PROPOSED RESEARCH

The proposed research is anticipated to require three 
years and will culminate in a clinical pilot study in which 
five to ten glioblastoma patients will be treated. Six sub
tasks will be completed, which are described below.

4.1 Refinement of Neutron-Induced Alpha Autoradiography

This analysis technique quantifies the spatial distribu
tion and concentration of boron in tissues and cells. Nuclear 
track detection in solid-state media is a well-established 
technique and recently completed work at MIT [13] has adapted 
the technique for NCT so that (1) the helium-4 and lithium-7 
charged particles that are released by the B-10 reaction can be 
detected with sufficient spatial resolution (at least several 
micrometers) so that the location of the B-10 (whether intra- 
or extracellular) can be determined; (2) the helium-4 and 
lithium-7 charged particle tracks can be identified independ-
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ently of lighter charged particle tracks due to recoil or ni
trogen capture protons; and (3) the track-etch process can be 
performed with the tissue section in contact with the track de
tector so that the spatial registration between the tissue and 
the detector is preserved. This latter accomplishment permits 
the etched tracks to be viewed superimposed on the microscopic 
image of the stained tissue. Further research is planned to 
permit the complete spatial fixation of the boron-10 present in 
the tissue. A portion, perhaps half, of the B-10 is unbound 
and, therefore, prone to redistribution during preparation of 
the specimens that are to be etched. In addition, existing 
pattern-recognition image analysis methods are being adapted to 
automatically read the final etched film and tissue section and 
to analyze the anatomical distribution of the B-10.

4.2 Effects on Cerebral Microvasculature of B-10 Reaction

Studies have been performed at MIT using adult beagle dogs 
which showed that a macroscopic B-10 dose of up to 2870 rad to 
the surface of the brain can be tolerated with no clinically 
observable deleterious effects over a 9-month postirradiation 
period, nor any abnormalities on subsequent pathology [14]. 
Studies should also be performed in which observable microvas- 
cular damage is apparent. Such information would facilitate 
correlation of radiation doses within the brain with observed 
radiation effects on cerebral tissue obtained from autopsies of 
non-surviving patients^ This information will be obtained us
ing small animals (such as rats) which have a cerebral micro- 
vascular anatomy similar to humans. They will be injected with 
B-10 compound and irradiated with thermal neutrons over a range 
of B-10 doses from 2000 to 6000 rad.

4.3 Design and Implementation of an Epitbermal Beam

Both thermal and epithermal beams are of interest for the 
treatment of tumors using neutron capture therapy. The princi
pal difference is that use of an epithermal beam would provide 
deeper penetration, 6-7 cm rather than 4-5 cm, for well therma- 
lized beams. The advantages of the thermal beam are that (1) 
the beam will contain relatively little contamination from in
cident fast neutrons and gamma rays and therefore the treatment 
may not have to be fractionated (a large part of the low LET 
contamination resulting from thermal treatment beams is due to 
induced gammas from hydrogen in the patient's own brain tissue, 
so an extended irradiation may still be warranted to permit low 
LET damage repair to take place); (2) the necessary dose can be 
delivered rapidly if desired in =>20-60 min; (3) the neurosur
geon will be able to examine the craniotomy site prior to 
treatment; and (4) it will be possible to monitor physically
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the actual fluence delivered to the brain surface. The advan
tages of the epithermal beam are that (1) the penetration of an 
epithermal beam is superior, enabling the treatment to be de
livered through the intact scalp and skull, thus precluding the 
necessity of surgery immediately prior to irradiation; and (2) 
midline-seated tumors, which are not amenable to surgical de- 
bulking, could be treated by delivering the fluence via two 
parallel-opposed fields. At present, the collective judgment 
of the NCT community is that an epithermal beam is desirable if 
a sufficiently intense and "clean" beam can be achieved.

The MIT Research Reactor's medical treatment facility was 
optimized for a thermal beam during the reactor modification in 
1973-1976. Given the existence of this excellent "clean" beam 
and the success that Hatanaka [4] has achieved using a thermal 
beam, it is desired to retain this capability. Accordingly, 
while it is planned to modify the MITR's medical facility to 
provide an epithermal beam, this modification will be done in 
such a way as to be easily reversible, thereby not sacrificing 
our excellent thermal beam capability.

It is planned to design an epithermal beam having an 
energy range of 1 eV to =30 keV by using s-wave resonance and 
potential scattering interference filters. These filters, 
e.g., using a combination of aluminum and sulfur, will be in
stalled in the upper region of the existing beam port, possibly 
in the water shutter. In addition, the heavy water shutter 
will be drained to enhance the source of epithermal flux and 
shielding will be optimized to reduce the gamma-ray field with
out inordinate reduction in the epithermal neutron component. 
Initial calculations and measurements suggest that the result
ing epithermal beam will have good spectral characteristics for 
neutron capture therapy with enough intensity to deliver a 
therapeutic dose in less than five to ten one-hour fractions.

4.4 Boron-10 Uptake Patterns in Human Glioblastoma Specimens

A major concern regarding the application of neutron, cap
ture therapy is that significant numbers of tumor cells might 
not take up sufficient quantities of the boron compound and 
would therefore survive the treatment. This potential problem 
will be investigated by using neutron-induced alpha autoradiog
raphy to examine the spatial distribution of boron-10 in human 
glioblastoma patients. The boron-10 compound will be infused 
into glioblastoma patient volunteers a few days prior to their 
routine debulking craniotomy. Blood and tissue samples taken 
at the time of the craniotomy will then be examined. Informa
tion will thereby be obtained both on the spatial distribution 
of cell-bound boron-10 and on tumor cell to blood boron-10
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ratios in different regions of tumor. Such information is 

essential to the evaluation of boron compounds for NCT.

4.5 Monte Carlo Methods for Treatment Planning

An important factor in the planning of clinical trials of 
neutron capture therapy is the capability to characterize the 
spatial radiation dose distributions of the various radiation 
components within the brain of the specific patient to be 
treated. These include incident and induced gamma rays, fast 
epithermal and thermal neutrons, and alpha and Li-7 particles 
from the boron reaction. Drawing on extensive completed work 
that was done at MIT to apply both discrete ordinates and Monte 
Carlo techniques, computer-based models of each patient's head 
will be developed using CT scans and a state-of-the-art neu
tron/photon-coupled Monte Carlo code called MCNP. This will 
permit radiation therapists to examine the precise spatial dis
tributions of the various dose components for each individual 
patient prior to treatment.

4.6 Clinical Pilot Study

The final year of the project will constitute the clinical 
applications phase in which a group of five to ten glioblastoma 
multiforme patients will be treated using neutron capture ther
apy. Patients accepted for this study must be diagnosed as 
having a relatively superficial unifocal grade III-IV primary 
astrocytoma but otherwise be in generally good medical condi
tion. Selected patients will undergo a standard craniotomy for 
tumor debulking and biopsy. This will be followed by a three- 
week recovery period. At the beginning of the third week, 
the patient will be started on an intravenous infusion of 
Na2B 12H n S H  (95% enriched B-10) compound. A dose of approxi
mately 30-50 mg of В-10/kg body weight will be delivered over a 
seven-day period. During this period the neutron beam at the 
MIT Research Reactor will be calibrated using a gelatin phantom 
fashioned to represent both the patient's head and the craniot
omy site based on previously obtained CT (computerized tomog
raphy) scan data. Immediately prior to treatment, blood sam
ples will be taken for prompt gamma boron-10 assay. That in
formation, in conjunction with the Monte Carlo treàtment plan 
and the beam calibration, will determine the exact treatment 
time. It is estimated that each patient may receive five to 
ten fractionated treatments with there being a treatment time 
of 1-2 hours per fraction to deliver 2000 rad of macroscopic 
boron-10 dose to blood at a depth of 0.5 cm beyond the deepest 
extension of the tumor bed. Blood samples will be drawn and 
analyzed following each fraction of the treatment. Following 
completion of the entire course of treatment, the patients will 
be monitored using CT scans and other diagnostic modalities.
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There is a worldwide growing interest in neutron capture 
therapy for the treatment of high-grade brain tumors and other 
cancers. The research program now being undertaken jointly by 
the Tufts New England Medical Center and the Massachusetts 
Institute of Technology will culminate in clinical trials that 
should determine whether or not neutron capture therapy does
offer a superior alternative strategy to existing combined mo
dalities for the treatment of cancer. The unique strengths of 
the MIT-NEMC effort are (1) its strong multi-disciplinary ap
proach and (2) its physical resources. The former includes ex
pertise in reactor design, operation, safety, and dosimetry, 
and senior clinical expertise in the areas of radiation ther
apy, neurosurgery, neurology, neuroradiology, medical oncology, 
pathology, and medical physics. The latter include the medical 
therapy room of the MIT Research Reactor and the outstanding 
patient care facilities of the Tufts New England Medical
Center. MIT and NEMC are located across town from each other.
This combination of resources and expertise greatly enhances 
the probability of a successful clinical outcome for neutron 
capture therapy.

5. CONCLUSION
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Abstract

THE NEUTRON THERAPY REACTOR — A STUDY OF NECESSARY PROPERTIES AND 
PARAMETERS.

Fundamental radiobiological investigations and clinical studies have proven the expected superi
ority of neutron therapy for the treatment of special tumour types and/or sites. Commonly used neutron 
radiotherapy units are cyclotrons and D-T neutron generators. Although these facilities have certain 
advantages, they also have several disadvantages which compromise treatment plans. The first promis
ing radiobiological results with fission neutrons and the increasing need for neutron irradiation capacity 
make it worth while to examine the applicability of existing research reactors for this purpose. On the 
basis of pilot studies and clinical trials the essential requirements for a neutron therapy unit are specified. 
Using these general aspects and realistic data an attempt is made to outline the necessary properties and 
parameters of a neutron therapy reactor (NTR). A first analysis shows that fission reactors should be 
reconsidered as neutron sources for radiation therapy. Specially designed NTRs could be operated as 
hospital based therapy units.

1. INTRODUCTION

In recent years progressively more evidence has become available indicating the 
superiority of neutron therapy compared with commonly used photon irradiation for 
the treatment of some special tumour types and/or sites. Both thermal and fast neu
trons have been used for fundamental studies of cellular viability and induction and 
repair kinetics of DNA strand breaks. Fast neutrons have also been used in treatment 
of human cancer. The results of many authors reveal that neutrons have a higher rela
tive biological effectiveness (RBE) for cell killing compared with “ Co gamma rays. 
Although all biological effects and mechanisms have not been investigated in detail 
or are not yet fully understood, it can be stated that the application of neutrons would 
expand the therapeutic possibilities in cancer treatment, especially in cases in which 
cancer seems to be insensitive to photons.

Commonly used neutron radiotherapy units are cyclotrons and D -T  neutron 
generators. Despite their advantages these facilities also have several disadvantages
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(e.g. low output and wide penumbra) which compromise treatment plans and 
decrease the chance of delivering an adequate dose uniformly throughout the tumour.

Although until recently there had not been much experience with reactor neu
tron treatment of human cancer, the first promising results with fission neutrons using 
research reactors have been published [1]. These and the increasing need for neutron 
irradiation capacity for extended investigations and clinical trials make it worth while 
to examine the applicability of fission reactors for this purpose. This paper discusses 
the question whether the fission reactor has a chance to become a clinical and possibly 
a hospital based neutron radiotherapy unit.

This question is closely related to the design and operation of research reactors. 
The necessary properties and parameters of such a neutron therapy reactor (NTR) are 
analysed here more from the viewpoint of the requirements of the clinical application 
than in terms of the details of its physical and technical realization.

2. GENERAL ASPECTS OF NTR

The desired therapeutic effect is tumour eradication with minimal impairment 
of the integrity and function of the surrounding normal tissue. Thus the NTR has to 
offer a ‘therapeutic gain’ in comparison with photon irradiation.

Radiotherapy with X-rays or telecobalt units is today a well established and 
highly sophisticated method. It will be expected that a new radiotherapy unit com
bines therapeutic gain with all conveniences of the standard methods.

Radiotherapy is today strongly ruled by legislation and guiding principles in 
order to ensure the radiation protection of the patient. Therefore, each project of a 
new radiotherapy unit has to be screened for its conformity to the existing principles 
of quality assurance in radiation therapy, which means first of all safety, accuracy, 
reproducibility and reliability.

Radiotherapy is today planned and performed according to the needs of the 
individual patient. This means that the NTR would have to be operated for each 
patient with a specific irradiation programme. This requires a high flexibility with 
respect to beam quality and operational conditions.

3. NECESSARY BEAM PROPERTIES AND PARAMETERS FOR NEUTRON 
THERAPY

On the basis o f pilot studies and clinical trials at medical centres in the German 
Democratic Republic [2, 3] and other countries [4], the essential requirements with 
respect to radiation field sites and sizes, beam spectrum, dose and dose rate, and 
irradiation schedule can be specified as follows.
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3.1. Tum our site and  irrad iation  field size

Since 1977, neutrons have been in use for treatment of advanced tumours in the 
skin, soft tissue, head and neck region, thorax, bladder, rectum and prostate. There
fore, tumour sites for neutron treatment may be distributed over the whole body, at 
both superficial and deep sites. It is preferred that the head and neck region and soft 
tissue sarcoma be treated with neutrons.

The required irradiation field has an area of no more than 200 cm2 for rectan
gular ( ~  10 x  15 cm2) and circular fields. To avoid severe side effects the beam 
should be well collimated with high dose rate gradients at the field borders.

3.2. Beam spectrum

Knowledge of the beam spectrum is the most fundamental requirement for defi
nition of radiation quality and for therapy planning.

The expected therapeutic gain is related to a higher linear energy transfer (LET) 
for neutrons than for gamma rays. Both thermal and fast neutrons produce high LET 
radiation by interaction with human tissue. Up to now there has been no agreed opti
mum neutron energy as defined by radiobiological effects. But it is agreed that the 
necessary depth dose distributions for deep sites require fast neutrons.

To study radiobiological effects the beam should be as pure as possible. For 
clinical applications, contaminating gamma rays (even with a contribution of 50% of 
total absorbed dose) seem not to affect the quality of treatment. Indeed, some studies 
[4] indicate better results with mixed neutron-gamma treatment or gamma therapy 
followed by neutron irradiation. Therefore, a gamma contribution in the beam 
appears to be tolerable, if not desirable, and strong gamma filtering is not necessary.

3.3. Dose and  dose ra te ; accuracy

The applicable dose is limited by the reactions of the normal tissue. It has been 
proven that a fractionated irradiation yields higher RBE values. Therefore, the total 
dose is split into several (e.g. five) fractions. To minimize skin effects a fraction may 
be split once more for two or more irradiation fields. This has two consequences: the 
dose per fraction and per irradiation field is lower than in a single dose treatment, 
but the number of necessary irradiations rises considerably.

Generally the total dose per treatment should not exceed 10 Gy, which means 
that the dose per irradiation is about 1 Gy. The required dose rate is given by the 
ratio of dose per irradiation and an appropriate irradiation time and should not exceed
0.5 G y-m in"1.

The greater slope in the dose-effect relation and the smaller total dose for neu
trons as compared with gamma rays mean that the therapeutic parameters must be 
more accurately specified, not only in treatment planning but also in control of the 
administered dose (± 3% ) during irradiation.
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3.4. Irradiation schedule

Between irradiations there should be intervals (approximately 2 min or less) for 
the operating staff to enter/leave the irradiation room and to fix the position of the 
irradiation fields, in which neutron output is unnecessary or even unwanted because 
of radiation protection requirements. Such a beam on/beam off mode can be realized 
by steady state operation of the neutron source with movable beam shutters or with 
a switch on/s witch off neutron production regime.

The irradiation time should be as short as possible to minimize physical and 
mental stress for the patients and also to guarantee properly fixed irradiation fields 
during treatment as a certain number of irradiations per unit time (no more than 15 
per hour). Irradiation times up to 103 s are considered as the maximum bearable for 
patients.

4. OUTLINE OF NTR

On the basis of the criteria described above the essential features of an NTR will 
be outlined using the following assumptions and data:

— Small core;
— Pulsed mode operation: low, steady state power, 1-100 W, with power

excursion;
— Sufficient shielding with horizontal and vertical beam ports;
— Gamma filter;
— Neutron energy converter;
— Time to administer a radiation dose of D = 1 Gy to the irradiation field: 102 s.

The relationship between the radiation dose D and the geometrical and opera
tional parameters of the NTR can be expressed by

where

Ф(Е„) is the fluence,
r)/p (En) is the fluence-dose conversion factor,
G(x, En) is the geometry factor,
C(En) is the power-flux conversion factor,
K(E„) is the yield of the energy converter,
F(En) is the absorption factor of the filter,
P is the reactor power,
x is the distance to the core centre,
En is the neutron energy.
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The fluence-dose conversion factor depends strongly on the neutron energy. 
Fluences equivalent to 1 Gy are presented below:

En (MeV) Ф (cm-2-Gy"1)

Thermal 1012
1 5 x  1010
2 3 X 10'°
6 2 x  10'°
14 1.5 X 10'°

In the following, the energy dependence of G and С will be neglected. Con
sidering, for example, only the fast component (En >  1 MeV) of neutron leakage 
current and assuming that a distance of 1.5 m is sufficient for shielding and collima
tion, the geometry factor G is about 1 X Ю-3. With an unfiltered beam (F = 1), 
without an energy converter (K = 1) and using a value of 1 X  10"7 W "1 -cm"2-s_l 
for C, then the time integral of the power has a value of 5 M W -s.

Current medium and high flux research reactors are obviously able to release 
this energy in a short time. Calculations of kinetic behaviour for different NTR core 
models show that such values can be achieved with power excursions initiated by an 
excess reactivity of less than $1, provided that the reactivity feedback is not too 
strong. Published measurements with modern research reactors [5] confirm these 
estimates.

Thermalization of the neutron beam together with the use of a 235U converter 
plate offers an additional promising variant for neutron irradiation, if a conversion 
factor near 1 can be realized.

Depth dose distributions similar to that for 60Co gamma rays require a neutron 
energy of En «  14 MeV. Energy conversion of thermal neutrons to D -T  neutrons 
is possible, but fusion converters (6LiD, 6LiOD +  D20 , 3He + D2) have too poor 
conversion factors (K «  2 X  10~4) to administer the required fast fluence in a 
reasonable time.

Gamma filters in the beam reduce the available neutron dose (F ~  0.1); this 
unavoidable loss must be compensated for by longer irradiation times.

5. CONCLUSIONS

The fission reactor with or without an energy converter, depending on the 
required depth dose distribution, should be reconsidered as a neutron source for radi
ation therapy. Existing research reactors are appropriate for fundamental investiga
tions and pre-clinical studies. However, clinical routine therapy requires a specially 
designed NTR.

Reviving ideas of the 1950s and using the hitherto gathered experience in con
struction and operation of research reactors, it could be feasible to operate an NTR 
as a hospital based therapy unit even though treatment conditions might be far from 
ideal.
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Abstract

STATUS OF MULTI-PURPOSE RESEARCH REACTORS AT THE TOKAI RESEARCH 
ESTABLISHMENT.

A wide variety of studies and tests have been conducted with Japan Research Reactors JRR-2 and 
JRR-4. The paper describes the present circumstances concerning their utilization. The operation sched
ules, staffing and budget are discussed. The various facilities and their applications, including training 
courses, are described.

1. RESEARCH REACTORS

The two reactors JRR-2 and JRR-4 are now in operation. Another 

reactor, JRR-3, has been shut down since 1983. The latter is under 

re-construction for upgrading and will be operable in October 1989 

i l l .
JRR-2 is a heavy water moderated and cooled reactor, which can 

produce 10 MU of thermal power and 2X1018 n/rrf*s of thermal 

neutron flux. It has been operated for 27 years since it reached 

initial criticality on October 1, 1960. The enrichment of its 

reactor fuel elements will be converted from 93 %  to 45 %  in 

November 1987.

JRR-4 is a light water moderated and cooled reactor, which can 

produce 3.5 MW of thermal power and 7 X 1 0 17 n/irf*s of thermal 

neutron flux. It was operated only for shielding experiments during 

the first 10 years after its initial criticality in January 1965 

with a power of 2.5 MW. It has been utilized for general studies 

since its power level was raised to 3.5 MW in October 1976.
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FIG. 1. Operation schedules o f reactors JRR-2 and JRR-4 (FY 1985).
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TABLE I. CHARACTERISTICS OF JRR-2 AND 
JRR-4

JRR-2 JRR-4

Type tank pool
Thermal Power (MW) 10 3.5
Moderator heavy water light water
Coolant heavy water light water
Initial Criticality Oct. 1960 Jan. 1965
Neutron Flux (n/m2 -s)

Thermal (max.) 2 .Ox 1 0 1* 7.Ox 1017
Fast (max.) 7.Ox 1017 1.7x 1 0 17

Utilization
Days/cycle 12 A
Cycles/year 13 43

The characteristics of these reactors are shown in TABLE I . 

The two reactors are not similar, and there is a great opportunity 

for multi-purpose use at present because many different points for 

irradiation or experimentation are available.

2. OPERATION OF RESEARCH REACTORS

JRR-2 and JRR-4 are generally operated for 13 cycles and 43 

cycles each year respectively. A cycle of the former is 12 days 

long and its power level is constant during day and night. But that 

of the latter is 4 days in a calendar week; its power is raised in 

the morning, continued at a constant maximum power of 3.5 MW for 6 

hours and decreased in the evening. Additionally the power of the 

latter can be changed at the request of the user, for example for 

the duration of training conducted by the Nuclear Engineering 

School in JAERI.

The operation schedules of the two reactors in FY 1985 are 

shown in FIG.l. Time amounting to 15 weeks and 9 weeks was consumed 

for the overhaul and inspection of JRR-2 and JRR-4 respectively. 

These schedules were planned on the principle that one reactor 

would be operated during the overhaul and inspection of the other 

one because of demand from users, for example, the Department of 

Radioisotopes in JAERI. The attainment of these schedules could be 

said to be reasonable because only JRR-4 has experienced an 

unscheduled shutdown so far; this was caused by an earthquake.
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Budget Total:
564 million yen

FIG. 2. Distribution o f staff members and budget.

Reactor operation requires skilled and experienced staff 

members for, e.g., operation and maintenance, water and gas analysis, 

nuclear fuel management, reactor utilization and post-irradiation 

examination (PIE). These staff members all belong to the same 

department, called the Department of Research Reactor Operation.

The budget for supporting their activities is shown in FIG.2, which 

gives the average figures for the period from FY 1983 to FY 1986. 

Expenditures on buying and reprocessing of nuclear fuel, making of 

reactor fuel elements and salaries of staff members are not 

contained in these figures.

Other work related to reactor operation, i.e. the supply of 

electricity, water and air, operation of the exhaust gas system, 

radiation control and monitoring, and radioactive waste disposal,.is 

performed by staff members belonging to other departments in our 

establishment.

3. UTILIZATION OF RESEARCH REACTORS

The two reactors have survived longer than 20 years. In this 

time, utilization engineers have learned many things through use of 

the facilities. Demands for research and development with research
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reactors have changed with time. Facilities have been dismantled 

and other facilities installed. Such changes have been made a dozen 

times. The utilization facilities now installed in JRR-2 and JRR-4 

are presented in TABLE П. It could be concisely summarized that 

there are experimental facilities for research on neutron 

diffraction and equipment for irradiation in the reactor hall of 

JRR-2, whereas there are several tubes for irradiation projecting 

from the reactor core of JRR-4. Pneumatic tubes for short time 

irradiation are installed in JRR-2 and JRR-4 and a hydraulic rabbit 

for irradiation is installed in JRR-4. These systems are controlled 

with mini-computers for automatic insertion, irradiation and 

withdrawal of irradiation specimens. Underwater experimental 

devices are located in the pool of JRR-4. Special rooms for beam 

experiments are usually closed and restricted for access with 

shielding materials or barriers in the reactor hall of JRR-4.

These facilities are occupied by researchers and utilization 

engineers in the reactor halls and experimental rooms during the 

on-power days; for example, the number of scientists carrying out 

neutron beam experiments corresponds to over 1300 man-days a year. 

The experiments and irradiations conducted through FY 1985 are 

shown in TABLES Ш and IV. The research subjects and respective 

samples or irradiation specimens cover a wide variety. The relative 

amounts of work spent on the various activities are shown in FI6.3

[2]. The work devoted to neutron diffraction studies and neutron 

activation analyses is especially noticeable. Production of 

radioisotopes and neutron transmutation doping of silicon are seen 

as service activities supplying products to users constantly 

through the year. Researchers in nuclear fuel and fusion materials 

development are eager to keep the temperatures of irradiation 

specimens constant, so designs of irradiation capsules are very 

important. Utilization engineers are always receiving comments from 

users about the conditions of neutron fluxes and gamma heating. In 

response to these requests, all of these facilities are going to be 

made more sophisticated.



TABLE II. UTILIZATION FACILITIES INSTALLED IN JRR-2 AND JRR-4

Reactor Facility No.
Thermal Neutron Flux 

(n/m2 *s)
Application Note

JRR-2

Horizontal Tube 8 1 X 1 0 13 Neutron Scattering Research

Thermal Column 1 1.1 x 1 0 11 Neutron Radiography

In-core Hole 7 (0 .6 - 1) x 1 0 16 R&D for Fuel and Materials Instrumented Capsule

Vertical Thimble 4 2 x 1 0le R&D for Fuel and Materials Instrumented Capsule

Vertical Thimble 4 3 x 1017 Multi-purpose Irradiations Uninstrumented Capsule

On-power Loading 2 3 x 1017 R1 Production, NTD of Silicon

Pneumatic Tube 1 5.4 x 1017 NAA

JRR-4

Pool 2 1 x 1 0 15 Shielding Experiment

Dry Shielding Test I i

mОX-d- Shielding Experiment

Thermal
Column

Pure field

Pneumatic Tube 
Large Volume

1

1

1

5 x 1013 

8.5 x 1013

Polymer and Plant Study 

Neutron Detector Study

Temperature Controllable 
(273 - 323 K) 

On-power Loading

Tube
Vertical
Hydraulic Rabbit

3
1

(l-6 )x 1 0 17 

7 x 1017
RI Production, NTD of Silicon 
Material Irradiation

On-power Loading 
On-power Loading

Pneumatic Tube 1 4.5 x 1 0 17 Short-lived Nuclide Study, NAA On-power Loading

440 
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TABLE III. EXPERIMENTS CONDUCTED IN JRR-2 AND JRR-4 (FY 1985)

<Neutron Diffraction»

Research Subject Irradiation Sample
1. Phase transition

2. Relationship between phase 
transition and lattice vibration

3. Structure and dynamics of con
densed matter

4. Structural analysis
5. Magnetic structure

6 . Magnetic scattering .
7. Magnetic transition
8 . Atomic structure
9 . Atomic and magnetic correlation
10. Electron-ion correlation
11. Deuterium re-configuration under 

tensile stress
12. Structure of high pressure phase
13. Deposition phenomena
14. Cohesion phenomena

15. Spin dynamics

16. Neutron optics
17. Neutron radiography

magnetic materials: CsFeS2 , РегР» NaN3 , 
CSN1CI3 » Cs2CoCli(, RbíCo/MgFi* t 
CoCl2~graphite interlamination 
compound, CoO-NiO multi-layered 
membrane, etc. 

binary alloy: Se-Te 
semi-conductor: TTF-chloranil

alloys: TiNi, NiAlMn, СизАи, etc.

monatomic liquids: Pb, Rb, Ga, К 
low-dimensional conductor: МоеОгз 
oxides: Zr02 , cement, Zeolite 
alloys: Си-Fe, Мщ.eCo*.eSb, Mn 3Gao.eAlo.2C, 

Mn 3Gao.9sAlo.05C, ТтгРещВ, CrMn, 
3-Mn, У(Мп)г» Cr-Re, СоСггОц, etc. 

Kondo alloys: СеСи2» СеА1з, etc. 
alloys: DyAg, Ce0. si7Ndo .1*0 aAg, etc. 
single crystal: VDo.ei 
alloys: 3-Mn(Ni), ß-Mn(Co), Au(CrFe) 
liquid metals: Ga, Те, Pb , Zn

: V D 0 . 3

: D20
alloy: NÍ 3Mn
macromolecular solution: deuterated 

polystyrene in CS 2 
magnetic materials: CSC0CI3 , CeSÍ2 ,

Y(Mni_x A1x)2 
single crystals: Si, Si-3%Fe

<Miscellaneous>

Research Subject Irradiation Sample
1 . In-situ tritium release for 

fusion reactor
2. Fission product release for VHTR
3. Development of nuclear fuel for 

fast reactor
4. Material resistivity for fusion 

reactor and VHTR
5. Radiation damage
6 . Shielding
7. Calibration of radiation 

detectors with 16N gamma-rays
8 . Development of neutron detectors 

for VHTR
9. Reactor noise analysis for 

training
10. Neutron transmutation doping

blanket materials: LÍ2O, LÍAIO 3 

coated particle fuel: U O 2 

nuclear fuel: (U, Pu)C

heat resistant alloys: Mo, etc. 

graphite
shielding materials: lead, iron, concrete 

radiation detectors

high temperature detectors 

single crystal: Si



TABLE IV. IRRADIATIONS CONDUCTED IN JRR-2 AND JRR-4 (FY 1985)

<Neutron Activation Analysis> j

4 4 2  AOYAMA et al.

Research Subject- Irradiation Specimen
1. Safety study relating to iodine
2. Blanket materials for fusion 

reactor

3. Induced activity of shielding 
materials

4. Radioactive waste disposal
5. Human blood
6 . Natural resources

7. Impurities in miscellaneous 
materials

8 . Space or earth

9. Environment

10. Medicine

11. Agriculture and aquatic products

fission products, Cs, 1 2 ^I(CsOH), UO 2 

6-LiAl, LÍAIO2 » LiF-NaF-KF

cements, concretes

zirconia-alumina ceramics, corrosion products 
blood, serum
rocks, phosphorus ore, silicate ore, metal 
absorbed resin
high purity metal (Al, etc.), PVC powder, 
silicon, electric insulators
marine living organisms, old rock, meteorite, 
sea water, sediments on bottom of lake, 
silicate rock of deep sea bed 
rock, dust, soil* seaweed, milk, 
sand
liver of rat, hot spring water, hairs of 
human body, foetal viscera 

microorganisms, soil, roots of plants, 
fertilizers, viscera, hairs of rat, cow, 
etc., feed, excrement of domestic animals, 
fish

<Miscellaneous>

Research Subiect Irradiation Specimen

1. Production of radioisotopes
2. Utilization of radioisotopes
3. Radioactive waste disposal
4. Nuclear fuel
5. Health physics
6 . Radiation damage

7. Radiochemistry
8 . Industry
9. Dentistry 

10. Chemistry

Ir, Au, Pt, Cu, S, Na 2C03 , K 2CO 3, etc. 
Gd*Al20 3l dried fish (Eu) 
corrosion products 

(T h ,U )02 » SiC 
Xe (gas), snow
Si, Pb0 -Si02 glass, SiC, ceramics, electric 
insulators
Li, rare-earth elements
polymers
plastics
pure metals (Fe, Re, W, etc.), Cr metal foil, 
Li(Sb-EDTA)•2H20, Ne, Ru, AlMn-Hf alloy, non
crystalline alloys

The scientists who have utilized our research reactors are 

classified according to the record of FY 1985 as follows: 33 groups 

in JAERI, 39 groups from universities, 15 groups from national or 

related institutes, and 6 groups from non-governmental firms. The 

present utilization trend is nearly constant for the first three 

classes, but is increasing for the last one. The scheme of research 

reactor utilization is shown in FIG.4. The utilization engineers 

intend always to devise new utilization technology for advanced 

research subjects.
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FIG. 3. User participation at JAERI research reactors in 1985.
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FIG. 4. Scheme o f  research reactor utilization.



TABLE V. RESEARCH REACTOR TRAINING OF SCIENTISTS AND ENGINEERS IN THE NUCLEAR 
ENGINEERING SCHOOL, JAERI

Course (duration)
Subjects of practical training

*
Units Name of Reactor

**
Number of Trainees

General (6 months)

Reactor Operation 10 JRR-4

36
Calibration of Control Rods 5 JRR-4
Dynamic Characteristics 10 JRR-4
Measurement of Reactor Power 5 JRR-4
Neutron Radiography 6 JRR-2

Reactor engineering
(3 months)

Reactor Operation 10 JRR-4

25
Calibration of Control Rods 5 JRR-4
Dynamic Characteristics 5 JRR-4
Measurement of Neutron flux 5 JRR-4

International course in 
nuclear technology

(2 months)

Reactor Operation 3 JRR-4 10
(Indonesia, Thailand, China, 
Republic of Korea, Mexico, 
Philippines, Sri Lanka, Turkey)

Calibration of Control Rods 5 JRR-4
(Neutron Radiography) (4) JRR-2

* One unit is counted as 80 minutes.
** From the statistics of FY 1985.
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The training of scientists and engineers is another 

application of the research reactors. This activity has been run by 

the Nuclear Engineering School in JAERI since 1960. An 

international course in nuclear technology »as started in FY 1985.

The record for FY 1985 relating to this is shown in TABLE V . A 

special course, named “Regional training on nuclear analytical 

techniques and their application”, arranged through co-operation 

between the IAEA and JAERI, will be held in November 1987 at our 

establishment, in which JRR-4 will play an important part.

4. CONCLUSIONS

Nearly 100 groups of researchers utilize two of the research 

reactors of the Tokai Research Establishment of JAERI, JRR-2 and 

JRR-4. The operation schedules of these reactors, the staff, budget 

and utilization facilities have been considered in connection with 

fulfilling the requirements of these groups. These considerations 

must be reviewed after the re-operation of JRR-3 because the new 

JRR-3 will be able to produce 20 MW of thermal power and 2X101S 

n/rrf*s of thermal neutron flux, and will be equipped with different 

types of utilization facilities for irradiation and beam experiments, 

including a cold neutron source.
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Abstract

NEUTRON ACTIVATION ANALYSIS WITH RESEARCH REACTORS: APPLICATIONS AND 
TECHNIQUES.

The situation of reactor neutron activation analysis (RNAA) in comparison with other methods 
of multielement trace analysis is discussed. Its applications in medical and environmental sciences, in 
geo- and cosmochemistry and to industrial and,technological problems are reviewed. Techniques of 
RNAA and the required properties of irradiation facilities are described.

IN TR O D U C TIO N

R eactor neutron activation analysis (RN A A ) is well known as a very sensitive 
m ethod o f trace element analysis. As an example the analyses o f two different 
types o f graphite are shown in Table I. They dem onstrate the results and de
tection limits tha t may be obtained in practical cases by a purely instrum ental 
technique. The analyses were made with a spectral coal electrode as is used in 
optical emission spectroscopy, and which therefore should contain only very low 
am ounts o f trace impurities, and a graphite m aterial as may be used for con
struction elements o f gas-cooled high tem perature power reactors.

The first part o f  this paper discusscs the im portance o f  the method and illustrates 
this with examples o f  applications in some selected fields: medical science, envi
ronm ental research, geo- and cosmochemistry, and industry. Special attention  is 
given to the role o f RNAA in the development and characterization o f reference 
materials for trace element analysis. In the second part techniques o f RNAA 
with respect to  the use o f  reactors and the requirements for irradiation facilities 
will be described.

RNAA A N D  O TH ER M ETHODS OF M U LTIELEM EN T TRACE 
ANALYSIS

A bout 30 years ago, RNAA was nearly the only m ethod o f chemical analysis 
reaching detection limits as low as those shown in Table I. Nowadays, however, 
similar results may be obtained with several other methods o f multielement trace

447
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TABLE I. RNAA OF TWO TYPES OF GRAPHITE: RESULTS AND 
DETECTION LIMITS

Element Spectral Coal Powder Reactor Graphite
Content (ng/g) D.L. (ng/g) Content (ng/g) D.L. (ng/g)

Na 112+ 1 0.1 8 8 + 4 0.9
К 98 ± 3 3.5 456 ± 60 3.5

Ca - 635 - 39000
Sc 0.05+ 0.01 0.004 142 + 8 0.02
Cr 0.8 + 0.2 0.4 4 0 + 3 4
Mn 0.43 ± 0.02 0.03 . 0.8
Fe - 50 933 + 20 200
Co 0.56 + 0.04 0.07 8.6 + 0.4 0.4
Cu 9.5 ± 0.2 0.1 7 4 + 7 0.8
Zn 8 ± 2 2.6 176 + 18 18
Ga - 0.07 1.3+ 0.2 0.3
As - 0.04 3.1 + 0.2 0.3
Se - 0.6 . 5
Br 7.6 ± 0.2 0.1 10 ± 1 0.5
Rb - 2.5 . 14
Sr - 7 . 270
Zr - 32 2450+1200 a 2800
Mo - 0.6 490+ 60 ь 14
Ru 0.17+0.17 0.17 18± 10 е 3
Ag - 0.4 . 5
In * 1.5 - 13
Sb - 0.1 0.7 + 0.2 0.3
Cs 0.9 . 1
Ba 7 + 7 7 900+800 d 100
La 0.30+0.01 0.006 475+5 е 0.15
Ce 0.44+ 0.11 0.18 1045+60 f 0.18
Pr - 0.0006 0.10 + 0.002 0.003
Nd - 2 305+118 15
Sm 0.004 ± 0.001 0.001 2 3 + 2 0.04
Eu - 0.002 3.8 + 0.1 0.02
Gd - 1 120+ 10 15
Tb - 0.04 13.4 + 0.7 0.3
Ho - 0.025 9.5 + 0.5 0.2
Yb - 0.02 1.4 0.5
Hf - 0.07 2 5 + 3 0.4
Ta - 0.13 2 0.5
W 2.4+ 0.1 0.05 12.4 + 0.2 0.4
Ir - - 0.013 + 0.004 0.006

Au 0.012+ 0.001 0.0005 0.036 + 0.006 0.01
Hg 0.33 ± 0.08 0.12 - 1.5
Th - 0.05 34 + 2.4 0.4
и 0.06 52 ± 2 1.5

a Interference by U 600 ng/g subtracted d Interference by Ru and U not subtracted
b Interference by U 170 ng/g subtracted * Interference by U ~  0.9 ng/g subtracted
c Interference by Ba =: 18 ng/g and by f Interference by U ~  15 ng/g subtracted

U i 7  ng/g subtracted s Interference by U ï  11 ng/g subtracted

Sample weights were 2.3 g for the spectral coal and 1.5 g for the reactor graphite. The thermal llux 
density was a:7 x 1012 n cm“2 s '1. Irradiation time was 5 days, decay time 6 to 7 hours for Group 1 
(Mn), 8 to 14 hours for Group 2 (Na, K, Ca, Cu, Ga, As, Br, Mo, La, Pr, Sm, Gd, Mo, W, and 
U), and 80 to 200 hours for Group 3 (Sc, Cr, Fe, Co, Zn, Se, Rb, Sr, Zr, Ru, Ag, In, Sb, Cs, Ba, 
Ce, N'd, Eu, Tb, Yb, Hf, Ta, Ir, Ли, Hg, and Th). Counting time was 30 to 40 min for Group 1, 
3 hours for (¡roup 2, and 10 hours for Group 3. D.L. = détection limits.
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analysis and RNAA finds itself in a state o f  lively compétition. W hat, now, ena
bles this method to survive in this struggle for existence?

One point in its favor, o f  course, is the low detection limits for many elements. 
For about 30 elements determ ination limits below 1 ppb ( 10-9 g/g ) might be 
obtained using instrum ental RNAA, and if  radiochemical separations are in
volved, there are about 60 elements detectable in tha t range (Table II).

O f the other instrum ental multielement analysis m ethods Glow Discharge Mass 
Spectrometry (G D M S) [3] has reached similar detection limits. Charalam bous
[4] reported on the analysis o f high purity molybdenum and tungsten and found 
for 20 elements detection limits between 0.1 and 1 ppb. This m ethod, however, 
is applicable only to  solid, electrically conducting samples. X-Ray Fluorescence 
Analysis (X RF), generally, does not provide such good sensitivities. W ith Total 
Reßection X-Ray Fluorescence Analysis (TX RF), detection limits in the range of 
10~1J are obtained [5], but only small am ounts o f diluted solutions can be meas
ured. Low detection limits have also been obtained by Optical Atomic Emission 
Spectroscopy with Inductively Coupled Plasma (ICP-AES). W olff et al. [6 ], for 
instance, mention 9 elements for which, in aqueous solutions, detection limits 
below 1 ppb were found.

A nother criterion for selecting an analytical method to solve a given problem  is 
the type o f sample material. For RNAA it is a fortunate fact that the elements 
m ost abundant in the earth 's crust and in the biotic environment, such as hy
drogen, oxygen, nitrogen, carbon, silicon, aluminium, magnesium and titanium , 
are suitable sample matrix elements for RNAA which practically do not interfere 
with the determ ination o f m ost trace elements. Generally, RNAA may be applied 
to  materials which do not strongly absorb neutrons and whose main constituents 
do not become strongly radioactive during neutron irradiation. This topic is dis
cussed in more detail in Ref. [7].

Spark Source Mass Spectrometry (SSM S) and GDM S have their dom ain in the 
analysis o f  metals and other electrically conducting materials, a dom ain where 
RNAA often can be applied only if  radiochemical separations are carried out. 
ICP-AES is suitable for nearly all sample materials which can be dissolved to 
yield aqueous solutions. In a few cases dilute solutions containing organic m atter 
can be directly analyzed.

A nother advantage o f RNAA is tha t many types o f  samples can be irradiated "as 
they are", i.e. no sample preparation is required, such as grinding com pact pieces 
to  powder, or fusing or dissolving solid material. Therewith the risk o f  contam 
inating the sample by impurities o f reagents or reaction vessels is avoided and the 
background problem is excluded to  a large extent, even if  contents in the range 
o f  1 ppb have to be determined.
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TABLE II. DETECTION LIMITS OF RADIOCHEMICAL AND 
INSTRUMENTAL RNAA

Li
6 x 10-12

Be
1 x 10-10

В

Upper value: radiochemical RNAA 

Lower value: instrumental RNAANa
2 x  10-“ 
4 x 10-10

Mg
2 x 10-’ 
1 x 10-6

Al
4 x 10-“ 
3 x 10-8

К
2 x 10-10 
2 x 10-*

Ca
7 x IO’9 
1 x 10-9

Sc
3 x IO“12 
3 x 10-“

Ti
2 x 10-9
3 x IO“7

V
3 x 10-12 
2 x lO"9

Cr
5 x 10-" 
2 x 10-9

Mn
1 x 10-12 
1 x 10-'°

Fe
1 x 10-» 
4 x 10-7

Co
I X  10-12 
7 x I0-10

Rb
6 x 10““ 
2 x 1 0 8

Sr
2 x 10-'° 
2 x 10-8

Y
2 x 10-“ 
2 x 10-’

Zr
6 x 10-9 
2 x 10-7

Nb
3 x 10-"

Mo
3 x 10-‘° 
6 x 10-9

Tc Ru
2 x 10-'° 
2 x 10-9

Rh
2 x IO“12 
1 x 10-9

Cs
5 x 10-“ 
4 x 10-10

Ba
1 x 10-10 
1 x 10'*

La
5 x 10“12 
1 x 10-10

Hf
4 x 10-“ 
3 x 10-10

Ta
2 x 10-" 
6 x 10-10

w
5 x 10-12 
2 x 10-'°

Re
1 x 10-12 
3 x 10-"

Os
3 x 10-“ 
3 x 10-'°

Ir
5 x 10-’3 
5 x 10-’2

Fr Ra

2 x 10-10

Ac Th
5 x 10-12 
3 x 10-10

Pa

4 x 10-"

U
2 x 10-" 
1 x 10-'°

Np Pu Am

Ce Pr Nd Pm Sm Eu Gd
3 x 10-‘° 4 x 10-12 2 x 10-10 1 x 10-12 6 x 10-14 1 x 10-"
4 x 10-10 3 x 10-’ 3 x 10-9 1 x 10-“ 1 x 10-12 3 x 10-’

The upper value gives Koch's "standard sensitivities" [1], i.e. the amount (g) of ele
ment yielding a disintegration rate of 1000 dis/min after irradiation in a neutron flux 
of Ф =  10м n cm '2 s_1 for more than three half-lives but not longer than 30 days. Such 
low detection limits can only seldom be reached in practice, because neutron fluences 
applied are usually much lower, because some losses of activity due to decay after 
irradiation and incomplete yields of radiochemical separations have to be taken into 
account and, finally, because at levels below 10~9 g blank problems cannot be neglected 
even with the simple sample handling procedures required with RNAA.

The lower value gives detection limits for instrumental RNAA. As detection limit the 
amount of element was defined, yielding a photopeak whose area could be measured 
to +10%  statistical accuracy. The following experimental conditions were assumed: 
Фй =  1014 n crrr2 s '1 ; irradiation time ~ 2  half-lives but not longer than 20 days;
waiting time after irradiation ~1 half-life but not longer than 10 days; counting time
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С
4 x IO'2

N О F Ne

Si
2 x 10-’

P
6 x 10-"

S
4 x 10-’

Cl
7 x 10-" 
6 x 10-*

Ar
2 x 10-" 
2 x 10-’

Ni
9 x 10"10 
1 x 10-7

Cu
6 x 10-<2 
2 x 10-10

Zn
1 x 10-10
2 x 10-*

Ga
1 x 10-"
2 x 10-‘°

Ge
3 x 10-" 
3 x IO“8

As
4 x 1 0 12 
1 x 10-10

Se
9 x 10-" 
2 x 10-’

Br
5 x 10-12 
4 x 10"10

Kr
5 x 10-'2 
5 x 10-’

Pd
1 x 10-" 
4 x 10-’

Ag
1 x IO“12
2 x 10-’

Cd
1 x 10-‘°
2 x 10-8

In
2 x 10-13 
7 x 10-"

Sn
7 x 10-‘° 
1 x 10-7

Sb
9 x IO"12 
3 x 10-10

Te
2 x 10"10 
4 x 10-’

1
6 x 10"12
2 x 10-’

Xe
7 x 10-‘° 
5 x 10-'°

Pt
2 x 10-‘° 
2 x 10-’

Au
5 x 10“13 
7 x 10-12

Hg
2 x 10-" 
2 x 10-‘°

T1
8 x 10-10 NJ 

»0
X 

o-

О
i

Bi
3 x 10-’

Po At Rn

Cm Bk Cf Es Fm Md No

Tb Dy Ho Er Tm Yb Lu
4 x 10-12 8 x 10-14 7 x 10-13 2 x 10-12 2 x 10-12 2 x IO"12 5 x IO“13
1 x 10-‘° 1 x 10-10 6 x 10-" 6 x 10'10 1 x 10-‘° 6 x 10-'° 4 x 10-"

half-life bût not longer than 10 hours; y-ray detector Ge(Li) with a peak-to- 
Compton ratio of 25:1. The Compton background of the y-spectrum was described 
by an arc tan function. It has approximately the shape of Compton continua observed 
with silicate rock samples. Somewhat different shapes and intensities of the Compton 
continuum were tried out but did not yield significantly different results. (After G. 
Erdtmann, Lecture at the SCADEG Meeting, Met Vennenbos near Eindhoven, Oct. 
1979, unpublished).

Also these detection limits are often too optimistic, because irradiation and counting 
conditions optimal for a certain element cannot be obtained with multielement analy
sis, and spectral line interferences are not considered. Better estimations of detection 
limits can be obtained with Guinn's spectrum prediction program [2] or by calculation 
of detection limits in the actually measured spectrum, as was done with the values 
given in Tabie I.
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The last point to be mentioned is that RNAA can be carried out as an absolute 
m ethod o f analysis in the sense th a t no element standards or reference m aterials 
have to be со-irradiated with the samples.

These properties make RNAA especially valuable in the analysis o f new m aterials 
and a useful method in the development o f reference materials. M ore detailed 
considerations on the role and the potentialities o f the different m ethods o f  in
strum ental multielement trace analysis will be found in Ref. [8].

The drawbacks o f RNAA should not be concealed. The first is tha t it requires the 
use o f a nuclear research reactor, which cannot be bought by every analytical 
laboratory. There are two ways to overcome this problem. The first is to let the 
analyses be carried out by an analytical laboratory having direct access to  a nu 
clear reactor and experience in activation analysis. But research groups and in
dustrial laboratories often are reluctant in sharing their problems with and giving 
their samples to a foreign laboratory. Furtherm ore the laboratories a t the reactor 
stations are often not prepared to carry out analyses for foreign customers on a 
large scale and therefore waiting times would be long. These hindrances to ap
plying RNAA could be overcome by installing RNAA centers, where customers 
can send their own staff to carry out the analyses under the advice o f the resident 
scientists and have to pay only for the irradiations and the use o flabo ra to ry  and 
counting equipment. RNAA via radionuclides with sufficiently long half-lives 
can also be carried out in laboratories away from the reactor centers if they have 
permission from the authorities to handle radioactive material. This way is fol
lowed by some universities and a few industrial laboratories engaged in pro
duction and use of high purity materials.

The second disadvantage of RNAA is the long duration o f  the analytical proce
dure. This verdict has to be accepted for the most im portant branch of RNAA, 
multielement analysis for very low levels o f trace constituents. Here several 
irradiations have to be applied, sometimes for up to ten days, and long waiting 
times are required after irradiation. When, finally, 10 to  20 samples have to  be 
measured with the y-ray spectrom eter for 12 to 24 hours, another two weeks have 
to be added, so tha t results o f  such analyses cannot be reported before a lapse 
o f  1 to 2 m onths after receipt o f the samples. I f  the utm ost sensitivity o f  RNAA 
is not required, short time irradiations and measurements are sufficient. For this 
technique in several reactor laboratories autom atic activation analysis systems 
have been installed [9, 10, 11] allowing throughputs o f several hundred samples 
per day. Hochel [9] reports 10,000 per month.

Finally, it has to be mentioned that a num ber o f  elements cannot be determined 
and many sample types cannot be analyzed by RNAA, at least not in its instru
m ental mode. The application range o f RNAA in those cases is markedly en-
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TABLE III. EXAMPLES OF REACTOR NEUTRON ACTIVATION 
ANALYSES RECENTLY CARRIED OUT IN THE ANALYTICAL 
SERVICE OF KFA JÜLICH

Sample type Elements measured M ethod ap p lied !

Biological material

Enzymes o f fungi sp. M n : Fe ratio I NAA, S + L
I’lant ashes, soils Mn, Co, Sr, Cs, and others INAA, S + L

Geological material

Fossil mussel shells Th, U, and others INAA, L
Deep sea sediments K, Th, U INAA, L
Ores G a and others INAA, S

Materials

Titanium , copper all activable elements, especially Ag INAA, L
Glass wool all activable elements, esp. long lived

nuclides INAA, L
Alum ina ceramics all activable elements INAA, L
Aluminium all activable elements INAA, L
Steel all activable elements INAA, L
Iron oxide based catalysts As and others INAA, L
Zirconia ceramics Th, U, and others INAA, L
Zircaloy Cr, Fe, Co, Sri, Hf, Ta INAA, L
Concrete Sr, Cs INAA, L
Phenolic resin Iodine INAA, S

High purity materials

Vitreous silica all detectable elem ents, m ainly from transition
groups INAA, S + L

Aluminium mainly T h +  U, and all other detectable
elements INAA, L

Graphite all activable elements INAA, L
all detectable elements INAA, S + L
Li RC-NAA

Arsenic all detectable trace impurities INAA, L
Phosphorus all detectable trace impurities INAA, L
Silicon carbide ceramics all detectable impurities INAA, L
Silicon nitride ceramics all detectable impurities INAA, L
Copper all detectable impurities INAA, L
Aluminium P RC-NAA
Copper P RC-NAA
M olybdenum P RC-NAA

a I NAA = instrumental RNAA 
RC-NA A = radiochemical RNAA 
S = short time irradiation (< 30 min) 
L =  long time irradiation (>  5 h)
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FIG. 1. Applications o f activation analysis: statistics.



IAEA-SM-300/18 455

larged if after irradiation the radionuclides produced are chemically separated 
(radiochemical RNAA, RC-RNAA).

As a concluding remark on the situation o f RNAA in the spectrum o f methods 
o f analytical chemistry, it might be stated that the method offers a large variety 
o f  techniques. W ith some applications and appropriate equipm ent it may com
pete with respect to costs and high throughput with methods such as X R F or 
ICP-AES. On the other hand RNAA analyses with extremely low detection limits 
or high precision require more time consuming techniques, but are indispensable 
for problems in the analysis o f  high purity materials and other applications of 
trace element analysis at very low levels and in the characterization o f  reference 
materials. A t the laboratory o f the Kernforschungsanlage (K FA ) Jülich there is 
no high throughput facility and we have usually to deal with small sample num 
bers o f very difTcrent sample types. The number o f analyses has been largely in
creased in recent years, w ithout any extension of the staff. This fact reflects the 
increasing improvement and autom ation o f the procedures, but also the increas
ing demand for RNAA. A survey o f analyses carried out in the Jülich laboratory 
during 1986 - 1987 is given in Table III.

A PPLIC A TIO N S OF RNAA

Fig. 1 gives a survey o f the importance o f RNAA within the group o f activation 
analysis methods, its main fields o f application and the techniques used. It is 
based on the comprehensive bibliography up to 1971 by Lutz et al. [12] for the 
data o f 1950 to 1971 and a study made by Guinn [13] on 243 papers on acti
vation analysis in the Americas from 1976 to 1983. It clearly shows tha t acti
vation analysis w ith neutrons is applied the most often, that irradiations are 
mostly performed with reactors and that thermal RNAA is the m ost used tech
nique. The majority o f relevant publications deal with applications o f  the method, 
and these are approxim ately equally distributed among medicine, environm ental 
science, geo- and cosmochemistry, and industrial applications.

Applications in medical science

In the development o f trace element research in medical science RNAA has made 
a large contribution. But in spite o f more than 30 years o f experience with and 
improvement o f  trace element methods, the accuracy.of results is still an unsolved 
problem and it cannot be said that RNAA a priori yields correct data. In Fig. 2 
several analyses o f  manganese in normal blood serum are shown. Cornelis and 
Versieck [15] assume that values around 0.5 ng/mL are correct. This example il
lustrates the great difficulties associated with the determ ination o f such low con
centrations o f  elements as they are present in hum an tissues and body fluids.
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FIG. 2. Determination o f manganese in normal blood serum with various analytical methods in the 
period 1958-1986. Data fo r the period up to 1974 are from Ref. [14], those o f 1979 from Ref. [15], 
and those o f 1986from Ref. [16]. ‘Catalytic’: catalytic oxidation o f leucomalachite green with periodate 
in the presence o f  manganese.

M ost samples are obviously contam inated when they are taken from the patients. 
Investigations using activation analysis have shown that stainless steel needles 
and scalpels are attacked by the body fluids and the constituents o f these alloys 
are found as trace element impurities in the samples [17]. W ith such samples 
even careful sample handling during preparation cannot lead to accurate results. 
However, in several laboratories these difficulties have been overcome and reli
able procedures have been established and applied to some im portant questions 
o f  trace element research.

The predom inant source o f  trace elements introduced in the metabolism is food, 
and deficiencies or excessive am ounts o f certain elements may cause diseases of 
several kinds. A review o f this field has been made by Hambidge [18] and the 
im portance o f further research discussed by Rao M aturu [19].

A nother source o f  trace elements are prosthetic implants made from alloys or 
ceramics. Their influence has been studied by Lux and Zeisler [20] and by Michel 
et al. [21], and activation techniques have been used in preference to others.

As trace element imbalances may cause diseases, thus vice versa pathological 
symptoms may be accompanied by characteristic changes o f trace element levels

^Neutron activation analysis 
^Atomic emission spectroscopy 
^ Atomic absorption spectroscopy 

ESSSSSother methods

1958 1961 1964 1966 1969 1970 1971 1973 1974 1979 1986
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in certain organs and body fluids. The aim o f trace element research in this field 
is the use o f those findings as a diagnostic tool as well as a means o f better 
understanding the physiological processes causing such diseases. Some examples 
are:

•  Determ ination o f  copper in bioptic tissues in connection with W ilson's dis
ease [22].

•  D eterm ination o f sodium in fingernails in connection with cystic fibrosis
[23].

• Investigation o f rubidium and selenium contents in blood and blood cells m 
connection with phenylketonuria [24].

Applications in environmental research

In 1962 Rachel Carson published the book Silent Spring. One o f  the immediate 
responses was the world-wide start in searching for pollution, which caused an 
immense demand for sensitive analytical methods. Air, water, and soil continue 
to  be investigated in innumerable campaigns and trace element contents analyzed 
in order to study their transfer into the biocycles and their effects on living 
organisms. The determ ination o f  "toxic elements” - the name is still in use al
though it is well known tha t the chemical state and the am ounts o f the elements 
are the determining factors for their toxicity - is one o f the aims o f these meas
urements. O ther trace elements are useful as indicators for the origin o f  airborne 
or waterborne m atter containing pollutants.

In environmental research it is often im portant to  measure correlations between 
several elements in order to decide if there is some unbiased transfer or a selective 
treatm ent - enrichment or rejection - by a certain process, say, the uptake of 
minerals by plants and animals. For these analyses the multielement capability 
o f  instrum ental RNAA is advantageous. In environmental control, for instance 
w ith the m easurement o f emission and immission rates o f pollutants or the defi
nition o f  maximum allowed concentrations, very low determ ination limits are re
quired: one o f the strong points o f RNAA.

The gaseous com ponents o f air are rarely investigated by RNAA. But aerosols 
and airborne particulates have often been analyzed since Zoller and G ordon
[25] and Dam s et al. [26] described useful techniques in 1970. Reviews o f this 
field are given by Dams [27] and by Alian and Sansoni [28].

Long range transport o f airborne pollutants from western and central Europe to 
Norway has been studied using air dust filter samples [29]. Localization o f 
sources o f pollution was made possible using multielement RNAA as a
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"fingerprint technique" [30]. RNAA was used to measure trace elements in dust 
deposited on spruce needles and it was found that the am ount o f dust was much 
lower (<50  kg/ha) than estimated before (420 - 32,000 kg/ha) [31]. Asubiojo et 
al. [32] have found that dust clouds blown from the Sahara by harm attan  winds 
across Nigeria, and which were suspected to cause maladies in the population, 
have nearly the same composition as the Saharan soil.

W ater is not so easily analyzable by RNAA. The matrix, indeed, is not activated 
by neutrons, but is decomposed by radiolysis, so that high neutron fluences can
no t be applied. Since very low concentrations o f elements have to be determined, 
the product « x / x m (n = neutron flux density, / = irradiation time, m = 
am ount o f sample) should be as high as possible. Three techniques have been 
used to solve this problem:

1. Use o f large volumes o f  water (50 to 100 mL) [33, 34]. This technique can
not be carried out in all types o f irradiation facilities.

2. Recombination o f  the products o f radiolysis (hydrogen and oxygen) by a 
catalyst [34].

3. Preconcentration by evaporation, freeze-drying, adsorption on charcoal, 
ion-exchange resins or other adsorbents, or by solvent extraction methods. 
Several papers in this field are cited in Dam s' review [27] and comparisons 
o f different methods have been carried out, e.g. by Smits [35] and Kusaka
[36]. A tabular review o f preconcentration methods for RNAA of water 
samples is given in Ref. [7].

RNAA o f water samples has been carried out for very different purposes. 
Rainwater, snow, and other atm ospheric wet deposits have been analyzed in or
der to study actual pollution and long range transport o f pollutants, e.g. by 
Hamilton [37] and Zikovsky [38]. The long term  impact o f pollutants can be 
investigated in glacier ice [39]. Transport o f suspended and sedimented m atter in 
the estuary o f the Elbe river has been studied by Niedergesäß et al. [40]. 
Groundwater has been analyzed by several laboratories. In some cases the dis
tribution o f uranium  was studied in order to  locate uranium  deposits [36].

Lower plants such as mosses [41] and lichens [42] take up nutrients from the 
air dust and often retain ions from mineral elements. Therefore they are useful 
as biological indicators for pollutants. In undisturbed om brotrophic peat-bogs 
trace elements from air have been deposited during hundreds o f years and they 
also may serve as long term indicators [43] for airborne immissions. In bird 
feathers from waders moulting in the W addenzee near the Rhine delta, heavy 
metals have been found, and their potential as bio-indicators for pollutants has 
been discussed [44].
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Soil, finally, takes up and accumulates the largest part o f the airborne pollutants, 
and therefore is the most im portant com partm ent for the introduction o f  trace 
elements in the food chains up to hum an nutrition. In spite o f this importance, 
soil is not investigated by trace analysis methods as often as air dust and water. 
A nd indeed, m ost o f the trace elements in soil are of natural origin, coming from 
the weathering o f magmatic or sedimentary rocks. Considerable pollution is 
mainly found in areas where heavy metals are mined and processed and in the 
sediments of the creeks and rivers draining these areas up to the estuaries. In
strum ental RNAA of soil usually delivers results for 20 to 25 elements, and a 
good example is the investigation o f  Jam aican soils by R obotham  et al. [45].

Applications in geo- and cosmochemistry

One o f the first applications o f RNAA was that of Brown and Goldberg [46], 
who in 1949 measured gallium and palladium in several meteorites, using the 
heavy water pile o f  Argonne N ational Laboratory. In the following years age 
determ inations o f meteorites and minerals were carried out via “ K / “°Ar [47], 
uranium  [48], and 187R e /1870 s  [49]. Various other elements could be found and 
determined in meteorites and rocks, e.g. Ni, Cu, Co, Pd, Au, and Rb in granites 
by Smales [50] or Th by Jenkins [51].

The first bibliographies on radioactivation analysis [52] already listed 106 titles 
on applications to  geological material and meteorites up to 1960. In the 1971 
bibliography [12] we find 1049 papers on this topic. In one o f  the first textbooks 
on activation analysis, published in 1963, Bowen and Gibbons [53] judged the 
applications o f RNAA in geochemistry as unsystematic and haphazard, and in 
1971 Smales [54] stated that RNAA had been the most applied analytical 
m ethod in analyzing lunar samples from the Apollo 11 mission, but with respect 
to  accuracy o f  results he found it the last but one in the "league o f  methods". 
Obviously this hard judgement has stimulated activation analysts to improve 
their procedures so tha t results have become more reliable. Today, RNAA is not 
only used in many laboratories that have turned from radiochemical research to 
geo- and cosmochemistry, but it is established in many traditional geochemical 
and mineralogical institutes. One o f  its features, the possibility to simultaneously 
determine many o f the rare earth elements, be it instrumentally or - with some
w hat better results but higher expense - after radiochemical separations, is espe
cially valuable for these applications. Recent reviews in this field have been given 
by Laul [55] and Hertogen [56].

Industrial applications, high purity materials

A pplications o f  RNAA in industry cover a wide range. A review o f applications 
to  organic substances, including fuel, petrochemical products, paper products,
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and pharm aceuticals, is given in Ref. [57]. A special method o f RNAA, the use 
o f  activable tracers, is very useful for industrial applications [58, 59]. However, 
the m ost widespread application o f RNAA is that with high purity materials. The 
development o f  semiconductor materials for transistors during the 1950s was ac
companied by RNAA, e.g. with General Electric in the U.S. [60] and Siemens in 
the Federal Republic of Germany [61]. A t that time, all analyses were carried out 
with chemical separations and detection limits well below 1 ppb were obtained. 
A review o f these early applications is given by Cali [62].

Today, with suitable materials, similar detection limits can be reached with purely 
instrum ental procedures, which are much faster and - considering present per
sonnel costs - less expensive. Examples o f analyses o f  high purity materials are 
given in another presentation at this symposium [63]. Therefore this topic will 
not be treated in more detail here. A review o f industrial applications o f  acti
vation analysis in general has been made by G ilath [58] and analyses o f  high 
purity materials with this m ethod were recently reviewed by Becker et al. [64] and 
by De Corte and M aenhaut [65].

R N A A  in the development o f  reference materials and high precision RNAA

There is no doubt about the importance o f  reference materials in every field 
where something has to be measured [66], and this applies to  nearly all areas on 
which modern life is based, such as industrial production, technological and sci
entific development, medical services, and environmental and other types of 
control that state adm inistrations are obliged to carry out.

Reference materials for trace element analysis have been in use for about 20 
years, one o f  the first being Bowen's kale [67]. A lthough many reference m ate
rials for trace element analysis have been prepared since then by laboratories es
pecially designed for that purpose, e.g. a t the International Atomic Energy 
Agency, Vienna, and at the N ational Bureau of Standards, W ashington, D.C., 
and at many other national laboratories, there are only a few materials in which 
trace elements with contents below 10 ppm  are certified to better than + 10% . 
T hat means they cannot be used for reference if  more accurate analyses are re
quired. There is an urgent need for the development o f  reference materials even 
for common sample types such as geological material, plant ashes, animal tissue, 
food, metals, ceramics, and other materials. A new generation o f high purity 
materials for inform ation and optical technology is coming, for which accurate 
reference materials even at the 1 ppb level and below are required. Greenberg has 
pointed out the im portance o f RNAA for the development o f  reference materials 
and he considered the same properties as mentioned at the beginning o f this pa
per to  be indispensable for that purpose [68]. Kosta [69], on the other hand, 
writes:
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Handling of a reference sample before irradiation is reduced to a few simple oper
ations such as opening the container, taking aliquots for weighing, transfer and 
encapsulation. It is therefore rather surprising to fmd results by activation analysis 
spread across nearly the same range as those obtained by techniques which are not 
free from contamination problems. Obviously other influences enter into the meas
urement process operating in the same direction and of similar magnitude.

Since the upgrading o f  its reactor to 20 MW, at the N ational Bureau o f  Standards 
an intensive measuring program  has been carried out to  assure the quality o f the 
irradiation facilities for high precision RNAA [70].

For a long time errors o f  10 to 20% were the usual numbers with trace element 
analysis, but presently the situation seems to be improving. In RNAA, with 
suitable sample shapes and a carefully planned analytical procedure and exper
imental setup, errors can be reduced to 2 to 5% , which is com parable with or 
better than typical error limits o f  other m ethods o f  trace analysis. A laerts et al.
[71] have shown that by activation analysis at least a main constituent, which in 
th a t case was tin in a tin ore (cassiterite), can be determined with a precision o f 
+ 0 .45% . The stoichiometric composition o f the semiconductor m aterial gallium 
arsenide has been measured by Bruninx and Bastings [72] using RNAA, and they 
report that the total error could be kept to =±0.1%. Fleming and Lindstrom  de
termined ^ 1 4 %  aluminium in coal fly ash standard reference m aterial with a 
variance o f 0.33% and ~ 53%  aluminium in sapphire with a variance o f 0.89% 
[73]. High precision can also be obtained when trace elements in the ppb range 
have to  be determined. In the laboratory a t Jülich high purity alum inium  had to 
be analyzed, and the results for one o f the sample materials are shown in Table
IV. The y-ray lines o f  scandium, present in a concentration o f 3.5 ppb, could be 
measured with a very low statistical error, so tha t its influence on the to ta l error 
was small. The variance o f  the results was between 1.2 and 1.4%, which mainly 
has to be attributed to  the flux error, the geometrical error during y-ray counting 
and, maybe, to  sample inhomogeneity. Significant inhomogeneities were found 
for chromium, cobalt, and gold before cleaning the sample surface. A fter etching 
the am ounts o f  these elements were reduced and the scattering o f the results was 
m uch lower. The im portant question o f  precision and accuracy in RNAA has 
been treated by many authors, most comprehensively by Heydorn [74].

RNAA TECH N IQ U ES

There are different techniques o f RNAA and here they shall be subdivided ac
cording to the requirements for irradiation facilities used. They are

• Thermal RNAA with long lived nuclides ( r„2 >  10 h )
•  RNAA with short lived radionuclides ( 2 min <  rl/2 <  24 h )
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TABLE IV. REPRODUCIBILITY OF THE DETERMINATION OF SOME 
TRACE ELEMENTS IN ALUMINIUM. INFLUENCE OF SURFACE 
ETCHING AFTER IRRADIATION.

Sc Cr Fe Co Zn Ga As Mo H f Au

Unweighted mean с =  (£c¡)/n
3.46 31.0 4.1 180 10.4 0.42 - - 0.10
3.49 22.6 218 1.30 130 14.0 0.44 2.2 0.34 0.0081

Relative standard deviation of unweighted mean a c = 100 x J l i c - c f l [ n ( n - 1)]/?
0.69% 24% 25% 16% 3.6% 13% - - 22%
0.59% 1.9% 12% 7.7% 3.8% 22% 11% 18% 15% 16%

Mean counting error/ =  100 с “
0.5% 6% 1.5% 10% 3.8% 17% - - 2%
0.036% 2.5% 23% 2.6% 2.7% 20% 30% 24% 7.5% 12%

Variance S  =  a t x
1.38% 48% 50% 32% 7.2% 36% - - 44%
1.18% 3.8% 24% 15.4% 7.6% 44% 22% 36% 30% 32%

a /  is the counting error of a single result. With Sc, Fe, Co, and H f it is the standard 
deviation of the results of two lines measured; for Cr, Zn, Ga, As, Mo, and Au it is the 
statistical counting error calculated from the peak area and the background.
Contents arc given in ppb (10-9 g/g). Number of samples per set n =  4.
1st line: before cleaning the surface by etching 
2nd line: after cleaning the surface by etching

•  RNAA with very short lived radionuclides ( tlß <  3 min)
•  Epithermal RNAA
• RNAA with fast neutrons
• Prom pt methods o f RNAA

The reactor neutron spectrum may be roughly divided into three parts - the 
therm al, the intermediate or epithermal, and the fast flux component. All these 
com ponents cause their own, desired or undesired, reactions and effects in acti
vation analysis.
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Thermal neutrons provide the highest flux densities in nearly all reactor 
irradiation positions. The reaction cross sections are very high, and the (n,y) re
actions caused by them  allow an unequivocal identification o f chemical elements. 
These facts make thermal RNAA the most sensitive and selective o f the acti
vation methods. Therefore, as Guinn [13] has shown (Fig. 1), and as confirmed 
by our own experience at Jülich, therm al RNAA is by far the most used tech
nique.

Fast neutrons, on the other hand, mainly yield (n,p) and (n,a) reactions which 
create reaction products that usually interfere with those o f therm al neutrons. 
Therefore they are not desired in this case.

N eutrons from the epithermal flux have very high cross sections for (n,y) re
actions, the so-called resonance integrals. For a great num ber o f chemical ele
m ents they enhance the sensitivities. On the other hand, some effects such as 
resonance self-shielding, self-moderation, and deviations from the ideal 1/E shape 
(E = neutron energy) o f the epithermal neutron spectrum may introduce some 
error in the estim ation o f the effective epithermal flux inside the sample. In 
summary, therm al neutrons are necessary, epithermal neutrons are sometimes 
desired but may require special corrections, and fast neutrons often interfere with 
therm al RNAA. Elimination o f fast neutrons can be done only by m oderation 
and is best in facilities far from the core. Thereby, as a rule, the epitherm al-to- 
therm al flux ratio is diminished as well as the absolute flux density o f thermal 
neutrons. For therm al RNAA a low flux position in a high flux reactor, say a 
5 x 1012 position in a 2 x  1014 flux reactor, will be preferable to an in-core position 
o f a low flux reactor. The large numbers o f analyses carried out with low flux 
reactors such as the SLOW POKE and TR IG A  reactors, however, show that also 
these are very useful neutron sources for RNAA.

Thermal RNAA

Epithermal RNAA

Thermal neutrons may be filtered out with cadmium foil and the remaining 
spectrum  can also be used for activation analysis. This technique will favor re
actions where the ratio o f the cross sections, the resonance integral to  the therm al 
cross section, is high. Steinnes [75] has shown the advantages o f this technique 
in solving analytical problems in geochemistry and prepared a list o f advantage 
factors for the elements. But, since the high thermal neutron flux is absent, re
action rates are lower. Thus, simply stated, the selectivity is improved, but sensi
tivity is reduced by this technique. This consideration led to the definition o f new 
advantage factors by Bern and Ryan [76] and by Tian and Ehm ann [77]. The
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latter also have pointed out that interferences by fast neutron reactions are con
siderably higher.

Epithermal RNAA is mostly carried out by enveloping sample containers with 
cadmium foil and irradiating them  in a facility with a high epithermal flux. Highly 
thermalized facilities arc not suitable. If  the thermal neutron flux is high the 
cadmium m ust be well cooled to prevent it from melting. Containers shielded 
with m aterials containing boron have also been used [76, 78, 79]. In some re
actors irradiation facilities permanently shielded with boron [80] or cadmium 
have been built, to  avoid handling and wasting radioactive cadmium capsules. 
The perm anent shield should be removed from any high flux position, when not 
in use, to avoid burn-up o f the neutron capturing isotopes.

R N A A with fa s t neutrons

Due to the preponderance o f  (n,y) reactions there are only a few elements which 
can be preferably determined with fast neutrons via (n,p) or (n,a) reactions, e.g. 
sulfur, titanium , and nickel. Because o f the low reaction cross sections the fast 
neutron flux must be very high if sensitive analyses are to be made. Irradiations 
are preferably carried out under conditions similar to those with epithermal 
RNAA, in order to reduce the strong activation o f  the sample by therm al neu
trons.

IR R A D IA T IO N  FA CILITIES FOR RNAA

A large num ber o f activation analyses are carried out with irradiation facilities 
originally provided for isotope production. For tha t purpose irradiation data 
(fluxes and irradiation time) do not have to be as precise as for analytical work. 
A n example is the so-called Hobson unit, which is installed at several reactors, 
e.g. at FRJ-2, the DID O -type reactor at KFA Jülich. It consists o f  eight revolver 
magazines placed in one o f the horizontal beam tubes ending in the graphite re
flector outside the D20  tank (Fig. 3). Its properties, as far as they are relevant 
for RNAA, are shown in Table V and compared with those o f  other facilities at 
FRJ-2, including the multiposition rabbit tube system BE-45 which is under 
construction.

Neutron flu x

The sensitivity o f  an RNAA procedure improves approximately with the square 
root o f  the neutron flux. However, there are upper limits for activities o f samples
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4 5 %  7.1% 18.6% per c m

FIG. 3. Schematic view o f an irradiation facility built in a horizontal beam tube (Hobson unit at FRJ-2, 
KFA Jülich). For positions 1, 4, and 5 neutron flux densities (thermal flux  Ф,, epithermal flux  фе, and 
fast flux  Фг) and flux gradients ДФ, are indicated.

to  be measured, because they may cause too high dead times in the counting 
systems. On the other hand, highly active samples may be measured at large dis
tances from the detector, thus avoiding counting errors due to sample dimensions 
and to y-y coincidence effects. W ith these restrictions the following advantages 
for high neutron flux positions can be stated:

1. better sensitivities

2. b e t t e r  a c c u r a c y  a n d /o r  p re c is io n

3. reduced irradiation time, if items 1 or 2 are not required

4. high epithermal and fast fluxes permit sensitive and fast RNAA.

On the other hand the following drawbacks have to  be considered:

1. The high com ponent o f fast neutrons causes réactions interfering with ther
mal RNAA.

2. A high y-ray flux causes sample heating and radiolysis.

Flux gradient

For absolute RNAA the neutron flux inside the sample should be known to at 
least + 2 % , and if  especially accurate analyses are required this value should be
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TABLE V. IRRADIATION FACILITIES FOR ACTIVATION ANALYSIS AT 
FRJ-2, KFA JÜLICH

Multiposition 
hydraulic rabbit 

BE-45 2

Revolver magazine 
(Hobson unit) 

BE-4

Hydraulic 
rabbit tube 

BE-20

Standard gas 
rabbit tube 

BE-12

Thermal flux [n cm 2 s~'] 9 x 10l! ~  10’°.. .8 x 101J 1.4 x 1014 3 x 10IJ

y dose rate [gray/h] 4.6 x 104 1 x 10s 4.6 x 10‘ 5 x 105
([rad/h]) (4.6 x 10') (1 x 107) (4.6 x 10*) (5 x 101)

Capsule temperature [°C] 20 =  40 ... 150 20 150

Capsule material aluminium or aluminium polystyrene PPO b or
polystyrene polystyrene

Useful dimensions
diameter x length [mm] 27 x 90 23 x 70 20 x 80 20 X 80

Number ofirrad. positions 8 8 x 7 1 2

Coolant water none water carbon dioxide

Maximum allowable activity
[GBq] 37 000 37 37 37
([Ci]) (1000) ( 1 ) ( 1 ) ( 1 )

Irradiation time unlimited unlimited 20 s ... 24 h 10 s ... 24 h
Access time c >2 h <2 h :^l min 12 s

‘ Under construction 
b Polyoxyphenyleneoxide
c Time between irradiation end and receipt o f samples by the user

+ 0.2%  or better. For relative and for com parator methods the same values hold 
for the flux difference between the sample and the com parator or standard sam
ple. Considering tha t sample dimensions are usually in the range o f 1 - 2 cm, flux 
gradients o f about 4% per cm, as observed in position 1 o f the Hobson unit, that 
next to the core, or even o f 18% per cm, as observed in magazine 5, will lead to 
very high analytical uncertainties. Only with small samples or those o f well de
fined shape can the flux error be accurately corrected and kept below 0.2% , as 
shown, for instance, by the analysis o f aluminium disks in another presentation
[63] at this symposium.

The flux gradient inside the sample can be kept small if  the sample is placed such 
th a t its smallest extension is in the direction o f the maximum flux gradient. Be
cause sample containers are usually relatively long cylinders, this condition can
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be approximately fulfilled by placing them vertically near to the horizontal center 
plane o f the reactor core. Irradiation facilities built in horizontal beam tubes do 
not meet this requirement.

The flux gradient error may also be minimized when rotating assemblies are used 
in the irradiation facilities, as has been described e.g. for the Danish reactor DR-3
[81]. Both requirements, rotation of the sample magazine and placement near 
the core ccntcr plane, are fulfilled with the new irradiation facility BE-45 at FRJ-2 
in Jülich.

Flux stability

The flux in a reactor during normal operation is sufficiently constant. But any 
tem porary power reduction or shutdown during irradiation o f a sample leads to 
errors which practically cannot be corrected, so that analyses cannot be evaluated 
and samples are lost.

W ith the Hobson unit the magazines have to be moved when samples are added 
or removed. Due to the radial flux gradient unsystematic changes o f the flux in 
the order o f  10 to 50% take place. The resulting error is only partially corrected 
if single com parator or absolute procedures of RNAA are carried out and the flux 
is determined by flux wires, which only measure the integrated flux. W ith the new 
facility BE-45 these problems do not exist, at least not with irradiation times 
longer than 2 hours, because the magazine is rotated with 6 cycles/hour.

Flux ratios

One im portant advantage o f the H obson unit for thermal RNAA is its very low 
flux o f fast neutrons. M easurement by the 2?Al(n,a)24Na reaction indicated a 
Ф ,: Ф,д flux ratio o f 0.001 : 1 in position 1. This rules out many interferences by 
fast neutrons. The epithermal flux, as measured with zirconium double flux 
m onitors [82], is Ф,,, : Ф,/,— 0.0003 : 1. Therefore the contribution o f resonance 
activation to the (n,y) reaction rates is very small, and its problems and errors 
need not be considered. For epithermal activation analysis, on the o ther hand, 
this facility is not very useful. The epithermal flux density o f 3 x 109 n cm-2 s~' is 
too  low.

Temperature

The Hobson unit at FRJ-2 is not cooled, and tem peratures in position 1 will be 
around 150°C. To permit irradiation o f medical, biological, and m any other 
sample types sensitive to heat, irradiation facilities should be cooled. An optimal
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solution is streaming of the coolant, water or gas, through the irradiation capsule 
in order to directly cool the sample vials and to carry off the heat produced inside 
the sample by y-radiation.

Irradiation time

Irradiation times at the H obson unit can be chosen between a few m inutes and 
one reactor period, usually 20 days. There is no rabbit tube system, so that de
livering samples to laboratories needs a t least a few hours. With respect to accu
racy o f analyses, exact control o f the irradiation time is necessary. An autom atic 
in- and output control is no t provided and the same holds for many other 
irradiation facilities used for RNAA. W ith fully autom ated activation analysis 
systems [9, 10, 11] irradiation and measuring times are stored in an on-line 
com puter and used for the calculations o f the analytical results. W ith the new 
facility BE-45 the dates o f in- and output are at least automatically recorded.

The Hobson unit, although it is based on a very conventional technique, is pres
ently the most often used irradiation facility for RNAA, because in m ost cases 
irradiation times longer than 12 hours are applied. For irradiation times below 
12 hours, or exceptionally up to 24 hours, two rabbit tube systems are at the 
user's disposal (see Table V). Ultra-fast rabbit tube systems with sample access 
times below 1 second are in use with many research reactors [83 - 87]. A t Jülich, 
two systems had been installed. But they were so seldom used th a t they were 
taken out o f operation several years ago.

RNAA W ITH BEAM TUBES (PRO M PT ACTIV A TIO N  ANALYSIS)

Irradiation facilities using neutron beams outside the reactor shielding are mainly 
applied for Neutron Capture Prompt y-Ray Spectrometry (PG-NAA). Thé sam
ples are placed in a neutron beam  and the y-rays following neutron capture, 
emitted usually after 10-14 to 10-12 seconds, are measured with a detector. The 
reaction rates and accordingly the counting rates depend on the neutron flux, 
which in the beam is usually 106 times lower than that near the reactor core. 
A lthough the first applications of this technique were described already in 1966
[88], it is still difficult to form an opinion on the im portance o f  this technique.

Anderson et al. [89] have shown that with silicate bearing geological samples 
(ash from the Mt. St. Helens eruption in 1980 was the investigated material) all 
major and m inor constituents could be simultaneously determined. The am ounts 
found o f N a, Mg, Al, Si, K, Ca, Ti, Mn, and Fe made, as their common oxides, 
99.2% o f the sample weight. Out o f the trace constituents I I, B, S, Cl, V, Cd, Sm, 
and G d could be determined, i.e. elements with comparatively high abundances 
between 100 and 1000 ppm (H, S, Cl, and V) or with high reaction cross sections
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(В, Cd, Sm, and Gd). In biological samples (orchard leaves and bovine liver 
standard reference materials) the major and m inor constituents II, C, N, Mg, S, 
K, and Ca and the trace elements B, N a, Cl, Mn, Cd, and Sm could be deter
mined [90]. W ith a flux density o f 2 x  10s n cm-2 s~‘ , as obtained at the PG -N A A  
facility at the NBS reactor at G aithersburg, M aryland, exposure times o f 12 to 
24 hours were necessary. Remarkable is the ability to measure traces o f I I, B, and 
Cd, which are not accessible or are only accessible with difficulty, by "delayed" 
RNAA. The determ ination o f  boron has been described in several papers [91], 
and detection limits in the range o f 0.1 ng/g seem achievable. They may be im
proved by neutron beams with higher flux densities; 1 x 109n c n r 2s_1 , for in
stance, is available at the ILL reactor at Grenoble [92]. Further improvement is 
expected with the use o f ultra-cold neutron beams, as proposed by Henkelmann 
and Born [92]. Some initial experiments in the new neutron beam laboratory 
ELLA at KFA Jülich, where an ultra-cold beam o f Ф =  8.4 X 10s n cm-2 s~‘ is 
available, have been carried out by Lindstrom et al. [93].

A special case o f prom pt activation analysis, where not y-rays but particles such 
as a-particles or protons are measured, is Neutron Depth Profiling (N D P). This 
technique, first applied by Ziegler [94] in 1972, has proved to be useful in deter
mining light elements in thin layers. It is often applied in investigating depth 
profiles in layers produced by ion im plantation. A beam o f thermal neutrons is 
directed to the sample surface. W ith some light elements, like boron or lithium, 
(n,a) reactions take place and the particles are emitted with distinct energies. 
W hen penetrating m atter, they are decelerated and the energy loss is proportional 
to the covered distance. Particles escaping from the surface in the direction o f a 
detector are registered and their energy is measured. From  the energy loss the 
depth at which the neutron capture has taken place is calculated. The m ethod is 
mostly applied for the determination o f boron, lithium, and nitrogen. It might 
be useful also with some other isotopes with high (n,p) or (n ,a) therm al neutron 
reaction cross sections. But these isotopes have very low natural isotopic abun
dances (■‘He, 170 , 33S, and адК) or are unstable (7Be, 22Na, and S9Ni). D epth re
solution is reported to be about 5 nm  for (n,a) and 10 nm  for (n,p) reactions. A 
review o f applications o f N D P is given by Downing et al. [95].

CON CLU SIO N

Trace element analysis a t very low levels is an irreplaceable instrum ent o f sci
entific research and technological development. In many cases legal actions and 
questions o f safety and health depend on its results, for which therefore a high 
degree of reliability and accuracy is required. Experience has shown tha t new 
analytical problems, especially those requiring trace element determ inations, 
cannot be solved by simply applying and adapting an analytical method. It is
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rather a process where several independent analytical methods have to contribute 
and by comparison o f the results faulty steps in the one or the other m ethod are 
detected and improved until the results obtained by the different methods agree 
within reasonable limits. After this procedure one or two o f the methods in
volved prove to be suitable for routine applications, where precision, speed, and 
economic aspects have to be considered.

In the arsenal o f  analytical methods those o f  activation analysis have been shown 
to be useful and necessary in the period o f developing optimal procedures as well 
as in routine applications. It is necessary to m aintain and to improve irradiation 
facilities at reactors for that purpose and to make them  accessible also to analysts 
in laboratories away from reactor centers.

A nother application o f radioactivity to chemical analysis is tracer techniques. 
They seem still more im portant for developing analytical accuracy than  acti
vation analysis, but could not be treated here. They are also dependent on 
irradiation facilities at nuclear research reactors.
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Abstract

PROMPT GAMMA NEUTRON ACTIVATION ANALYSIS WITH COLD NEUTRONS -  A 
CHALLENGE FOR CHEMICAL ANALYSIS.

Chemical analysis today may be concerned with more detailed questions than just average 
elemental composition, and the same concern may be expressed over the spatial distribution, chemical 
form, structure, etc. The development of new techniques capable of answering such questions is fun
damental for the evolution of analytical chemistry. Nuclear techniques play an important role in the 
understanding of the structure and composition of matter, thus acting as a link between the pure chemical 
and the physical approach. An experimental setup for prompt gamma neutron activation analysis is 
described. First results are reported and the limitations and further developments are discussed. The 
technique, dealing with both scattering and absorption of neutrons, seems to be very promising in the 
investigation of compositional and structural problems of natural materials.

Introduction
Interaction of neutrons with matter is twofold: scat
tering and absorption. Most of the physical investiga
tions in the field deal with the scattering. The ab
sorption is just an unwanted side-effect. In chemical 
analysis, however, the absorption of neutrons which 
leads to excited nuclei and subsequent gamma-ray emis
sion is the process which is used for the quantifi
cation of elements in Neutron Activation Analysis 
(NAA) techniques and scattering is the unpleasant 
disturbance. In principle, one can distinguish between 
delayed techniques like instrumental or radiochemical 
NAA which measure the gamma-rays emitted depending on 
a characteristic half-life of the nuclides and prompt
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techniques like Prompt Gamma Neutron Activation Ana l y 
sis (PGNAA) which require a combination of irradiation 
and counting facilities for the detection of gamma-ra- 
diation emitted from excited states of the target nuc
lei within 10~14 - 10 s after neutron absorption. 
Many elements which are not determinable by conventio
nal NAA as nuclides that form stable isotopes after 
neutron capture or that form pure beta emitters like S 
or P are favorable candidates for this technique. A 
comparison [1] of the theoretical sensitivity limits 
for analysis of 63 elements by capture gamma-rays and 
conventional activation analysis predicted that with 
an equal neutron flux the capture gamma-ray method 
would be superior for 61 of these elements. However as 
neutron fluxes in external beams are typically 5 to 6 
orders of magnitude weaker than in the thermal posi
tion of a research reactor and prompt gamma spectra in 
the energy region from 50 keV to «/10 MeV are much 
more complex than delayed spectra, the strength of 
this technique for chemical analysis seems to lie more 
in the determination of matrix elements (H, C, N, S, P 
etc.) than on the trace element side. Thus both nuc
lear techniques, PGNAA and conventional INAA,are some
how complementary and it was claimed [2] "that a com
bination of both methods (which uses the same equip
ment) can be used to measure concentrations of 40 to 
50 elements in individual samples of many types of 
m a t e r i a l s " .

Experimental
Irradiation Facility: PGNAA can be performed either 
by placing the sample inside the reactor, where the 
flux is large, and observing the gamma-rays outside 
the reactor [3] or by bringing a neutron beam through 
a guide tube outside to an external laboratory and 
mounting the sample close to the detector. The former 
has a high neutron flux but poor counting geometry 
and the latter is just the opposite. An external neu
tron guide hall (ELLA) was installed in 1983 at the 
nuclear research reactor FRJ-2 in Jülich,which has 
operated since 1962; it now has a power of 23 MW and a 
thermal neutron fluence of 10-*-̂  n cm-2 s- -1-. Three 
separate Ni-coated beam tubes are connected to a 
hydrogen cold source through a 48 cm cooled Bi filter 
and supply fairly coherent neutron beams of 10 n cm 
s ' 1 on an illuminated area of about 50 cm . Background 
radiation at the working place, about 50 m from the 
core, is very low so that a minimum of shielding
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FIG. I. Experimental setup fo r  PGNAA. CRM: count rate meter.

allows the detector to be put 20 cm away from the 
sample. The experimental setup is shown in figure 1.

Counting Equipment and Data Acquisition: The high 
purity germanium detector used is an Ortec GAMMA-X 
plus intrinsic diode (22.6 % efficiency, 1.72 keV 
resolution (fwhm) at 1.33 MeV) which was supplied by 
the National Bureau of Standards. The signals were 
collected with a Nuclear Data 581 ADC (4 ps fixed 
conversion time, 16384 channels) and an ND Micro-Mul- 
tichannel Analyzer connected to a VAX 11/750 computer. 
An Ortec ADCAM 918A multichannel buffer (10 ps, 8192 
channels) connected to an IBM AT2 personal computer 
collected data in parallel and provided live spectral 
display (see figure 1). Further information is given 
in [4]. The low background radiation, the relatively 
high neutron flux along with the advantageous 1/v 
cross section relation for cold neutrons and the 
almost ideal sample to detector geometry increase 
significantly the gamma-ray detection efficiency, so 
that practical limitations arise from the ability to 
collect data at high counting rates (<30000 counts/s) 
without distortion. Advances in high rate gamma 
spectroscopy such as loss free counting and very fast 
ADC's help to improve PGNAA's development.
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Materials and M e t h o d s : Various approaches have been 
used for the exploitation of neutron capture prompt 
gamma-rays for multielement analytical work. Isotopic 
neutron sources and sources of thermal neutrons 
including reactor-based neutrons generally suffer 
from low flux intensity or unfavorable peak to 
background ratios. A guided beam of cold neutrons 
extracted from a high flux reactor is the closest to 
the idealized requirement for in-beam spectroscopic 
methods where the largest possible number of 
activating particles per en s should see the sample 
and the smallest possible number of interfering 
particles should hit the detector. In a neutron guide 
the slowest neutrons from the source are reflected 
with the highest efficiency from the walls of the 

Ni-coated guide tube, whereas the fast neutrons and 
gamma-rays decrease as 1/r2 with distance. Therefore, 
the signal to noise ratio is high. Since capture 
cross sections for most target nuclei are inversely 
proportional to the neutron velocity (Ç5~l/v) the 
capture rate for cold neutrons is also higher than 
with thermal beams. The same number of neutrons at 30 
К gives three times the reaction rate as at 300 K. 
Further enhancement of sensitivity might be achieved 
by focusing cold neutrons onto a small spot. If a 10 
cm x 10 cm beam of 10y n cm s could be focused on 
a 1 mm x 1 mm area by a shaped supermirror or a zone 
plate (so called " a n t i-trumpet"), the fluence rate 
would become a highly attractive lO1 -̂ n cm s [4] .

Many environmental and biological materials like 
NBS-SRM's (bovine liver, 1577; citrus leaves, 1572; 
coal, 1632a; fly ash, 1633) and Specimen Bank 
Materials (algae, poplar leaves, sewage sludges) have 
b'een screened by this method. The samples were 
weighed, pelletized and sealed into small Teflon 
bags. Two parallel Teflon strings were used as 
support for the bags in the beam so that the sample 
was mounted at 45° to the beam axis and the detector 
respectively. The beam was collimated by a ^Li-colli- 
mator in front of the sample to about the sample 
diameter in order to reduce background mostly due to 
activated N 2 in the air space. Background from 
activation of the sample holder material was shown to 
be negligible (only traces of H 2 ), indicating that 
thin and clean Teflon foil is suitable for the 
purpose.
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FIG. 2. Bovine liver (NBS-SRM1577) spectrum. Live time: 6700 s; sample weight: 1000.6 mg.

Results and Discussion
Autoradiography of indium foils exposed to the beam 
showed good uniformity and no divergence of the beam. 
Activated gold foil with and without a Cd-cover 
showed a neutron beam intensity of 2 x 10° n cm- s 
and a Cd-ratio of 2 x 1 0 4 at the sample position. The 
sensitivity of the arrangement expressed in 
counts s " 1 g -  ̂ was better by a factor of 5 to 10 
than previously reported ones [ 5 ] .

A representative spectrum for biological samples 
taken with the Ortec system is shown in figure 2.
From the inspection of this example one can draw the 
general conclusions:

1. Hydrogen at 2220 keV is the prominent peak 
obscuring lower energy lines by producing a high 
Compton continuum.

2. 257 individual peaks are identified in the region 
from 100 keV to 10 MeV from which about 60 have 
sufficient counting statistics within a counting 
interval of 2 hours and a sample weight of 1 g .

3. 18 elements could be identified but have not yet 
been quantified because of standardization
problems. Flux depression by scattering of neutrons
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TABLE 1. EXPERIMENTAL DETECTION LIMITS NORMALIZED TO 
100 counts/30 min IN 200 mg OF MATERIAL (mg/kg)

Ele
ment

Bovine liver
NBS-SRM
1577

Fly ash 
NBS-SRM 
1633

Coal Energy of the 
NBS-SRM >f-line in keV 
1632a

A1 400 2400 150 1778
Ag 0 .0 1 0.0014 2 0 0 .8
As 0.5 169.6
В 0.13 0.015 478.5
Be 0.5 2589
С 33000 11000 3682.5
Ca 6000 5500 4421
Cl 10 7 1164.6
Co 3.0 0.7 231.7
F 10 597.8
Fe 580 500 692. 5
Gd 0 .1 0.016 944.3
H 15 15 12 2222
I 0.0025 0.0005 293.5
К 100 450 55 770.5
Mg 100 580 70 3910.7
Na 100 60 2751.6
N 4000 1150 2516.4
Pb 100 7369.7
S 850 460 150 841
Se 0.47 0.085 6604
Si 1000 1500 4932
Sm 10 6 0.69 0 .0 1 335
Sr 36.8 10 897.7
Ti 0 .1 190 15 6764
T1 0.025. 5596
V 7.3 1 .2 124

Note: Missing values are due either to the absence of a signal or to the fact that no value for the 
material exists. Concentrations are taken from [6].

is matrix dependent and roughly proportional to the 
hydrogen content of the sample.

4. Estimated detection limits calculated from litera
ture data and standardized for 100 counts LLD 
(lower limit of detection) in 30 min and 200 mg 
sample weight for three particular NBS reference 
materials are given in table 1.

Conclusion
The method is a rapid multielement and nondestructive
approach and can be developed in several ways. Further
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investigation should focus on the role of hydrogen in 
the sample with respect to neutron flux depression.
The background could be further reduced by putting the 
sample holder in a vacuum chamber with possible cool
ing. Sample thickness and active area of samples and 
standards must be optimized and methods of internal 
flux monitoring should be investigated. The electronic 
equipment must be adapted to high count rate acquisi
tion, and multiparameter scaling along with Monte 
Carlo calculations of the neutron-induced prompt gamma 
spectra [7]. This could help to unfold the crowded 
spectra and lead to better resolution and elimination 
of hitherto unresolved interferences. If some or all 
of these basic problems can be solved to a satisfying 
extent, PGNAA with cold neutrons can not only be an 
elegant multielement analysis approach for bulk 
material, but can be possibly applied to isotopic 
analysis [8] and to depth profiling of H 2 in the 
continually growing field of hydrogen technology.
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In geochemical exploration for U and Th deposits as well as chemical control 
of uranium processing at pilot plants, fast and non-destructive techniques are needed. 
In addition, a precise method is required for the detection of fissile material contami
nation in environmental samples to serve pollution research.

The delayed neutron counting system at the TR-2 research reactor of the 
Cekmece Nuclear Research and Training Centre includes an FA-1 programmable 
controller, an automatic weighing unit, a microcomputer, a pneumatic transfer 
system, detectors and counting units.

Six BF3 detectors are connected in parallel to a preamplifier and placed in a 
cylindrical configuration in a paraffin moderator block around the sample station. A 
lead shield having a diameter of about 7 cm is placed between the sample and the 
detectors [1-3].

Transfer of samples requires less than 2 s, and after sample loading into the 
transfer tube all operations are controlled by the computer. A total of 150 samples 
can be analysed per eight hour working day but this can be increased to 300 by using 
a shorter time schedule per sample.

Samples are irradiated in rabbits at the 5 MW TR-2 reactor with a thermal neu
tron flux of about 5 x  1013 n-cm _2-s_1 and a thermal to fast neutron flux ratio 
of 10.

In delayed neutron counting a number of elements are known to contribute to 
the count rate and cause interference. To evaluate their importance in U and Th 
analysis, a series of experiments with IAEA Standard Reference Materials S-7, S-8, 
S-12, S-13, S-14, S-15, S-16 [4], Soil-5, and SL-1 [5] were performed with the 
delayed neutron counting facility. Some measurement results for these materials are 
compared with the certified values in Table I.

* This work was supported by the Turkish Atomic Energy Authority.
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TABLE I. URANIUM CONCENTRATION IN IAEA STANDARD REFERENCE 
MATERIALS AS DETERMINED BY DELAYED NEUTRON ACTIVATION 
ANALYSIS

IAEA
SRM

IAEA certified 
value

This work Unit

S-7 0.527 ±  0.010 0.519 ±  0.006 wt% U30 8

S-8 0.140 + 0.003 0.142 ±  0.008 wt% U30 8

S-12 0.014 ±  0.001 0.014 ±  0.002 wt% U30 8

S-13 0.038 ±  0.002 0.038 ±  0.004 wt% U3Og

S-14 29.0 ±  2.2 40.12 +  3.46 Mg/g

S-15 85.0 ±  4.3 96.16 ±  4.17 Mg/g

S-16 444.7 + 20.3 620.9 ±  25.6 Mg/g

Soil-5 3.15 ±  0.45 3.99 ±  0.35 Mg/g

SL-1 4.17 + 0.28 4.23 ±  0.26' Mg/g
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REACTOR NEUTRON ACTIVATION  ANALYSIS 
FOR DETERMINING TRACE ELEMENTS 
IN HIGH PURITY MATERIALS

G. ERDTMANN, H. PETRI,
B. KAYSSER, G. KÜPPERS 
Kernforschungsanlage Jülich GmbH,
Jülich, Federal Republic of Germany

Neutron activation analysis (NAA) has proved to be a powerful technique for 
assaying high purity materials, which are gaining in importance in modern technol
ogy. It makes possible the direct analysis of a variety of samples such as liquids, pow
ders or compact solid pieces, offers high sensitivity and minimizes the risk of 
contamination and trace element loss [1].

It is very advantageous that NAA can be used as an absolute method, since there 
is then no need for any element standards or reference materials of similar composi
tion to the sample [2]. The samples to be analysed are irradiated with thermal neu
trons and after an appropriate delay the gamma spectra are measured and evaluated. 
The results are calculated from the activities of the activation products, the neutron 
fluxes and nuclear parameters. Thermal and epithermal neutron fluxes were deter
mined simultaneously using zirconium as double flux monitor [3]. In the equation 
used for the calculations the nuclear parameters were replaced by the Ghent ko and 
Q0 factors [4].

We have used NAA for the determination of impurity concentrations in 
materials such as high purity quartz glass and aluminium, technical grade titanium 
(99.5%) and zirconia ceramics, and we are taking part in an international programme 
of the Commission of the European Communities (Community Bureau of Reference) 
for the development and certification of reference materials of high purity metals. By 
using a computer controlled sample changer and multichannel analyser it is possible 
to measure more than 1000 samples within a year. By use of high resolution gamma 
ray spectrometry 15 to 20 trace elements can be determined simultaneously in each 
sample. The analyses are carried out non-destructively and the detection limits vary 
between 0.01 and 10 pplO9. The computer printout for the customer gives results 
for those elements found in the gamma spectra; for those elements not found, the 
detection limits are calculated.

Table I summarizes the results obtained from analysis of high purity quartz 
glass and aluminium. The well thermalized flux of the BE-4 irradiation facility of the 
FRJ-2 reactor at the Kernforschungsanlage Jülich provides favourable conditions for 
the analysis of aluminium because the production of 24Na by fast neutrons is 
minimal.

IAEA-SM-300/17P
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TABLE I. INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS OF HIGH 
PURITY QUARTZ GLASS AND ALUMINIUM

Quartz glass Aluminium (99.999%)

Element
Content Detection limit Content Detection limit
(ng/g) (ng/g) (ng/g) (ng/g)

Na 20.4 ± 1.4 0.35 _ _

К 264 + 10 10 — —
Sc 0.06 ± 0.02 0.002 68 ± 3 0.01
Cr 24.5 ± 1.2 0.5 84 ± 5 . 2.2
Fe 92 ± 17 17 5520 ± 350 90
Co - 0.06 7.1 ± 0.3 0.08
Cu 2.5 ± 0.8 0.26 — —
Zn 23.7 ± 1.0 1.3 921 + 60 6
As 1.3 ± 0.1 0.07 108 + 9 0.9
Se — 0.4 — —
Br 2.0 ± 0.3 0.1 23.7 ± 3 1
Rb 2.6 ± 0.6 0.8 — —
Zr — 20 8600 ± 900 200
Mo — 1.5 451 ± 25 10
Ru — 0.2 — —

Ag - 0.3 — 2
Sb 0.68 ± 0.06 0.06 25 ± 2 0.5
Cs 0.48 ± 0.04 0.05 — —
Ba — 8 — _
La 10.7 ± 0.8 0.02 70 6 0.2
Ce 35 + 5 0.3 303 ± 15 1.5
Nd 20 + 5 1.1 147 ± 16 5
Sm 14.3 ± 1.1 0.01 17 ± 2 0.04
Eu 0.5 ± 0.1 0.01 — —
Gd . — 2 ■ — —
Tb . 8.2 ± 0.7 0.03 7.2 ± 0.8 0.5
Ho 9.5 ± 2.5 0.3 — —
Yb 11.5 ± 1.9 0.02 — —
Hf 52 ± 4 0.03 6.5 ± 0.5 0.4
Ta 0.62 ± 0.07 0.05 1.3 ± 0.2 0.3
W — 0.01 26.7 ± 2 2
Ir — 0.0007 — —
Au 0.007 ± 0.0006 0.0009 1.4 ± 0.07 0.01
Hg — 0.3 6.0 ± 0.7 0.6
Th 20 ± 3 0.04 70.5 ± 4 0.2
и 60 ± 8 0.2 69.6 ± 6 0.9
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INDUSTRIAL APPLICATIONS OF 
NEUTRON ACTIVATION ANALYSIS WITH 
A FAST PNEUMATIC TRANSFER SYSTEM 
AT THE BRI RESEARCH REACTOR

P. D ’HONDT 
CEN/SCK,
Mol, Belgium

D. BOSSUS 
DSM Research,
Geleen, Netherlands

A fast pneumatic transfer system for transferring capsules with a useful volume 
of 20 mm (diameter) x  50 mm (height) has been installed at the graphite moderated 
BRI research reactor of the CEN/SCK. The distance between the irradiation and 
measuring positions is approximately 20 m; the travelling time is less than 3 s. 

The irradiation parameters for a reeactor power operation of 600 kW are:

— Thermal flux nv0 1.33 x  10n n-cm~2-s_l
— Epithermal flux </)ep¡ 8.25 X 109 n -cm ^ -s"1
— Equivalent fission flux 1.05 x  1010 n-cm"2-s"‘

The measuring end of the pneumatic transfer system, positioned in front of a 
Ge(Li) detector (relative efficiency 18%), has been conceived to allow direct 
measurements on the irradiation capsules without any unloading, extending the possi
bilities for neutron activation analysis (NAA) down to short lived isotopes with half- 
lives of a few seconds.
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This system was designed at the request of DSM Research. The aim of one of 
its research programmes is the preparation of very pure S i02 for ceramics produc
tion. The base product for S i02 preparation is H2SiF6; for this reason, one of the 
main concerns is the fluorine impurity content in S i02.

Techniques frequently used at DSM Research such as ion chromatography 
failed in the detection of fluorine in S i02. NAA, however, making use of the 
19F(n,y)20F reaction (t)/2 = 11 s), appeared to be the most appropriate non
destructive technique for fluorine analysis.

Irradiation times of 20 s and measuring times of 10 s on S i02 samples (2-10 g) 
allow detection of about 50 ppm of fluorine in S i02.

IAEA-SM-300/81P

DEVELOPMENT AND APPLICATIONS OF 
NEUTRON ACTIVATION TECHNIQUES

N.N. PAPADOPOULOS, S. SYNETOS 
Demokritos National Research Center 

for the Physical Sciences,
Aghia Paraskevi, Attiki,
Greece

Among the analytical methods, nuclear analytical techniques offer certain 
advantages, such as simplicity, sensitivity and accuracy, and are being used more and 
more in many fields, including nuclear technology, industry, environment, biomedi
cine, geology, agriculture and archaeometry. Current work and future improvements 
of a nuclear analytical laboratory at the Demokritos National Research Center for the 
Physical Sciences (NRCPS), created with the financial support of the International 
Atomic Energy Agency (IAEA) and capable of meeting many of the national analyti
cal requirements [1], is described here.

A flexible nuclear analyser has been developed and installed at the Demokritos
5 MW swimming pool research reactor for neutron activation analysis of a variety 
of samples [2]. The system is used for the analysis of fissionable materials by the 
delayed neutron method and for multielement analysis by gamma ray spectrometry. 
The accuracy and sensitivity of the analyser have been improved considerably, per
mitting high quality uranium enrichment determination of nuclear safeguards samples 
and reference material certification [3], as well as uranium analysis of geological and 
other samples, even with low concentrations. This high performance has been 
achieved by the installation of a flexible pneumatic transfer system, combining varia
ble capsule size, adjustable irradiation end position, cyclic activation capability and 
intermediate sample storage. Thus the coverage of a wide concentration range,
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without causing pile-up, dead time, radiation buildup or background problems, is 
ensured.

By employing a system comprising an HPGe detector, a multichannel analyser 
and an IBM personal computer, obtained through an IAEA technical co-operation 
project, instrumental neutron activation analysis with medium and long lived nuclides 
has been applied for the determination of trace elements in geological [4], environ
mental (air filter, fish flesh) and biological (blood) samples, as well as of impurities 
in high purity materials, in close collaboration with the respective institutions in 
Greece.

Thus the nuclear analytical laboratory is now able to participate in projects on 
a national and international level, e.g. those organized by the IAEA and Euratom for 
the analysis of nuclear safeguards and reference material samples [5], and thereby 
to further increase its infrastructure and provide also national and international 
training.

Plans for the near future include the automation of the system using a program
mable logic controller, combined with a microcomputer for data processing, the 
installation of a Cd facility for epithermal irradiations, and the installation of a second 
gamma ray spectrometry system for short lived multielement analysis. Further, a 
prompt gamma activation analysis facility is in the construction stage. It is thus hoped 
that a wide range of analytical requirements will be covered.
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Abstract

THE IAEA TECHNICAL CO-OPERATION PROGRAMME.
One of the statutory mandates of the International Atomic Energy Agency (IAEA) is “ to acceler

ate and enlarge the contribution of atomic energy to peace, health and prosperity throughout the world.” 
Its most important activity in this regard is providing technical assistance to its developing Member 
States in various areas where nuclear technology can contribute to the solution of scientific, agricultural, 
medical, industrial and energy problems. The resources made available for the IAEA’s technical co
operation programme have been increasing steadily, at a rate o f about 18% per year over the last decade. 
Between 1980 and 1986, these resources increased from US $21 million to US $39 million. In human 
resources development, the IAEA organizes training courses, awards stipends for fellowship training 
and sends specialists in various fields of nuclear science and technology to developing countries. During 
1981-1986, about US $38 million were disbursed on training courses and fellowships, and US $39 mil
lion on experts. In 1986 alone almost two thousand professionals benefited from the IAEA training 
courses and fellowship programmes, and almost two thousand expert assignments were undertaken. 
These activities were complemented by the provision of equipment, the total cost of which was US 
$77 million during 1981-1986 and US $19.5 million in 1986. An analysis of the distribution of disburse
ments by area of activity shows that the most IAEA support has gone towards agricultural development, 
followed by nuclear engineering and technology, industrial applications and hydrology, and nuclear 
safety. In the area of nuclear engineering and technology, the IAEA is assisting its developing Member 
States in energy planning, research and power reactor design, operation and maintenance of reactors, 
reactor instrumentation and control, radiation engineering and quality assurance, fuel element fabrica
tion and isotope production. With regard to research reactors, the IAEA is at present undertaking 58 
projects in 28 developing Member States. The activities range from neutron scattering and neutron acti
vation analysis to core conversion, thermohydraulic studies, reactor modernization and radioisotope and 
radiopharmaceutical production. In addition, there are five projects on research reactor safety. It is 
heartening to note that the general public is gradually gaining a clearer perception of peaceful nuclear 
applications and that the technologies being promoted through the IAEA’s technical co-operation 
programme are making ever greater contributions to scientific progress and national development. In 
recent years, the IAEA has become increasingly involved in regional activities, which is seen as an 
effective way of accelerating moves towards self-reliance in scientific disciplines and appropriate 
technology by facilitating the co-ordination of the intellectual and physical resources of Member States.
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1. INTRODUCTION

The primary objective of the International Atomic Energy Agency 
(IAEA) is "to accelerate and enlarge the contribution of atomic energy to 
peace, health and prosperity throughout the world." The IAEA seeks to 
achieve this objective by promoting peaceful uses of atomic energy — and 
technical co-operation between Member States for that purpose. Broadly 
speaking, the IAEA’s technical co-operation programme provides support 
within the framework of projects through which expert services, training 
and equipment are made available. Project activities are supplemented by 
group and individual training through the IAEA’s fellowship and training 
courses programmes.

Projects have the dual role of responding to the development priorities 
of Member States and contributing to institution building. Ever increasing 
emphasis is being placed on human resources development, which, encom
passing the activities of planning, producing, managing and evaluating a 
country’s (or an organization’s) manpower, involves more than the acquisi
tion of technical skills.

Activities are supported through assessed voluntary cash contributions of 
Member States to the Technical Assistance and Co-operation Fund 
(TACF), from extrabudgetary funds and from assistance made available in 
kind. In addition, a number of projects are implemented on behalf of the 
United Nations Development Programme (UNDP).

2. TRENDS IN TECHNICAL CO-OPERATION ACTIVITIES

Within a period of 30 years the IAEA has made significant contributions 
in assisting developing Member States in setting up infrastructures and em
barking on nuclear energy programmes.

The resources made available for the IAEA’s technical co-operation 
programme have been increasing steadily, at a rate of about 18% per year 
over the last decade. Figure 1 illustrates the growth in programme resour
ces over the past 30 years. It can be seen that there has been a sharp in
crease in resources since 1977.

Between 1980 and 1986, Member States’ voluntary contributions to the 
TACF increased from US $10.6 million to US $27.9 million. The total
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FIG. 1. Growth in technical co-operation programme resources, 1958-1986.

resources, including the TACF, extrabudgetary contributions, in-kind assis
tance and funds from UNDP, increased from US $20.9 million to US $39.3 
million over this interval. A  detailed breakdown is provided in Fig. 2.

Considerable thought is being given within the IAEA to the future direc
tion of its technical co-operation activities. Increasing emphasis will no 
doubt be placed on human resources development. As the capacity of 
Member States to absorb new technologies increases, the pattern of train
ing is also likely to change. Support for national courses is likely to become 
more common, as a cost effective way of introducing technologies to a 
large number of people.

Project planning on a regional basis is likely to become more prevalent. 
Arrangements such as the Regional Co-operative Agreement for 
Research, Development and Training Related to Nuclear Science and 
Technology (RCA) for Asia and the Pacific and the Regional Co-operative 
Arrangements for the Promotion of Nuclear Science and Technology in 
Latin America (ARCAL) may become models for appropriate internation
al efforts in Africa and the Middle East.
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FIG. 2. Resources available for the technical co-operation programme.
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2.1. Human resources development

Human resources development is one of the key elements in acquiring 
scientific and technological self-reliance. In this area, the IAEA organizes 
training courses, awards stipends for fellowship training and sends 
specialists in various fields of nuclear science and technology to developing 
countries. The growth in the fellowship programme, training courses 
programme and expert assignments is shown in Figs 3 ,4  and 5.

In 1986 alone almost two thousand professionals benefited from the 
IAEA training courses and fellowship programmes, and almost two 
thousand expert assignments were undertaken. These activities were com
plemented by the provision of equipment the total cost of which was US 
$19.5 million.
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FIG. 3. Growth o f the fellowship programme, 1958-1986.

FIG. 4. Growth o f the training courses programme, 1959-1986.
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FIG. 5. Growth in expert services, 1960-1986.

As a result of the IAEA’s human resources development programme, a 
number of developing Member States have already established their in
frastructures and acquired the capability to carry out, on their own, parts of 
their nuclear programmes. Many of them have been able to organize train
ing courses, regional as well as interregional, and some are able to accept 
IAEA fellows to be trained in their institutions. During 1982-1986, 145 of 
253 training courses were held in developing Member States. By contrast, 
in 1980 only 4 of 23 and in 1982 only 14 of 35 training courses were held in 
developing countries. In 1986, 51 of the 71 training courses were given in 
developing Member States.

2.2. Distribution of resources

Figure 6 shows disbursements by programme component from 1958 to 
1986. It can be seen that programme growth has been rapid since 1977, the 
equipment component establishing itself at roughly 50% of the total during 
1977-1986. During 1981-1986, about US $170 million were made available 
to the programme by Member States. Of this amount, some US $38 mil-
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FIG. 6. Disbursements by programme component, 1958-1986.

lion were disbursed on training courses and fellowships, US $39 million on 
experts and US $77 million on equipment and supplies.

The distribution of disbursements by area of activity can be seen in Fig. 
7. The figure shows that the most IAEA support has gone towards agricul
tural development, followed by nuclear engineering and technology, in
dustrial applications and hydrology, and nuclear safety.

Agriculture

In the field of agriculture much has been achieved. About 539 improved 
cultivars of crop plants have been released to farmers. These cultivars, 
which are the result of radiation induced mutation breeding, have higher 
yield, higher nutritional content, enhanced climatic tolerance and higher 
disease resistance. Of these cultivars, 334 were produced in developing 
Member States. In 1987, the IAEA is supporting 28 projects in this field in 
25 developing Member States.
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FIG. 7. Disbursements by area o f  activity, 1958-1986.

The IAEA’s technical co-operation programme offers assistance to im
prove the efficiency of use of fertilizer and water. The IAEA is also sup
porting studies on enhancing nitrogen fixation by grain legumes and by 
trees. At present there are 71 projects in this field in 42 developing 
countries, including one regional project for Africa.

The technical co-operation programme activities in animal production 
and health are aimed at helping developing Member States to improve the 
productivity of ruminant animals through the strengthening of basic in
frastructure and catalysing research into the nature and solution of local, 
national, regional or interregional problems. This involves support of work 
in three major but interrelated areas, i.e. nutrition, reproductive efficiency 
and disease diagnosis and control. During 1987 support is being given to
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41 technical co-operation projects in 31 Member States, including two 
regional projects for Africa and Latin America,

Technical assistance is also provided in the fields of food preservation, 
pest control and pesticide residue studies.

Nuclear engineering and technology

In the area of nuclear engineering and technology, the IAEA is assisting 
its developing Member States in energy planning, research and power reac
tor design, operation and maintenance of reactors, reactor instrumentation 
and control, radiation engineering and quality assurance, fuel element 
fabrication and isotope production. By 1986, 73 of the world’s 320 opera
tional research reactors were in developing Member States. At present, 32 
of 400 nuclear power plants now operating are in developing Member 
States; a few more are under construction. In addition, some developing 
Member States are in the process of initiating nuclear power programmes.

In connection with research reactor activities, the IAEA is at the present 
time undertaking 58 projects in 28 developing Member States. The ac
tivities range from neutron scattering and neutron activation analysis to 
core conversion, thermohydraulic studies, reactor modernization and 
radioisotope and radiopharmaceutical production. In addition, there are 
five projects on research reactor safety in four developing Member States 
(Table I).

Industry and hydrology

The IAEA is undertaking a multi-year regional project on the industrial 
application of radiation and radioisotopes in the fields of sterilization of 
medical products, non-destructive testing, nucleonic control systems in the 
paper, steel and medical industries, surface coating of wood products, and 
radiation induced modification of wire insulation and other materials 
under the auspices of the RCA for Asia and the Pacific; this activity is sup
ported financially by UNDP, Japan and Australia. Demonstration plants, 
which have created an impact on many local industries, have been installed 
in India, Indonesia, the Philippines and Thailand. This project has been 
extremely successful; it is now entering its second phase with funding ap
proved until 1991. In Latin America, a regional multi-year project in non
destructive testing, which started in 1982, is also making notable progress.
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TABLE I. TECHNICAL ASSISTANCE AND CO-OPERATION 
ACTIVITIES IN THE FIELD OF RESEARCH REACTORS 
(number o f  projects per country in parentheses)

Infrastructure/Upgrading/Modernization and commissioning

Bangladesh (1) 
Bulgaria (1) 
Egypt (1) 
Hungary (1) 
Indonesia (1)

Iran, Islamic Republic of (1) 
Jamaica (1)
Morocco (1)
Peru (3)
Portugal (2)

Syria (1) 
Thailand (1) 
Venezuela (1) 
Viet Nam (1) 
Yugoslavia (1)

Radioisotope/Radiopharmaceutical production

Bangladesh (1) 
Chile (1)
China (1) 
Colombia (1) 
Cuba (1)

Democratic People’s 
Republic of Korea (1) 

Egypt (1)
Hungary (1)
Iran, Islamic Republic of (1)

Malaysia (1) 
Mexico (2) 
Peru (1) 
Portugal (1) 
Thailand (1) 
Turkey (1) 
Zaire (1)

Activation analysis

Algeria (1)
Chile (2)
Colombia (1)

Malaysia (1)
Peru (1)
Philippines (1)
Poland (1)
Zaire (1)

General utilization

Bangladesh (1) 
Indonesia (1)
Malaysia (1)
Regional Co-operative 
Agreement — Asia (1)

Irradiation techniques

Chile (1)

Neutron scat
tering/spectrometry

Egypt (2)
Indonesia (1)

Fuel conversion

Chile (1)
Colombia (1)
Iran, Islamic Republic of (1) 
Pakistan (1)

Thermohydraulics

Chile (1)
Hungary (1)

Reactor safety

Chile (1) 
Indonesia (1) 
Romania (1) 
Zaire (1) 
Interregional (1)

This project is being financed jointly by the IAEA, UNFSSTD (United Na
tions Financing System for Science and Technology for Development) and 
UNDP. The emphasis of this programme is on training. The IAEA is sup
porting 69 projects relating to the industrial application of radiation and 
radioisotopes in 35 developing Member States.
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In hydrology and water resource management, the IAEA is currently 
carrying out three regional projects in Africa (one in the Sahelian area, one 
in the Nile Valley and one in North Africa), in addition to 52 national 
programmes in 43 developing Member States. Activities in this field in
clude the determination of the origins, amounts and mechanisms of 
recharge of groundwater, of the direction and velocity of groundwater flow, 
and of aquifer characteristics, the study of lacustrine dynamics and 
seepage, the measurement of suspended sediment and coastal sedimentol- 
ogy, the measurement of stream flows, and the study of infiltration and 
water movement in the unsaturated zone.

Nuclear safety

One of the IAEA’s most important tasks is to ensure that nuclear ac
tivities being launched in its Member States will bring no harm to the 
population. The IAEA concentrates its assistance on the establishment of 
radiation protection regulations, licensing and inspection procedures (15 
projects in 11 developing Member States), occupational radiation protec
tion (50 projects in 36 developing Member States) and radiation protection 
for the public (32 projects in 21 developing Member States). In addition, 
since 1984 the IAEA has, under its technical co-operation programme, 
been supporting the Radiation Protection Advisory Team (RAPAT) 
programme to help its developing Member States to build up their radia
tion protection capability. By mid-1987 RAPAT teams had visited 23 
developing Member States. Assistance relating to the safety of nuclear in
stallations is also being given to developing Member States, including 
probabilistic safety assessments and operational safety reviews of both re
search and power reactors.

General atom ic energy development

Figure 7 also shows that during the last 30 years technical assistance 
provided in support of medical applications of isotopes and radiation and 
for general nuclear science development (nuclear physics, nuclear 
chemistry and biology) has been substantial. In 1987, there are 107 
projects in 53 developing Member States on physics and nuclear in
strumentation and its maintenance, 67 projects in chemistry in 35 develop
ing Member States and 74 projects on medical applications in 38 develop
ing Member States.
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TABLE II. PROJECT ACTIVITIES IN ASIA AND THE PACIFIC 
UNDER THE RCA

Project Source of funds

Medicine

Improvement of cancer therapy Japan, CRPa, TCb
Imaging procedures for the diagnosis of liver diseases Japan
Data processing in radioimmunoassay (training course) TC
Nuclear medicine (training course on radioimmunoassay) India
Nuclear techniques for tropical parasitic diseases CRP
Development of Tc-99m generator system CRP
Sterilization of biological tissue grafts CRP
Strengthening of national radiation protection authorities Japan, Australia

Agriculture

Nuclear techniques to improve domestic buffalo production CRP
Regional project on food irradiation (Phase II) Australia
Semidwarf mutants for rice improvement CRP
Mutation plant breeding (training course) TC
Induced mutations for improvement of grain legume production CRP
Isotope applications , of hydrology and sedimentology Australia, CRP
Nuclear techniques for tracing toxic elements in foodstuffs CRP
Environmental research monitoring (training course) TC

Industry

Regional UNDP (RCA) project on industrial applications of UNDP, TC,
isotopes and radiation technology Japan, Australia

Subprojects

Tracer technology in industry
Non-destructive testing
Radiation processing
— radiation vulcanization
— surface coating of wood products
— radiation induced modification of wire and cable insulation
— radiation sterilization of medical products
Nucleonic control systems
— paper industry
— steel industry
— minerals
Nuclear instrumentation maintenance

General

Basic science using research reactors India
Maintenance of nuclear instruments CRP
Energy and nuclear power planning TC

a CRP: co-ordinated research programme, IAEA Department of Research and Isotopes. 
b TC: IAEA Department of Technical Co-operation.
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3. REGIONAL CO-OPERATIÖN AMONG M EMBER STATES

In recent years, the IAEA has become increasingly involved in regional 
activities. The regional approach is seen as an effective way of accelerating 
moves towards self-reliance in scientific disciplines and appropriate tech
nologies by facilitating the co-ordination of the intellectual and physical 
resources of Member States. Specifically, regional co-operation can 
facilitate:

•  Technical co-operation among developing countries (TCDC);

•  A greater sharing of resources, including facilities, equipment 
and manpower; and

•  A  pooling of knowledge and closer collaboration among scien
tists of the region.

3.1. Asia and the Pacific

Regional co-operation in Asia and the Pacific has, in large part, been ad
ministered under the RCA, which entered into force in 1972. There are 
now 14 Member States party to the agreement: Australia, Bangladesh, 
China, India, Indonesia, Japan, the Republic of Korea, Malaysia, Pakistan, 
the Philippines, Singapore, Sri Lanka, Thailand and Viet Nam. The origin 
of regional co-operation in the nuclear field can be traced back to the 
India-Philippines-Agency (IPA) Project that began in the late 1960s. 
Despite very different education systems and cultural backgrounds, it was 
found possible to train scientists to initiate various research and develop
ment projects in their own countries.

In 1986, some 24 projects or activities were being supported in the fields 
of:

•  Industrial applications of isotopes and radiation technology;

•  Medical and biological applications of nuclear techniques;

•  Food and agriculture; and

•  Nuclear science and technology.

A general description of the projects is given in Table II.
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TABLE III. PROJECT ACTIVITIES IN LATIN AMERICA UNDER ARCAL

Project Source of funds 
(as of 1 Mar. 1987)

Radiation protection . TCa, CRPb, Federal Republic of Germany

Nuclear instrumentation TC, CRP

Radioimmunoassay in animal reproduction TC, CRP, USA

Nuclear analytical techniques CRP (other funding awaited)

Research reactor utilization CRP (other funding awaited)

Food irradiation TC, CRP, Netherlands

Improvement of cereals through mutation breeding

(other funding awaited) 

USA, TC

Radioimmunoassay of thyroid hormones Awaited

Nuclear information TC

Improvement of fertilizer and water management 
practices through nuclear techniques Awaited

Application of isotope and geochemical techniques 
in geothermal resources exploration for the 
Latin American region Awaited

a TC: IAEA Department of Technical Co-operation.
b CRP: co-ordinated research programme, IAEA Department of Research and Isotopes.

3.2. Latin America

Arising out of an initiative taken in 1981 by five Andean states, ARCAL 
now comprises 12 countries: Argentina, Bolivia, Brazil, Chile, Colombia, 
Costa Rica, Ecuador, Guatemala, Paraguay, Peru, Uruguay and Venezuela. 
ARCAL projects are listed in Table III.

4. REGIONAL DISTRIBUTION OF ASSISTANCE

The regional distribution of IAEA assistance is shown in Fig. 8. It can be 
seen that the shares for Asia and the Pacific, Africa and the interregional 
programmes have grown, while those for Latin America, Europe and the 
Middle East have gone down slightly. It is also evident from this figure that
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FIG. 8. Distribution o f technical co-operation disbursements by region, 1958-1986.

as much assistance - in monetary terms - was provided in the five year 
period 1982-1986 as in the previous 24 years.

5. CONCLUSIONS

As resources for technical assistance have increased from year to year, so 
have requests from Member States for such assistance. In fact, the increase 
in requests has been much higher than that of resources. This fact suggests 
that nuclear technology is flourishing in the developing countries. It may 
also indicate that the general public is gradually gaining a clearer percep
tion of peaceful nuclear applications and that the technologies being 
promoted through the IAEA’s technical co-operation programme are 
making ever greater contributions to scientific progress and national 
development.

US $ millions
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USE OF A LOW POWER RESEARCH REACTOR IN 
NATIONAL AND INTERNATIONAL RESEARCH

G. BADUREK, H. BÖCK, K. BUCHTELA,
J. HAMMER, M. TSCHURLOVITS, H.W . WEBER 
Atominstitut der Österreichischen Universitäten,
Vienna, Austria

Abstract

USE OF A LOW POWER RESEARCH REACTOR IN NATIONAL AND INTERNATIONAL 
RESEARCH.

A survey is given of current research activities undertaken by the Atominstitut der Öster
reichischen Universitäten in the fields of neutron and solid state physics, low temperature physics, radio
chemistry, reactor technology and radiation protection as well as training and education programmes. 
Special attention is given to the multi-purpose use and application of the 250 kW TRIGA Mark II reactor 
and to international cooperation in the above mentioned fields.

1. INTRODUCTION

The Atominstitut der österreichischen Universitäten has operated a 
250 kW steady state/250 MW pulsing TRIGA Mark II reactor since 
March 1962. Being located at a university institute, the reactor 
is extensively used for basic and applied research in the fields 
of neutron and solid state physics, low temperature physics, 
radiochemistry, reactor technology and radiation protection. About 
95% of the reactor operation time is devoted to student training 
and e d u c a tio n  in the above mentioned fields. Running approximately 
100 regular lecture courses and 20 practical courses, the 
Atominstitut not only offers the engineering Master's degree or 
Ph.D. to university students, but also places its personnel and 
its scientific infrastructure at the service of many national 
(e.g. academies of science, ministries of health and 
environmental protection) and international (e.g. IAEA) 
institutions. Since it has the closest reactor to the IAEA 
headquarters many research projects are carried out with support 
from the IAEA or within the framework of special research 
agreements. Besides this the Atominstitut accepts a yearly number 
of visiting scientists and fellows through the assistance of the 
IAEA for periods ranging from one week up to one year for special 
scientific training. Regular five-week courses are carried out for 
the IAEA in the Nuclear Safeguards Trainees Programme. Additional 
cooperation exists with many laboratories in Europe and overseas 
such as the Institut Max von Laue-Paul Langevin, Grenoble, the 
Kernforschungsanlage Jtllich, Argonne National Laboratory, Oak 
Ridge National Laboratory and Lawrence Livermore National 
Laboratory.

509
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FIG. I. Neutron depolarization setup.

2. BEAM TUBE EXPERIMENTS

The TRIGA reactor in Vienna is equipped with four beam tubes, one 
of them tangential, one piercing and two radial. In addition a 
thermal column and a special neutron radiography collimator 
installed in the former thermalizing column are available.

At the tangential beam tube of the TRIGA reactor a 
three-dimensional neutron depolarization facility has been 
installed, which is essentially dedicated to the investigation of 
the domain structure of any kind of magnetic material. It allows 
the detection of variations in the domain structure not only as a 
function of the sample temperature but also as a function of time 
(after periodic application of magnetic field pulses) and of 
externally applied mechanical stress. Stress-dependent 
measurements have been used to study, for example, the influence 
of magnetostriction on the domain configuration of amorphous 
ribbons [1]. Fig.l shows a schematic sketch of the corresponding 
experimental arrangement. As a typical result of time-dependent 
investigations, Fig.2 shows the relaxation of the determinant of 
the so-called depolarization matrix of a superparamagnetic Cu-l%Co 
single crystal for two different crystal orientations.

Most recently a pulsed high magnetic field diffractometer has been 
developed and installed at one radial beam tube [2]. The idea is 
to combine the capability of pulsed operation of the TRIGA reactor 
with a pulsed magnetic field facility to study magnetic structures 
on the atomic scale under the conditions of extremely high 
magnetic fields of up to 30 T. A special liquid-nitrogen-cooled 
split-pair solenoid has been constructed with a gap of 10 mm and 
an inner diameter of 19 mm. It is driven by an 8 iF capacitor
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discharge system at a maximum voltage of 2500 V. The sample 
crystal is placed within an appropriately designed helium glass 
cryostat. Position-sensitive neutron detection is achieved by a 
bank of 32 3He detectors of 1 cm diameter at a distance of 2 m 
from the coil center. At present, first test runs are being 
performed to check the feasibility of this new instrument.

At the thermal column a high resolution neutron radiographic 
facility has been installed (see Fig.3). It has a conical 
collimator with an L/D ratio of 130 (L: collimator length; D: 
diameter of inlet aperture). With Gd foils for neutron conversion 
and conventional X-ray films a resolution of about 15 дт was 
measured. The thermal neutron flux density at the position of the 
specimen is 1.5 x 105 cm~2s_1; the usable beam diameter is 9 cm.

The facility is used mainly for scientific investigations of 
hydrogen, deuteri™ and 3He in metals [3-5], but also for 
nondestructive tests of commercial electronic components. Further 
applications were examinations of fresh reactor fuel elements and 
of an ancient Roman amulet. Recently a second radiography facility 
has been installed at the thermalizing column of the reactor. It 
is mainly designed for industrial applications and has a larger 
usable beam diameter of about 40 cm.

The most outstanding installation at the Viennese TRIGA reactor 
is, however, the perfect crystal neutron interferometer, which was 
developed at our institute more than a decade ago [6]. It is far 
beyond the scope of this article to go into any detail of neutron 
interferometry. Only the layout of such a device is shown in Fig.4 
(left). Diffraction of the incident neutron wave at three perfect
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Core

R eflector
(graphite)

Shielding

FIG. 3. Neutron radiography facility.

FIG. 4. The perfect crystal neutron interferometer and the “historic” interference fringes obtained at 
the first successful operation o f  this instrument [6]. I, IT. beam paths; I0, IH: intensities o f  forward and 
deviated beams, respectively.

silicon crystal plates permits the production of two widely 
separated (about 2-3 cm) coherent beams which - after subsequent 
recombination - allow the transformation of any phase shifting 
interaction into detectable intensity oscillations behind the 
interferometer crystal. For illustration Fig.4 (right) contains 
also the "historic" interference pattern which was obtained at the 
first successful operation of a neutron interferometer in the 
world. Since this pioneering work neutron interferometry has had 
an enormous impact, in particular on fundamental physics research
[7], which is still growing and beginning to spread into other 
fields, e.g. solid state and nuclear physics.
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FIG. S. Left: scheme o f the perfect crystal small-angle scattering facility. Right: optical micrograph 
and neutron diffraction pattern o f  an Al-Al2Cu lamellar structure.

The interferometer experiment shares the same beam tube with a 
neutron small-angle caaera [8], which is based on the 
nondispersive arrangement of two perfect crystals. This instrument 
is equipped with monolithic channel-cut crystals, increasing the 
angular resolution to the dynamic diffraction width of perfect 
crystals [9], which is of the order of 2 seconds of arc. Hence 
one can access a range of Q * 10”* to 10”̂ шГ  ̂ in reciprocal 
space with this instrument. A schematic sketch of the 
experimental arrangement together with characteristic results is 
given in Fig.5. One of its main applications at our institute will 
be the study of the behavior of hydrogen isotopes and 3He in 
metals [10].

3. LOW TEMPERATURE PHYSICS

Small research reactors such as the TRIGA Mark II are also well 
suited for radiation damage studies, because in many cases 
irradiations can be made right in the center of the reactor core 
and, hence, benefit from relatively high neutron flux densities.

During the past few years much interest has focused on radiation 
damage studies of superconductors in view of their potential 
application in fusion reactor magnets. Because the neutron flux 
density distribution at the magnet location depends significantly 
on the particular reactor design, information on not only the
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Neutron energy (MeV)

FIG. 6. Neutron flux density distributions o f the TRIGA Mark II, IPNS and RTNS-II neutron sources. 
The sum o f all group fluxes is equal to one.

"fast neutron" damage of the materials but also its dependence on 
the neutron energy distribution is needed as à database for 
engineering purposes.

Based on these considerations a detailed reactor dosimetry of the 
neutron spectrum in the central irradiation facility of the TRIGA 
Mark II reactor has been made [11]. A comparison with similar 
experiments made at the Radiation Effects Facility (REF) of the 
spallation neutron source IPNS at Argonne National Laboratory and 
at the 14 MeV source RTNS-II at Lawrence Livermore National 
Laboratory is shown in Fig.6. On the same scale, the neutron
energy distributions calculated for two fusion reactor designs 
[12,13] are plotted in Fig.7. It will be noted, firstly, that
considerable variations of the neutron spectra are achievable in 
existing neutron sources, and secondly, that the high energy parts 
of these conventional sources are very similar to the flux density 
distributions expected at the magnet location of a fusion reactor. 
A quantitative comparison of the respective flux densities is 
listed in Table 1.

Radiation damage studies on a variety of NbTi superconductors were 
made at all three irradiation facilities mentioned above [14]. In 
order to characterize the damage, the change of critical current 
densities was measured as a function of neutron fluence in
magnetic fields up to 8 T. A comparison of results obtained at
different neutron sources is based on an evaluation of the total
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TABLE 1. FLUX DENSITIES (n • m"2 • s“1) OF DIFFERENT NEUTRON 
SOURCES AND CALCULATED FUSION REACTOR DESIGNS

Source/design Total E > 0.1. MeV E > 1.0 MeV

TRIGA reactor,

Vienna3 1.9X1017 7.5X1016 (38.8%) 3.9xl01 6 (20.3%)

IPNS/REFb l.OxlO16 6.9X1015 (71.3%) 2.7xl01 5 (27.5%)

RTNS-IIC -1.15X1016 of 14.6 MeV neutrons-------

MARSd 1.2X1014 б.ОхЮ13 (50.0%) l.lxl01 3 ( 9.0%)

STARFIREe 3.1X1013 1.7X1013 (55.0%) 5.0xl012(16.0%)

aAt 250 JcW reactor power.
^At a beam current of 8 jiA of 450 MeV protons.
°At beam spot under operation with 150 mA d -beam, 380 keV. 
dIn Yin-Yang region assuming 4.3 MW/m2 neutron wall loading at 
blanket of center cell. 
eAssuming 3.6 MW/m2 neutron wall loading.

N eutron energy (M eV)

FIG. 7. Calculated neutron flux density distributions at the magnet location o f two fusion reactor 
designs. The sum o f  all group fluxes is equal to one.
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TABLE 2. DISPLACEMENT DAMAGE ENERGY CROSS-SECTIONS 
<oT>E>(U Mev (keV-b) FOR DIFFERENT NEUTRON SOURCES AND 
CALCULATED FUSION REACTOR DESIGNS

Source/ Ti 

design

Nb Nb-

42wt%Ti

Nb- 

46.5wt%Ti

Nb-

49wt%Ti

Nb-

54wt%Ti

TRIGA reactor,

Vienna 81.5 70.7 76.9 77.4 77.7 78.2

IPNS/REF 64.9 62.0 63.7 63.8 63.9 64.1

RTNS-II 248.5 280.4 261.9 260.3 259.7 258.1

MARS,

Yin-Yang region 58.3 62.9 60.3 60.1 59.9 59.7

STARFIRE 66.5 67.9 67.0 67.0 67.0 66.8

displacement energy cross-sections <cT> averaged over all neutron 
energies [15]:

d¡t>
Ja(E)T(E) ¿g dE

where a(E) is the differential elastic or inelastic scattering 
cross-section and T(E) is the primary recoil energy distribution 
for each individual energy flux group of a given neutron spectrum 
ф(Е) . If this quantity is multiplied by the actual neutron 
fluence <t>(E)t, the average energy per atom deposited for defect 
production is obtained ("damage energy per atom"). Results for the 
damage energy cross-sections pertaining to all neutrons with 
energies exceeding 0.1 MeV have been calculated for Nb, Ti and 
several alloys of these two elements using the computer code 
SPECTER [16]. The data listed in Table 2 emphasize again the 
feasibility of simulating fusion reactor conditions for 
superconducting magnet components by irradiations in conventional 
neutron sources.

An example of results on the fractional change of critical current 
densities at 4.2 K, plotted versus damage energy, is shown in 
Fig.8. Excellent scaling is observed in all cases, although the 
actual neutron fluences (e.g. 14 MeV neutrons versus spallation 
neutrons for E > 0.1 MeV) differ by more than a factor of 4. This
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FIG. 8. Fractional change o f critical current densities as a function o f damage energy E0 fo r three 
different NbTi superconductors.

result can be taken as proof that the damage mechanisms are 
independent of neutron energy in these materials. As a 
consequence, arbitrary neutron spectra can be used to calculate 
the appropriate damage energies and to evaluate therefrom the 
expected amount of critical current degradation.

In summary, as a result of this international cooperative research 
effort, an excellent database has been established to predict 
radiation damage in NbTi superconductors for arbitrary neutron 
spectra generated at the magnet location of fusion reactors.

4. RADIOCHEMISTRY

At the Radiochemical Department of the Atominstitut facilities are 
available for carrying out most of the usual radiochemical routine 
and research work using laboratory bench space, fume cupboards 
with air filter exhaust systems, glove boxes and hot cells.

Instrumentation for liquid scintillation spectrometry and 
computer-aided gamma spectrometry is available for radiotracer 
investigations and radioanalysis work.
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Radiochemical research in connection with the TRIGA Mark II 
reactor of the Atominstitut mainly concentrates on neutron 
activation analysis projects. Here, scientists from developing 
countries have the opportunity to apply neutron activation
analysis methods to solve problems in major, minor and trace 
element analysis of geological, environmental, and biological
samples. If there is no reactor available in their home countries 
to apply this nuclear analysis method, the scientists have the 
opportunity to do such analysis work at the reactor of the 
Atominstitut. In some cases it may be impossible for these 
scientists to stay at the Atominstitut during the whole period of
the analysis project. If possible their projects are included in
the routine analysis work of the Atominstitut. But it is essential 
that the scientist from the developing country carries out the 
main steps of the analysis work on his own to get familiar with 
this nuclear technique. If a research reactor for neutron 
activation analysis work is available in the relevant home 
country, the scientist has to get familiar with the optimal 
analysis procedure for his sample material at the Atominstitut to 
be able to apply the optimal procedure for his samples at his home 
institute. If due to instrumental shortcomings the whole 
analytical procedure cannot be carried out in the home country, a 
cooperative arrangement is established between the two 
institutions. It is also tried to irradiate samples and standards 
in the optimal way at the Atominstitut and to send this material 
to the cooperating laboratory in the developing country for gamma 
spectrometric analysis. This can of course only be carried out for 
the analysis of long lived radionuclides.

Some examples of cooperation in neutron activation analysis 
projects during the last decade are trace element analysis of Nile 
river water and mud, geological samples, crops, and sugar cane 
from Egypt, rock phosphate analysis for standard materials (Egypt, 
Thailand), soil analysis (University of the West Indies, 
Democratic People's Republic of Korea), anode mud analysis 
(Burma), and investigation of archeological samples (Sri Lanka). 
Short lived radionuclides have been used for the analysis of 
reference materials for the IAEA.

The importance of minor mineral constituents for plant growth was 
the reason to compile data regarding trace element content of Nile 
river water in Egypt. By instrumental neutron activation analysis 
38 trace elements were determined. Also the trace element content 
of Lake Nasser was investigated before and after the flood during 
July 1976. Activation analysis results are compiled in [17]. Also 
the trace elements in sediment samples of Aswan High Dam Lake were 
analyzed using instrumental neutron activation analysis techniques
[18]. It has been shown that the composition of the Nile sediments 
changes in accordance with the large gradients in flow rate and 
with solution and adsorption processes.

Particles containing Ca, Ba, Hf, Ti, V, and Na are sedimented 
preferentially near the headwater of Lake Nubia, whereas some
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elements are rather uniformly distributed, e.g. Fe, Co, Sm, and 
Eu, and some, such as Al, Sc, Cs, Th, La, and Ce, show a distinct 
increase downstream. Some elements do not fit into any of these 
three groups. In Fig.9 two spectra of the long lived radionuclides 
after irradiation in the TRIGA Mark II reactor of the Atominstitut 
are shown.

Another project in cooperation with a research institution in a 
developing country dealt with the determination of trace and minor 
elements in the different stages of juices, sugar and molasses in 
sugar production from cane plants in six Egyptian factories 
(Armant, Kom, Ombo, Edfu, Deshna and Naga Hammady). The 
determination of trace and minor elements was also extended to the 
analysis of some soil samples taken from the immediate vicinity of 
the plant roots to establish whether there is a relationship 
between the trace elements in the soil and the trace element 
content in the sugar cane. Eighteen trace elements were 
investigated in juice samples through the different stages of the 
sugar industry, in molasses and in sugar samples, and 30 trace 
elements in soil samples taken from the surface and at 30 and 60 
cm depth [19].

During geological investigations many developing countries are 
interested in gold analyses. In geological prospecting, rapid 
methods of analysis are imperative, as many samples have to be 
analyzed. A method has been developed for application to the 
screening of sediment samples containing gold down to a 
concentration of 500 pplO^. To concentrate gold from the sediment 
before irradiation in the reactor up to 100 g of material were 
extracted by aqua regia and centrifuged. The solution then passed 
through a column of active carbon. Gold was absorbed from this 
solution to about 95% as measured by tracer experiments using 
Au-198. The column of active carbon in a plastic vial was 
irradiated in the reactor. For these analyses the fast pneumatic 
transfer system of the TRIGA reactor was used for the activation 
of Au-197m. As irradiation and measurement require only 15 seconds 
each, the method is very fast and suitable for geological 
screening purposes. If the sample contains carbon or organic 
materials, roasting for about 30 min at 800°C is necessary before 
the leaching process [20].

Archeological investigations have dealt with the detection of 
forgeries. Several hundred years ago no metallurgical process was 
known that could separate the noble metals, like gold and silver, 
from copper material. Therefore in ancient copper coins of many 
regions a considerable content of gold and silver can be detected. 
For the production of forgeries in the 20th century rather pure 
copper or copper alloys from available small coins have been used. 
The analyses are typical examples of nondestructive analyses, 
because after careful planning of irradiation and decay periods 
the material will only contain a negligible amount of 
radionuclides and can be given back to the museum or to the
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FIG. 9. Neutron activation analysis o f  Nile mud samples: gamma spectra (keV) o f  the long lived 
radionuclides.
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private collector. Fig.10 shows the gamma spectra of a genuine 
Roman coin and of a forgery from the Mediterranean region. 
Analyses of metallic materials from archeological sites in the Far 
East have shown the high status of metallurgical handicraft that 
existed even many centuries ago [21].

In cooperation with the IAEA, F AO, and UNIDO scientists are 
trained at the Atominstitut in neutron activation analysis 
techniques. The training is done in the framework of IAEA 
fellowship programs or IAEA courses.

The experience of the reactor and neutron activation analysis 
group is also available for planning, construction, and 
installation of special irradiation facilities such as pneumatic 
transport systems. A versatile computer-controlled closed-loop 
pneumatic transfer system for sample irradiation (transport time 
of 2 s for 30 m) has been constructed at the Atominstitut and was 
installed with the financial assistance of the IAEA at the Dalat 
Research Reactor (Viet Nam); another system is presently under 
construction for Manila (Philippines).

5. REACTOR TECHNOLOGY

Some of the projects mentioned within this section are carried out 
with the close cooperation and technical support of the IAEA. 
Generally these projects are related to nuclear safeguards and 
deal with the development, testing or improvement of safeguards 
methods or instruments. As an example, two projects are described 
in more detail, namely the Laser Surveillance System (LASSY) and 
the magnetic scanning of BWR fuel assemblies.

The basic idea of LASSY is to cover the fuel assemblies in a spent 
fuel storage pool with a sheet of light produced by beams from two 
HeCd lasers ( \ = 442 nm) which sweep under water across the pool 
(sweeping time about 30 s) and which are normally reflected from 
the pool liner. Whenever the laser beams are interrupted by some 
manipulation in the pool the reflectivity is changed and this is 
detected in the emitter-detector eye (Fig.11). By triangulation, 
the position in the pool can be determined. Thus the IAEA 
inspector can obtain a complete list of positions and times when 
fuel was moved, instead of viewing several thousands of camera 
frames.

The emitter-detector eye was developed at the Atominstitut and the 
complete system was tested successfully in the spent fuel pool of 
the Paks Nuclear Power Plant during fuel reshuffling in July 1986. 
More than 100 fuel assembly movements were monitored by LASSY 
during this field test. The IAEA is evaluating a continuation of 
this project in order to develop LASSY beyond laboratory design 
[22].
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FIG. 10. Neutron activation analysis o f copper coins. Upper spectrum: genuine Roman coin, contain
ing noble metals such as gold and silver. Lower spectrum: fake copper coin, containing considerable 
amounts o f zinc.
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FIG. I I .  Laser Surveillance System fo r a spent fuel pool.
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FIG. 12. Combined wet/dry sipping capsule fo r detecting failed TRIGA fuel elements (dimensions in 
millimetres).

The second project is aimed at the detection of magnetic 
inclusions in fresh BWR fuel assemblies. Previous analysis has 
shown that commercial U02 pellets for LWR's contain from the 
production process minute amounts of iron, which are distributed 
randomly in the fuel matrix. By drawing the fuel through a coil 
system, a measurable signal can be expected which is unique for 
each fuel bundle, similar to a fingerprint. This signal is nearly 
independent of fuel burn-up and gives, therefore, valuable 
information to safeguards inspectors.



IAEA-SM-ЗОО/48 525

Experiments started in early 1984 with LWR mock-up rods and with 
actual rod samples. Furthermore, the magnetic coil configuration, 
which is designed to accept a full LWR bundle, was calculated and 
constructed.

Experiments with fresh fuel assemblies from the Zwentendorf 
nuclear power station were carried out in late 1984. Although no 
magnetic inclusions were detected within this fuel, deliberate 
additions of small amounts of magnetic materials of spherical 
shape allowed the determination of the detection limit of this 
method, which was approximately 3 mg of magnetic material. A new 
series of experiments with BWR fuel assemblies took place in late 
1985. The pick-up coils were redesigned to avoid influences from 
mechanical stress and an additional coil system was mounted 
perpendicular to the main axis. With a 1 kW power source, magnetic 
fields up to 12 mT and frequencies from 45 to 180 Hz were applied. 
A remotely controlled lock-in amplifier produced the real and 
imaginary components of the pick-up signal, which were transferred 
via a microcomputer to a floppy disk mass storage. Due to the 
effect of seven steel spacers within the BWR fuel assembly, the 
sensitivity of the lock-in had to be reduced, so that only 25 mg 
of deliberately added iron in spherical form could be detected in 
the 8x8 fuel assembly.

A current project is the development of a failed fuel element 
detection system for TRIGA fuel. As the TRIGA reactor in Vienna 
has been operating for over 25 years, fuel failures may be 
expected in the years ahead. Therefore, to have an investigation 
system ready when necessary, two facilities have been constructed. 
The first system is a combined wet/dry sipping container where the 
fuel element may be externally heated up to 300°C in inert gas or 
sipped in a water circuit below 80°C (Fig.12). The second system 
is an optical viewing device, whereby the suspected fuel element 
can be moved along an endoscope, which allows close-up viewing of 
the fuel surface including documentation by photocamera or video 
tape. As there are over 60 TRIGA reactors operating all over the 
world, some of them in operation for more than 20 years, this 
system may be of interest to many other research reactor 
operators.

6. RADIATION PROTECTION

Another important utilization of a research reactor is its 
application for radiation protection purposes. This application 
includes the use of the reactor as radiation source in a very 
general sense, where both neutrons and the activity of fission and 
activation products are of interest. In addition, the usually 
lower level of ambient radiation relative to larger reactors 
permits the performance of experiments and the testing of methods 
in better experimental conditions. Further, the more flexible 
operation conditions facilitate the progress of experiments.
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A few examples of the application of research reactors for these 
purposes are given below.

The release of C-14 as C02 was investigated recently at our 
reactor, where the measuring technique was developed and the 
actual effluent rate as well as the origin of the C-14 was 
investigated. Since the radionuclide gained some radiological 
interest recently, it seemed appropriate to investigate both the 
mode and the quantity of release. It was found that the main 
source of C-14 was the activation of air in the rotary specimen 
rack and the subsequent release by handling of activated samples 
from this irradiation position. In order to carry out these 
investigations, the development of a very sensitive measuring 
technique was necessary. This technique took advantage of the fact 
that Ca has a lower density than Ba and therefore more carbon can 
be incorporated into a liquid scintillation vial [23]. These 
investigations were carried out in the framework of a coordinated 
research program organized by the IAEA.

Another application of low power research reactors is their use as 
neutron sources for calibration of neutron meters in radiation 
protection. Recent standards for calibration of neutron meters 
require the calibration of the meter in different fields, covering 
an energy range from thermal to fast neutrons. Where fast neutrons 
are provided by neutron sources, thermal neutrons in a sufficient 
intensity range are provided at the thermal column of a research 
reactor. Both neutron meters (rem counters) and thermoluminescent 
neutron dosimeters are routinely calibrated at our reactor.

Although not illustrating the use of a reactor directly, the 
following exemple shows the importance of research reactors with 
their associated research capacities. An extensive long term 
program was initiated and guided by the IAEA to investigate the 
consequences of releases from all applications of radiation 
sources, including the nuclear fuel cycle, in a large water body 
such as the River Danube.

The main purpose of this program was the assessment of both the 
collective and the individual dose from the use of the water of 
the Danube in the major environmental pathways. It was found that 
the main part of the dose is from radionuclides of natural origin, 
followed by radionuclides from nuclear weapons tests. No evidence 
was found, even with well adjusted low level counting equipment, 
for radionuclides released from nuclear power plants [24]. It is 
intended to continue this program and to extend the investigations 
to nonradioactive pollutants, which can be determined by neutron 
activation analysis and hence by direct use of the reactor.

7. EDUCATION

In addition to the research activities presented above the 
Atominstitut offers a large number of lectures and training
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courses on various technical levels in the nuclear field. Further 
regular courses are carried out for the IAEA in the training of 
safeguards inspectors. Finally the staff of the Atominstitut also 
cooperates with a large number of colleges and high schools in 
Austria to assist physics and chemistry teachers with information 
material. In this connection two projects have been completed 
recently which have led to the production of an experimental 
suitcase for teachers. This suitcase contains all necessary 
material, including a GM counter unit and two radioactive samples, 
to carry out 12 simple but very instructive nuclear experiments 
ranging from electron deflection in a magnetic field to shielding 
and level gauging. The second project was also involved in the 
development of color transparencies on about 80 different subjects 
of atomic, nuclear and radiation physics to be used in teaching 
and training.

8. SUMMARY

During 25 years of research reactor utilization it has been 
demonstrated that a low power research reactor (TRIGA type) can be 
effectively used in many areas of nuclear research in basic and 
applied studies even in geographical regions where more powerful 
neutron sources are available. It has also to be emphasized that 
not only cooperation with nuclear developed countries and with 
international organizations but also cooperation with developing 
countries in many scientific and educational areas is of utmost 
importance for mutual benefit and progress.
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A bstract

MULTIPURPOSE USE OF THE RENSSELAER POLYTECHNIC INSTITUTE REACTOR FOR 
CRITICAL EXPERIMENTS AND TRAINING.

The Reactor Critical Facility (RCF) at Rensselaer Polytechnic Institute has been converted from 
highly enriched uranium fuel plates to low enriched (4.81 wt%) uranium SPERT fuel rods. The LEU 
fuel rods are similar to light water power reactor fuel and critical experiments on them are of interest 
for new high burnup fuel applications. Use of the SPERT fuel also will enhance the educational function 
of the RCF.

1. INTRODUCTION

The Reactor Critical Facility (RCF) at Rensselaer Polytechnic Institute (RPI) 
operated for almost a quarter-century with highly enriched uranium (HEU) fuel in 
stainless steel clad. Although the RCF was used originally by the American Locomo
tive Company for critical experiments in support of the United States Army Package 
Power Reactor programme, RPI has operated the facility primarily for teaching pur
poses because the HEU fuel was not of current interest for critical experiments. The 
HEU core is described in Ref. [1]. The RCF has now been converted [2-5] to
4.81 wt% (w/o) enriched high density U 0 2 fuel clad in stainless steel tubes about 
1 cm in diameter. This SPERT fuel is relevant for light water power reactors (LWRs) 
in view of the current trend towards high exposure fuel with enrichment in the 5 wt% 
range. Critical experiment information is deficient in this range. Thus critical experi
ments are being carried out at the RCF in addition to the normal training functions. 
The RCF is the only facility in the United States of America now available for con
ducting critical experiments in support of the LWR power industry, although several 
such facilities are in operation overseas. It is intended that critical experimentation 
carried out at the RCF will enhance, not detract from, the educational functions of 
the facility. Most nuclear engineering graduates from RPI go to the LWR power 
industry, so use of the new fuel will provide more meaningful education.

* Work supported by the United States Department of Energy under contract DE-FC02-85ER
75205.
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( 0 .5 0 0 )

FIG. 1. Upper fuel lattice plate [dimensions in centimetres (inches)].

2. CONVERSION FROM HEU TO LEU FUEL

The conversion of the RCF from HEU to LEU fuel was made possible by 
several factors. First, the early SPERT programme had made available a large num
ber of excellent quality LEU fuel pins, so these could be used without incurring the 
cost of manufacturing new LEU fuel for the RCF. Second, these fuel pins were clad 
in stainless steel, this being compatible with the RCF reactor tank and structure, an 
all stainless steel system.

Third, the conversion from HEU plates of active length 23 in' to the SPERT 
rods of active length 36 in was facilitated because the HEU core used fuel followers 
on its control rods. The core structure thus was higher than would otherwise have 
been required for the HEU fuel plates, and it was readily adapted to the longer
4.81 wt% rods. The HEU fuel plates had been arranged in stainless steel fuel 
assembly boxes, but the 4.81 wt% fuel rods are supported in lattice plates so as to 
provide (a) clean, regular fuel rod lattices, and (b) easy and low cost conversion from 
one lattice to another. The initial three lattices are regular square pin-cell arrays with 
roughly cylindrical outer boundaries but with different values of pitch. The upper lat
tice plate for the initial core is shown in Fig. 1.

1 1 in = 2.54 cm.
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Fourth, the control rods for the HEU core consisted of demountable boxes con
taining one flux trap absorber section and one fuel follower section. Spare absorber 
sections were available, so by replacing the fuel follower sections with absorber sec
tions four full length control rods were obtained at low cost. The control rod drives, 
position indicators and scrams were relatively easily modified to accommodate the 
larger control rod travel in the LEU cores. Finally, the entire reactor structure could 
be disassembled and reassembled without cutting. In fact, the unused parts of the 
HEU core structure have been retained intact, so that the old structure can be 
remounted to carry out, for example, critical experiments with 20 or 45 wt% 
enriched plate fuel.

The HEU fuel was shipped away from the RCF in December 1986. In the same 
month 592 SPERT fuel pins were received and stored until startup approval was 
obtained from the United States Nuclear Regulatory Commission (NRC). This 
approval took the form of an ‘order to convert’ from HEU to LEU fuel under a recent 
NRC rule requiring reactors like the RCF to convert from HEU to LEU or to show 
cause otherwise. The first LEU core subsequently has been brought to criticality and 
initial critical experiments have been carried out.

3. CORE DESIGN AND CONSTRUCTION

The first LEU core was designed so that its reactivity coefficients, control rod 
worths and all other safety parameters should fall within the Technical Specifications 
limits already existing for the HEU cores. This requirement was intended to facilitate 
NRC approval, thus reducing the shutdown time for core conversion. In the event, 
the reactor structure conversion and the LEU core loading and approach to criticality 
required a relatively short time, but the NRC approval required about one year.

It was desired that the first core should use somewhat less than 600 fuel pins, 
while the second and third cores would use fewer pins. Table I and Fig. 2 show cal
culated critical numbers of 4.81 wt% enriched fuel rods versus the water to rod 
volume ratio. The first LEU core has a water to rod volume ratio near one, while 
cores 2 and 3 will have somewhat larger volume ratios. Cores 2 and 3 also will have 
less negative temperature coefficients of reactivity and may require changes in the 
Technical Specifications.

Also shown in Table I are the effective radii of cores with roughly cylindrical 
boundaries. This is important because of the following considerations. The lower lat
tice plate rests on a massive ‘carrier plate’ to which are attached shock absorbers for 
the control rods. The shock absorber positions are fixed, so unless new and somewhat 
expensive carrier plates are manufactured the control rod positions are fixed. Thus 
although the control rods are supported from gantries whose positions are easily 
changed, the control rod positions relative to the core are fixed. The Technical 
Specifications for the reactor call for relatively large control rod worths [5], so it is 
desirable to build the core out close to the control rod positions. These positions are



TABLE I. CRITICAL PARAMETERS OF SPERT FUEL PIN LATTICES

5 3 2  HARRIS et al.

Water to rod 
volume ratio

Material
buckling3
B2m (cm'2)

Critical 
core radiusb 

(cm)

Lattice
pitch
(cm)

Critical 
number of 
fuel rods

0.7 0.005 899 23.61 1.326 8 994.8

0.8 0.006 806 21.45 1.407 3 729.9

0.9 0.007 592 19.90 1.445 9 595.1

1.006 7C 0.008 442 18.47 1.485 9 485.5

1.1 0.008 868 17.83 1.520 1 432.6

1.2 0.009 379 17.13 1.555 8 380.9

1.3 0.009 826 16.56 1.590 8 340.5

1.4 0.010 238 16.07 1.625 0 307.1

15 0.010 571 15.69 1.658 5 281.1

1.6d 0.010 856 15.38 1.691 4 259.8

1.7 0.011 097 15.13 1.723 6 242.0

a LEOPARD calculations based on ENDF/B-4, but with Hellstrand U-238 resonance integral
correlation.
Assuming 7 cm axial and 7.7 cm radial extrapolation distance. 

c Core 1. 
d k„ peak.

shown as the square holes in the lattice plate in Fig. 1. The first core went critical 
at 493 fuel pins and occupied all the holes shown in Fig. 1 (557 holes) except the 
outer row and parts of the second row. Thus the first core is satisfactorily built out 
to the control rod positions. Cores 2 and 3, however, at volume ratios of about 1.2 
and 1.4, are calculated to be somewhat smaller in radius at criticality (Table I). Thus 
careful core design is required in order to have satisfactory control rod worths. Alter
natively, new carrier plates may be required or the Technical Specifications limits 
on control rod worths may be relaxed.

The nuclear analyses of the LEU cores and of the fuel storage rack in the fuel 
vault were carried out by three computer codes, LEOPARD [6], PL AT AB [7] and 
DIFXYRZ [8]. The LEOPARD code computes detailed neutron flux spectra and spa
tial flux distribution in a pin-cell and from these constructs two- or four-energy-group 
constants for neutron diffusion codes. The cross-section library was processed from 
ENDF/B-4 nuclear data. The erroneous resonance capture data for 238U in 
ENDF/B-4 are not relevant here because LEOPARD uses the experimental Hell- 
strand correlation for the 238U resonance integral. Thus the LEOPARD/ENDF/B-4 
package is expected to perform well when compared with critical experiments, and
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Water to rod volume ratio  

FIG. 2. Critical parameters o f  SPERT fuel pin lattices.

this was found to be the case for 18 critical experiments with stainless steel clad, 
unborated, slightly enriched fuel (average effective multiplication factor 
keff =  1.0023).

The diffusion code DIFXYRZ is mesh point centred and uses the same differ
ence formulation as does the widely used PDQ code series. The DIFXYRZ code 
differs from PDQ in being limited to rectangular and R -Z  geometries, in using fixed 
field input, in its convergence methods, in being only 500 standard Fortran lines in 
length with every variable defined, and in operating on personal computers as well 
as mainframes. DIFXYRZ has been extensively benchmarked against PDQ results 
and against known solutions. The combined LEOPARD/DIFXYRZ code package 
was verified by calculations on two stainless steel clad, high density U 0 2, 4.00 wt% 
enriched, square array critical experiments [9]. These measurements were carried out 
by BELGONUCLEAIRE using fuel similar to, but shorter than, the nominal fuel 
type for reloads in the Chooz PWR. One critical lattice used 864 fuel pins in a 
27 x  32 array with 1.303 cm pitch. A second critical lattice was obtained by remov
ing alternate pins to create a 374 pin lattice in a 17 X 22 array with 1.8027 cm pitch. 
The fuel was short (50 cm active length), and the upper and lower reflectors were 
complicated, so the measured axial bucklings were used in the DIFXYRZ 
calculations.

For the strong absorbers in the RCF control rods and in the cadmium layers 
used in the fuel storage vault it is necessary to compute effective diffusion parameters 
to give results compatible with transport theory calculations. The required effective 
diffusion parameters were calculated using the Fortran code PLATAB [7]. This code
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also is brief, with every variable defined, and it has been benchmarked against calcu
lated results reported in the literature. Experience reported in the literature has shown 
that the compensation of errors appears to be more effective for two group calcula
tions. Two group calculations were used in all of the work reported here except for 
the calculations of effective delayed neutron fraction.

The critical experiments currently measure core size at criticality, isothermal 
temperature coefficient of reactivity at temperatures below about 90°C (the RCF is 
unpressurized), flux distribution, and the spatial variations of local void and poison 
coefficients of reactivity. The thick lateral reflectors are of water, but the axial reflec
tors are complicated. Thus axial bucklings are measured so as to permit the compari
son at criticality of the core experiments with standard LWR design databases and 
codes emphasizing the lateral X-Y variations. The measured control rods use flux 
trap absorber boxes and are located in the reflectors. Fuel rods with screw-on caps 
are being obtained so as to permit measurements of reaction rate ratios within pin- 
cells as well as flux variation near strong absorbers. Experiments with stepped outer 
boundaries are also under consideration to permit evaluation of nodal methods of core 
analysis.

4. CRITICAL EXPERIMENT RESULTS

It will be recognized that the LEOPARD/DIFXYRZ methodology used here is 
similar to certain calculational methods used worldwide for analysis of commercial 
power reactors. Thus comparisons between present calculations and the critical 
experiments are of interest. The first 4.81 wt% core, at a water to rod volume ratio 
of 1.0067, went critical at 493 fuel rods. Table I shows that a cylindrical core with 
this lattice pitch would be critical at 485 fuel rods. A DIFXYRZ calculation using 
the actual 493 fuel rod locations yielded 1.005 71 for keff. For the two Belgian criti
cal experiments the calculated k ^  values were 1.0059 and 0.9969 for 1.303 cm and 
1.8027 cm pitch, respectively. Thus it appears that the calculations and measure
ments are in reasonable agreement. The two group diffusion parameters used in these 
calculations were generated using the buckling search method in LEOPARD, i.e. the 
technique used for treating leakage in establishing the detailed neutron spectrum 
replaces - У 2Ф/Ф with the material buckling. However, some reactor design 
groups use small positive bucklings for this purpose, and we find that this method 
significantly underpredicts the critical number of fuel rods.

Confidence in interpreting these critical experiments is greatly enhanced by des
tructive and non-destructive analyses of the SPERT fuel rods carried out by Argonne 
National Laboratory [10]. These analyses provide excellent verification of the com
position and dimensions of the fuel and clad.
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As has been described, the RCF has been converted in a relatively cost effective 
manner from use of HEU fuel plates to LEU fuel rods. This conversion not only 
reduces security problems, but in addition makes possible critical experiments of 
interest to the commercial LWR power industry as well as an enhancement of the 
educational experiences for RPI students.

5. SUMMARY AND CONCLUSIONS
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Abstract

USE OF A SMALL NUCLEAR POWER STATION FOR EXPERIMENTAL PURPOSES AND FOR 
TRAINING OF PERSONNEL.

The CIRENE facility is a small-scale nuclear power plant built in Italy’s Latina Province, roughly 
70 kilometers south of Rome. Conceived of, planned and constructed as a prototype for a national net
work of pressure-tube reactors designed to use natural uranium as a fuel, heavy water as a moderating 
agent and light water in changing phase as a coolant, the plant is now earmarked for experimental and 
training activities, with the change having been made as the result of decisions taken towards the end 
of the 1970’s concerning Italy’s national energy policy. The initial period of the plant’s operation is 
meant to confirm the validity o f project methods and codes, as well as construction technologies, and 
to evaluate the qualification of the industrial firms and organizations which have contributed to its con
struction and have been assigned the task of implementing the National Energy Plan. The paper goes 
on to examine studies and experimental tests planned for execution beginning in 1990. These efforts 
pertain both to the electro-nuclear sector (light-water reactors) and to the conventional area, both 
energy-related and otherwise. The facility will also be used for the training of personnel, particularly 
under unusual situations, when self-confidence is not easy to obtain in training courses that merely simu
late the real-life difficulties found in an actual plant. In conclusion, this analysis has verified that con
crete possibilities exist for the use o f the CIRENE plant for experimental purposes; moreover, the results 
turn out to be more reliable, given that they have been obtained on a complete electro-nuclear power 
plant.

1. INTRODUCTION

The CIRENE facility is an electro-nuclear power plant with 

an output of 40 MW of electricity. Built in Italy's Latina Prov

ince, roughly 70 kilometers south of Rome, it will eventually 

be linked to the national electricity grid. Despite having been 

constructed on the same site as a Magnox plant that has been in
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operation for some time now, the CIRENE facility will be equipped 

with the services and infrastructures needed to render its oper

ations self-sufficient.

The CIRENE plant was designed in the early 1970's as a 

prototype for a national network of natural uranium reactors de

signed to be cooled with light water in changing phase and moder

ated with heavy water. This type of reactor offered the advantage 

of employing a generally simpler technology which called for no 

particular enrichment of the uranium. Seen from a strategic point 

of view, it also allowed for a more efficient use of the fuel in 

the case of an open cycle, as well as a greater availability of 

plutonium, factors which favored the introduction of fast react

ors, an area that was of interest to Italy from that point for

ward .

During subsequent phases of the plant's development, its 

original design was left unchanged. Both the international and 

national situations, however, underwent profound transformations : 

the former made the process of uranium enrichment both accessible 

and redundant, producing a de facto postponement of the intro

duction of the fast reactor, while the latter brought about 

changes in the magnitude of Italy's reliance on nuclear energy, 

favoring, in any event, the use of light-water reactors, found 

throughout Europe, over other types of reactors, though produced 

on an autonomous basis in our country.

The advisability of moving ahead with the construction of

the CIRENE facility - on-site work had begun in January of 1979 -

was evaluated on a number of occasions by the Government bodies

responsible for national energy policy. Finally, in February of 

1983, it was decided that though the original reasons for under

taking the project were no longer valid, construction of the plant 

should be completed anyway, with its operations being viewed not 

only in terms of the admittedly modest amount of electrical 

energy produced, but also with an eye towards "the possibility 

of experimentation as well as operations connected with the train

ing of personnel".

In this regard, it should be mentioned that, in the absence 

of strict production requirements for electricity (the amount of 

which would be insignificant anyway as a percentage of national 

production), operations at the CIRENE facility can be adapted and 

planned in relation to the demands of personnel training and 

experimentation, the areas in which it has been assigned to oper

ate on a priority basis.
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2. OPERATING THE CIRENE FACILITY

Nuclear operations at the CIRENE plant are scheduled to 

begin at the end of 1988: a management firm is currently being 

established for this purpose by the ENEA, which is participating 

in the initiative as the chief partner, and by the ENEL, which 

acted as the technical partner during the planning and construct

ion of the plant. This management firm will be organized so as 

not only to fulfil the task of operating the plant in a strict

sense, but also to meet the demands deriving from its experiment

al function, with this being done through engineering capabilities 

plus whatever other internal structures are called for.

The first phase of this experimental function is to begin 

even before the loading of the fuel, during the operating tests 

applied to the plant systems, both individual and combined. Even 

at this early stage the information concerning the plant's perform

ance will be available for comparison with the expected results, 

the first step in the process of research and training which is 

to be pursued and amplified throughout the life of the plant.

Experiments relating to the nuclear area will begin with 

the loading of the fuel and will reach their full scope at a

later date, when they will have as reference points the light-

water reactors, and in particular the boi1ing-water ones: Italy's 

most recent reactors, at Caorso and Montalto di Castro, are of ■ 

this type.

The extent of the experimentation to be carried out in the 

non-nuclear area is also quite satisfactory. What is more, these 

possibilities represent only one aspect of the beneficial side- 

effects which, as all those involved in the fields will unanimous

ly concur, have been transferred from the nuclear sector to other 

areas of high technology.

2.1. Preparation and training

The first stage of the CIRENE reactor's operation, which 

will make it possible to confirm the operating characteristics 

as well as the projected performance figures for the plant, will 

employ a critical process meant to expand the available inform

ation on the system (suppliers, purchaser, licensing authorities) 

which has contributed to the creation of the plant. Two points 

would appear to lend particular validity to this area: first, 

the fact that CIRENE was developed exclusively in Italy means
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that no limits or licensing ties can be applied to the verifica

tion process; what is more, the system meant to benefit from 

this broadening of the training process is the same system that 

has been proposed for the National Energy Plan.

The objectives of this phase will be the evaluation of dif

ferent design methodologies, in part to determine further appli

cations for these methodologies, as well as the complete identi

fication of the parameters which characterize the plant's perform 

ance under different operating conditions.

The programs of preparation also include a series of act

ivities geared towards personnel training. There seems no need 

to emphasize the tremendously important role of the "human factor 

in the management of a nuclear power plant; as a consequence it 

would appear indispensable that personnel be provided with both 

adequate technical preparation and the necessary degree of con

fidence in their ability to perform, something which is difficult 

to obtain by practising in situations which only simulate those 

of a real plant.

Within this context, a factor of particular importance be

comes the possibilities offered by the CIRENE plant for the "in

field" training or "finely-tuned" retraining of personnel employ

ed in nuclear power stations and assigned either to the control 

room or to other positions essential to the management of the 

plant (inspections, maintenance etc.).

2.2. Experimentation related to the nuclear sector

The possibilities offered by CIRENE for conducting studies 

and experiments within the class to which the plant belongs - 

heavy-water pressure-tube reactors - are a matter beyond doubt. 

There is no realistic way, on the other hand, to predict needs 

in this area on a national level, where a decision has been made 

in favor of light-water reactors. The experimentation likely to 

be proposed for the nuclear sector thus addresses subjects - and 

there happen to be a large number of such subjects - which prove 

to be relevant to the latter category. This is done for the pur

pose of:

a) furnishing fundamental data as an aid to the further 

development of knowledge concerning the general engineering of 

water-based plants as well as the safety and reliability of their 

operation;
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b) experimentally evaluating newly proposed components and 

systems developed with features which prove innovative compared 

to those currently in use, but call for modifications to be made 

before they can be employed in commercial plants.

The research proposals, which in some cases aim for both of 

the aforementioned goals, are presented in summary form below, 

having been subdivided according to the different types of act

ivities involved.

Surveillance systems. The standard adopted by the ENEA for 

the control, monitoring and surveillance of plants is based on a 

structured set of computers able to gather signals, both neutron

ic and conventional, and then process them in such a way as to 

calculate dynamic models for the plant (in all its various work 

situations) while generating numerical files which record the be

havior of the signals over time for the purpose of detecting any 

deviation from normal conditions.

A prototype of such a system has been planned for a boiling 

water plant (Caorso nuclear power station), while a second exampl 

could be installed at the CIRENE plant, receiving an operational 

confirmation at the same time as it broadens the plant surveil

lance capabilities.

Advanced control systems. The CIRENE plant is already 

equipped with a digital computerized system (the DCC, based on 

the use of two computers with equal capabilities and information 

loads, operating on "hot stand-by") which has been assigned the 

task of monitoring the plant and the core, presenting a chrono

logical read-out of the alarms on the video terminal and regulat

ing the systems not safety-related.

At the CIRENE plant, the DCC might be linked to a more ad

vanced set of control systems which would make it possible to 

supply the operator with information of a higher quality, both in 

terms of information technology and the degree to which the in

formation reflects the situation of the plant; these advanced 

systems are currently being developed for the Montalto di Castro 

plant, and they would stand to gain from the "in-field" confirm

ation of their performance which experimentation at the CIRENE 

facility could provide.

Effluents monitoring. The proposed lines of research treat 

the following sectors: sampling systems, with comparative tests
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employing sensors of various configurations, which would be dis

tributed in a variety of manners; measurement systems involving 

the introduction of a tritium measurement channel as well as the 

automation of the sample-taking and analysis phases for the off

line measurements; interpretative systems to improve models and 

codes meant to evaluate the population exposure, strictly in 

reference to local orographic, housing and meteorological condi

tions, as well as other factors of a similar nature.

Ventilating and air-conditioning systems. The components 

to be dealt with during the experimentation are the filtering 

systems, and in particular the active carbon filters; from a 

system point of view, there would appear to be potentially promis

ing results to be gained from an analysis of the periodic main

tenance program used on the ventilation plant (to be carried out 

with the help of computerized systems) and from a study examining 

an upgrading of the current CIRENE plant in order to bring it in 

line with the more restrictive measures that may eventually be 

implemented for controlling post-accident situations.

Mechanical maintenance. The most advanced maintenance 

systems, earmarked for high-risk sectors, are to incorporate 

computerized features, with remote-control or robot equipment 

systems. Despite the obvious potential advantages for the field 

of nuclear energy, developments in this area in Italy lag behind 

what has already been done in countries such as the USA, Japan 

and France. In -light of this situation, a certain amount of lost 

ground could be recovered by installing in the CIRENE plant a 

robot system already under development: such a system would 

consist of a basic structure outfitted with one or more modules 

(arms for manipulation, tongs, sensors, television cameras etc.), 

chosen according to the type of action to be performed. In the 

initial phase, these actions would involve the carrying out of 

inspections and measurements, while in a later phase they would 

include mechanical interventions.

Non-destructive tests applied to the "in-service inspect

ions" . This research topic can be divided up into two series of 

activities. One is geared towards a comparative evaluation of 

different techniques as they relate to a study examining the 

defects of the components in question, while the other aims at 

fine-tuning the inspection procedures in light of both the
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current rules and regulations and the available performance sta

tistics produced on the operations of the plant. Highest priority 

will be given to the power channels, the steam drum and the more 

important parts of the tubing system.

Diagnostic and expert systems. The CIRENE plant offers very 

real possibilities for experimentation and evaluation involving 

a large number of diagnostic systems - of both the deterministic 

type (based on analyzing the course of the various signals) and 

the consultative type (based on the association of symptom and 

cause) - which are being studied in a co-operative effort involv

ing the ENEA and the national nuclear energy industry. Systems 

which have already been developed include those able to foresee 

the onset of conditions such as: instability in the core of the 

nuclear reactor, torsional vibrations in the centrifugal pumps, 

inflexional vibrations in the turbo groups, loss of pressurized 

fluids, defects in the metal walls etc.

Corrosion and plant chemicals. In the case of the CIRENE 

plant, which works on a direct cycle, as do the nuclear stations 

of Caorso and Montalto di Castro, it is possible to conduct a 

wide-ranging, experimental study on problems of corrosion, water 

treatment, and’formation, transport and deposition of crud. The 

proposed program of activities focuses on the following themes: 

the influence of a number of chemical parameters pertaining to 

water (such as radiolysis, redox potential, the presence of pol

lutants etc.) on the tensiocorrosion of austenitic steel; the 

development of special sensors designed to be inserted on-line 

in order to determine the chemical characteristics of the fluid, 

even under working conditions which prove particularly trying 

due to pressure or temperature; a comparative study on the effect

iveness of magnetic filters which feature a new design compared 

to the traditional systems.

Treatment and disposal of radioactive wastes. Italian firms 

in this field display a significant dependence on licensing agree

ments with foreign firms. It would thus appear advisable that a 

series of experimental activities be carried out at the CIRENE 

plant for the purpose of evaluating the degree to which techniques 

already developed for the treatment of wastes in the chemical and 

petrochemical industries (concentration, filtration, separation 

and placement in moulds) could be adapted to nuclear conditions.
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Fuel. The ENEA, which has devoted significant resources to 

the development of this component, is making its own arrangements 

for the manufacture and supply of the first load of fuel for the 

CIRENE plant. Plans call for a computerized program to be develop

ed around this load: a program able to draw correlations between 

the performance of the fuel - taking its readings, in part, from 

the post-irradiation examinations - the operating conditions 

characterizing its use in the CIRENE plant, and the data (starting 

materials, procedures, techniques etc.) relating to manufacture 

and control. A like program of "fuel surveillance", which obvious

ly has positive implications in terms of safety as well, would 

make it possible, on the one hand, to confirm the sum total of 

knowledge developed on the subject, while, on the other, improv

ing the management of the plant's fuel. In addition, once the 

validity of the program was confirmed, it could also be applied, 

assuming the necessary adaptations were made, to different types 

of fuel.

Another area of experimentation is the performance of fuel 

as determined by a number of operating situations typical of the 

CIRENE plant, such as: variations in the level of the moderator, 

variation in the axial position of the bundles, the onset of 

vibrations in the fuel column and the power cycling, which also 

prove interesting in terms of confirming the ability of this type 

of plant to operate in "load following".

2.3. Experimentation in non-nuclear areas

The availability of the conventional part of the plant (BOP) 

makes it possible to conduct experiments on the components present 

in the complete thermal cycle of an electric power plant, even if 

it is of the conventional type; these experiments are aimed at: 

developing small and medium sized turbines and alternators; im

proving the design of the pre-heaters to be supplied for the 

power plants included in the National Energy Plan; evaluating 

specific problems of the condensers (vibration of the tube nest, 

methods for cleaning etc.) and others.

Systems and components developed or found appropriate for 

the nuclear sector can also be applied in other areas of industry, 

both energy-related and not. In general, the specifications for 

their use in these areas prove less restrictive.

A simplified form of the structure proposed for monitoring 

nuclear plants can also be applied to conventional facilities
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(an example would be the monitoring of vibrations on rotating 

machinery). In a like manner, the use of an advanced system of 

monitoring within these plants, especially if they happen to be 

complex facilities, would make it possible to increase the avail 

ability of the plant as well as the safety of its operation.

The systems developed in the nuclear sector for monitoring 

substances released into the air can also be of interest for 

conventional electric power plants, as well as chemical and 

petrochemical plants, in light of the growing attention being 

given to the protection of the environment. Along the same lines 

the systems used for the treatment and disposal of radioactive 

wastes could be applied to the chemical and the pharmaceutical 

industries.

Experimentation involving the chemical control of water 

will make it possible to fine-tune techniques and devices whose 

use can certainly be of benefit in all situations where the com

patibility of the fluid and the materials of a plant is "criti

cal".

Diagnostic systems would appear to be of significant inter 

est across a wide range of industries on account of the innova

tions and improvements which their application can bring to tra

ditional products.

Advanced techniques of non-destructive control can enjoy 

an especially broad area of application, given the growing level 

of reliability and safety required of industrial plants of all 

types.

Finally, the benefit of possessing mechanical maintenance 

systems which operate on remote control and use robots, especial 

ly if these systems are modular, and thus more flexible, can 

obviously be extended to include all situations in which action 

must be taken in environments which prove hostile to human life, 

be these situations the result of normal operations or accidents

3. INTERNATIONAL CO-OPERATION

During the planning and construction of the CIRENE plant, 

a number of very fruitful information exchanges were undertaken 

with countries involved in developing heavy-water pressure-tube 

reactors. The co-operative relationship with Canada was par

ticularly close, and extensive contacts were also established 

with Japan and the United Kingdom.
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In addition, the ENEA is a partner in a large number of 

bilateral agreements, especially with the nations of the develop

ing world. These efforts have led to initiatives of mutual 

interest, undertaken, in part, on account of their contribution 

to the promotion of national industrial interests in foreign 

markets, a task which the CIRENE project as a whole is designed 

to pursue.

Given this background, there obviously exists a willing

ness to use the plant for tests and experiments involving inter

national co-operation, both in terms of components and as concerns 

engineering problems relating to both light- and heavy-water 

nuclear systems.

In the area of fuel, a subject which, as already mentioned, 

is of particular interest to the ENEA, studies and experimental 

activities may be carried out to consider the adoption of uranium- 

plutonium or uranium-thorium cycles: the former are of interest 

to Japan, the latter to Canada.

Once the atmosphere of uncertainty which has lately 

characterized the field of nuclear energy has been left behind, 

this development, together with the effective availability of 

the CIRENE plant, will make it possible to undertake real 

initiatives geared towards the inauguration of related efforts 

of international co-operation.

4. CONCLUSIONS

In light of what has been illustrated in the preceding 

paragraphs, there would thus appear to be a sizeable body of 

experimental activity which might be proposed for execution at 

the CIRENE plant. In some cases, these activities could be carried 

out more effectively in reactors designed and constructed express

ly for experimentation, while in other instances, the use of an 

electro-nuclear power plant makes the results that much more re

presentative and complete. With the presence of the plant being 

a given, it is obvious that the goal of the analysis was to verify 

whether or not there also existed real possibilities of using it 

for-experimental purposes.

A further consideration may be in order: the sum total'of 

the research efforts referred-to, each of which is to last be

tween 3 and 4 years, may appear overly plentiful, and thus un

realistic. It should be pointed out, however, that the proposed
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activities, which belong to a larger- set of initiatives that the 

ENEA has been sponsoring for some time now, in order to promote 

and raise the image of the national industry, will take on 

significance, and will be executed only if the industrial concerns 

involved find the projects to be valid, and find themselves in a 

position to use the results gained through their participation.

The subjects listed in the preceding pages were chosen with this 

prerequisite very much in mind, but it is obvious that a further, 

more in-depth development of these subjects, carried out as a co

operative effort with the various industrial partners, could lead 

to a reordering of the experimental program, or, in any case, to 

a more or less extended time schedule.
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Abstract-Résumé

ESTABLISHMENT OF HORIZONTAL BEAMS IN THE 700 kW ISIS REACTOR.
In order to meet the requirements of research workers and to expand the possible uses of the Isis 

reactor (700 kW), two horizontal beams have been set up at a tangent to the core. After a short descrip
tion of the Isis medium power reactor, an outline is given of the work carried out and the solutions 
adopted to meet safety criteria and radiation protection regulations (preservation of the second and third 
barriers, radiation protection system and conditions for access to the experiment hall). A brief descrip
tion is then given of the installations associated with the two beams, the first of which is used for neutron 
radiography and the second for monoenergetic gamma radiation and neutrons, as well as o f the 
encouraging results obtained during the initial tests.

CREATION DE FAISCEAUX HORIZONTAUX SUR LE REACTEUR ISIS (700 kW).
Afin de satisfaire les demandes des expérimentateurs et d’augmenter les possibilités d’utilisation 

du réacteur Isis (700 kW), deux faisceaux horizontaux tangentiels au cœur ont été créés. Après un court 
rappel sur le réacteur de moyenne puissance Isis, on décrit les travaux réalisés et les solutions adoptées 
pour respecter les critères de sûreté et les règles de radioprotection (conservation des deuxième et 
troisième barrières, système de radioprotection et conditions d ’accès à la salle d ’expérimentation). Sur 
ces deux faisceaux, l’un utilisé pour la neutronographie et l ’autre pour les rayonnements gamma et les 
neutrons monoénergétiques, une description sommaire des équipements est donnée, ainsi que les résul
tats encourageants obtenus lors des premiers essais.

1. INTRODUCTION

Afin d ’augmenter les possibilités expérimentales du réacteur Isis et suite aux 
demandes de certains expérimentateurs, des modifications importantes ont été 
apportées au réacteur au cours des années 1985 et 1986.

On a décidé de créer deux faisceaux horizontaux associés à une salle 
d ’ expérimentation :

— l’un destiné à la neutronographie de pièces inactives;
— l’autre permettant de disposer de rayonnements gamma monoénergétiques 

d ’énergie élevée (6 à 10 MeV selon les cibles utilisées) ou de neutrons mono
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énergétiques par modification des cibles au niveau du cœur du réacteur et intro
duction de filtres de différentes natures (neutrons de quelques centaines d ’eV à quel
ques dizaines de keV). Ce faisceau doit servir de faisceau de référence pour l’étalon
nage des instruments de radioprotection et permettre la mise au point de nouveaux 
matériels de mesure.

2. RAPPEL SUR LE REACTEUR ISIS

Ce réacteur expérimental est la maquette du réacteur Osiris. Il peut fonctionner 
à une puissance maximale de 700 kW et sa souplesse de fonctionnement lui permet

Rez-de-chaussée

Cellule de 
Щ neutronographie

Ciment
hydrofuge

Table

Goulotte obturée par 
injection de ciment EMBECO

ж ш ш м

FIG. 1. Puits de neutronographie.
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de s’adapter aux exigences de telles expériences. Il possède une piscine de dimen
sions importantes ( 4 x 4 x 7  m3) et un cœur de petites dimensions (environ
0,6 x 0,6 x  0,63 m3) placé dans une cheminée permettant d ’assurer le refroidisse
ment des éléments combustibles, et entouré d ’un caisson en Zircaloy semblable à 
celui d ’Osiris.

Trois faces du réacteur, équipées de grilles de positionnement, sont entièrement 
utilisables par les expérimentateurs.

Il y a une quinzaine d ’années, une modification importante avait déjà été 
réalisée (fig. 1), à savoir la création d ’un dispositif de neutronographie-puits par 
défilement permettant le passage de crayons combustibles REP irradiés de grande 
longueur (4 m). Cette installation comporte un faisceau horizontal légèrement 
oblique par rapport à une face du réacteur (collimateur relevable en piscine, traversée 
béton piscine, puits de défilement) qui aboutit dans une petite salle créée au niveau
-  6,4 m.

Les principales caractéristiques neutroniques du réacteur sur les trois faces 
principales périphériques utilisables sont, à P =  700 kW, en milieu de face dans le 
plan médian du cœur:
-  фл ~  2,5 x  1012 n -c n r2-s_1;
-  фт (E >  1 MeV) ® 3 X 10" n-cm~2-s~';
-  W7 *  150 mW-g*1.

3. DESCRIPTION DES TRAVAUX REALISES

Les deux faisceaux horizontaux, axés sur le plan médian du réacteur, sont 
tangentiels aux deux faces opposées afin de minimiser le bruit de fond gamma dû au 
réacteur.

3.1. Réalisation d’une salle d’expérimentation (fig. 2)

L ’axe du cœur du réacteur est à — 5,4 m (soit 1,4 m au-dessous du niveau du 
sous-sol), d ’où la nécessité de réaliser une salle d ’expérimentation entre —7,1 et 
—4,0 m. Cette salle (2,3 X 3,6 m2) est située entre le bloc pile et sous la dalle de 
fondation de l’enceinte du réacteur, d ’où la difficulté de réalisation sachant que le 
mur d ’enceinte supporte un pont roulant de 15 t. Toutefois, cette dalle de fondation 
de l’enceinte est posée sur des pieux descendant à —15 m. Par contre, l ’enceinte du 
réacteur jouxte les sous-sols du bâtiment traditionnel et cette nouvelle salle empiète 
également sous ce sous-sol.

L ’accès à cette salle se fait par un escalier à —4 m et une porte coulissante dotée 
d ’une protection biologique de 0,2 m de béton lourd, ce qui a nécessité le percement 
de la dalle (niveau 0 m) du bâtiment réacteur de façon à introduire les matériels 
lourds par le pont du hall existant.

Une niche, en fond de salle dans l’axe de chaque faisceau, tapissée de corps 
absorbants, est destinée à atténuer la diffusion du faisceau.



552 MORIN

Coupe horizontale au niveau-5,40

FIG. 2. Salle d ’expérimentation.

3.2. Traversée du bloc pile

La paroi piscine (béton ferraillé d ’épaisseur 1,5 m 4- acier d ’épaisseur 1 cm) 
a été forée horizontalement dans le plan médian du cœur tangentiellement aux faces 
nord et sud du réacteur.
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Le percement des deux canaux (ф = 24 cm) a été fait par l ’intérieur de la 
piscine. Il a entraîné la coupure d ’une partie du ferraillage du béton.

Une fourrure métallique cylindrique occupe l ’intérieur du trou; côté piscine, 
elle est solidaire d ’une plaque venant prendre appui sur la peau acier de la piscine 
et est assemblée à cette dernière par soudage. Une injection d ’un mortier spécial 
comble l’espace annulaire béton-métal, opération délicate à réaliser et sur laquelle 
repose l’absence de fuite des rayonnements gamma du cœur.

Côté piscine, une tape en Zircaloy assure l’étanchéité par l’intermédiaire d ’un 
joint métallique comprimé par vis entre deux parties coniques.

Côté salle d ’expérimentation, une chaussette doigt de gant et une tape pleine 
avec joint assurent une double étanchéité.

Tous ces travaux ont affecté l’intégrité des deuxième et troisième barrières du 
réacteur. Ils ont, par conséquent, été définis suivant tous les critères d ’assurance de 
la qualité et ont donné lieu à l ’élaboration d’un dossier présenté aux autorités de 
sûreté.

Une protection biologique amovible, en salle d ’expérimentation, vient masquer 
l ’un des canaux de façon que l’expérimentateur puisse entrer dans la salle et inter
venir sur ses appareillages, quand le réacteur est en fonctionnement. Cette protection 
est composée de 25 cm d ’équivalent plomb et de 10 cm de paraffine.

4. CALCULS ET REGLES DE SURETE RETENUES

Les conceptions retenues permettent de respecter les principes de sûreté du 
réacteur dont les principaux sont:

— tenue des bâtiments;
— respect de l’intégrité de la deuxième barrière: tenue de la paroi piscine et du 

bloc pile;
— respect de l ’intégrité de la troisième barrière: prévenir tout cheminement d ’eau 

de la piscine vers la nappe phréatique et vice-versa.

4.1. Génie civil

La salle d ’expérimentation est située, d ’une part, entre deux pieux supportant 
la dalle de fondation du bâtiment, et, d ’autre part, en partie sous cette dalle. Tou
tefois, elle repose sur le sol au niveau —7,6 m et est donc indépendante du bâtiment 
réacteur.

Les calculs effectués ont été vérifiés par un organisme agréé montrant que la 
tenue du bâtiment réacteur et du bâtiment traditionnel le jouxtant n ’est pas affectée 
par cette modification.
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4.2. Intégrité de la deuxième barrière

Pour le réacteur, la deuxième barrière comprend la paroi piscine et le bloc pile. 
Cette deuxième barrière doit tenir:

-  à l ’accident de type borax: dans ce cas, la pression associée à l’onde de choc 
correspond à une pression statique de 7 bar;

— à une fuite éventuelle de la tape, côté piscine, par adjonction d ’une tape côté 
salle pouvant résister à la pression 0,54 bar.

Le percement des deux canaux ayant affaibli la résistance de cette paroi, de 
nouveaux calculs ont été effectués avec les hypothèses suivantes:
— pression: 18 bar;
— la non-reprise des fers cisaillés.

Ils montrent que, malgré ces hypothèses pessimistes, le bloc piscine résiste à 
un accident de type borax malgré la fragilisation entraînée par ces modifications.

Les traversées métalliques participent également à cette bonne tenue (le mortier 
injecté entre fourreaux et béton n ’est pourtant pas pris en compte) et les tapes côté 
piscine sont calculées pour tenir à 18 bar.

Les tapes ou doigts de gant côté salle sont calculés pour résister à une pression 
hydrostatique de 2 bar.

Tous les composants affectés par le risque d ’explosion (borax) et de pression 
hydrostatique de la piscine ont été traités en qualité contrôlée, à savoir:
— fourrures et collerettes côté piscine et côté salle;
— plaques prenant appui sur la peau acier piscine;
— viroles, joints et fixations des joints;
— tapes ou doigts de gant côté piscine ou salle.

La conception mécanique de ces traversées est telle que la majorité des soudures 
puisse être contrôlée; pour les deux soudures définitives faites sur place et les joints, 
nous avons adopté une solution par surpression permanente d ’hélium à l’intérieur de 
la traversée.

Lors de la réalisation, une difficulté est apparue due à la non-planéité de la peau 
en acier de la piscine, ce qui a nécessité l ’adjonction de cales d ’épaisseur entre cette 
peau et la plaque avant de la traversée et des soudures supplémentaires.

Malgré toutes ces précautions, on a vérifié qu’en cas d ’accident hors dimen- 
sionnement (ruptures des tapes), le cœur du réacteur n’était pas dénoyé (une protec
tion d ’eau de 1,10 m reste au-dessus du cœur) et qu’un accès rapide au tableau de 
commande restait toujours possible (débit d ’équivalent de dose de 1 rem/h).

4.3. Intégrité de la troisième barrière

L ’étanchéité entre la salle et l ’enceinte du réacteur est assurée par un talochage 
de ciment spécial et un revêtement de type polyuréthane élastique appliqué en phase 
liquide et adhérant au support.



IAEA-SM-300/30 555

Ce dernier revêtement est:
— décontaminable,
— résistant aux radiations, au vieillissement, à l ’usure et aux chocs,
— auto-extinguible et non toxique,
— isolant électrique,
— fortement adhérant.

Un système de puisard et de pompe avec sondes de détection de niveau prévient 
de toute fuite éventuelle d’eau de la piscine et évacue automatiquement toute eau 
venant de la nappe phréatique.

5. EQUIPEMENTS DIVERS

5.1. Faisceau de neutronographie (fig. 3)

Un cône convergent-divergent relevable en piscine et un remplissage en acier 
avec trou trapézoïdal dans la traversée du bloc pile permettent d ’obtenir une dimen
sion de faisceau de 100 x  175 mm2 (niveau tape).

Un dispositif de support de film et de défilement d ’objet en partie arrière de la 
salle permet d ’obtenir des clichés de 180 X 300 mm2 et de neutronographier pas à 
pas des objets jusqu’à 4 m de long. Un conduit rempli d ’hélium entre la tape côté 
salle et ce dispositif permet d ’éviter toute diffusion des neutrons du faisceau.

Coupe horizontale au niveau -5,40

FIG. S. Faisceau de neutronographie.
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Coupe horizontale au niveau-5,40
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FIG. 4. Faisceau gamma ou neutron monoénergétique.

5.2. Faisceau gamma et neutrons monoénergétiques (fig. 4)

La cible est placée dans un canal immergé en piscine. Ce canal est mis en place 
à la demande. Les filtres sont placés dans le doigt de gant de la traversée du bloc pile.

Un système porte-chambre de mesure se déplaçant en X, Y, Z est placé en 
partie arrière dans la salle et permet de contrôler l ’homogénéité du faisceau.

5.3. Système de radioprotection

Un système de chambre neutrons et gamma est placé dans la salle avec témoins 
lumineux et report au tableau de commande du réacteur.

Une caméra de télévision visant l ’ensemble de la salle et couplée à deux 
moniteurs permet de vérifier à tout moment la présence ou l ’absence d ’expérimen
tateur, notamment lors de manutentions en piscine.

5.4. Conditions d’entrée en casemate

Les conditions pour permettre d ’entrer dans la salle sont assurées par des 
systèmes à clés prisonnières et des autorisations de fin de course.

L ’ouverture de la porte, pile en fonctionnement, n ’est possible que cône de 
neutronographie relevé et protection biologique sur le deuxième canal en place.

Les dalles amovibles recouvrant le toit de la salle sont verrouillées et l ’exploi
tant s’en assure avant la mise en route de l’installation.
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6. ESSAIS ET PREMIERS RESULTATS

6.1. Radioprotection

Les mesures de radioprotection ont été effectuées dans différentes conditions et 
confirment les valeurs estimées.

Le réacteur fonctionnant à 700 kW, avec les cônes immergés non en place, on 
a mesuré les débits d ’équivalent de dose suivants:
— ambiance salle: 1 à 2 mrem/h;
— au contact du bloc pile et au niveau des faisceaux: 15 à 20 mrem/h;
— derrière le bouchon biologique: 0,3 mrem/h.

Dans le cas où le réacteur est à 700 kW avec, soit le cône de neutronographie 
baissé, soit le canal immergé avec cible Ni en place et protection biologique baissée 
(la mesure n ’est possible que hors salle, au niveau —4 m, dans l’axe du bloc pile), 
nous avons trouvé de 1 à 3 mrem/h. Avant travaux, nous avions de 0,5 à 
1,5 mrem/h.

6.2. Faisceaux de neutronographie

Les premiers essais ont montré une bonne résolution sur les clichés et un bruit 
de fond gamma négligeable:
— flux thermique niveau tape » 5  x  106 n-cm~2-s"1;
— flux thermique niveau film —2,5  x  106 n-cm~2-s_l.

Les essais se poursuivent et une augmentation sensible des flux est envisagée 
par un mode de pilotage du réacteur différent et l ’adjonction d ’un réflecteur de 
bérylium au nez du cône.

6.3. Faisceaux gamma

Quelques essais effectués avec une cible de nickel ont montré que le spectre 
gamma obtenu au niveau du centre de la salle est très pur et que son intensité 
( — 40 rad/h) est suffisante.

Un mode de pilotage du réacteur différent devra permettre d ’augmenter cette 
intensité si besoin est.

7. CONCLUSIONS

La création de faisceaux horizontaux permet de valoriser cette installation et 
d ’augmenter les possibilités d ’utilisation du réacteur.

Ces modifications importantes ont entraîné un arrêt du réacteur de l ’ordre d ’un 
an en tenant compte du démontage et du remontage du bloc pile dont l’activité gamma 
est notable.
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Les solutions adoptées (calculs, mécaniques, génie civil) et les procédures de 
contrôle-qualité permettent de respecter les critères de sûreté et de radioprotection, 
critères vérifiés par les autorités de sûreté pour l’obtention de l ’autorisation de 
rediverger fin 1986.
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Abstract

THE ROLE OF SMALL RESEARCH REACTORS IN INTERDISCIPLINARY RESEARCH AND 
APPLICATIONS.

Small research reactors have repeatedly demonstrated their ability to complement the large 
research and test .eactors. The small reactor has been particularly effective in becoming the focal point 
for the transfer of nuclear technology to developing nations. In many installations in both the developed 
and developing nations, small research reactors have been the center of widespread research and 
development that continue to be unique and successful.

1. INTRODUCTION

Small research reactors are frequently used in ways that 
complement the larger research and test reactors which have neu
tron fluxes exceeding 10*4 n/cni's. In this paper we discuss 

two quite different aspects of the role of the smaller (< 3 MW) 
research reactor: namely, (1) those instances where the small
research reactor Í 3  the focal point for a  broad range of tech
nology transfer to developing nations; and (2) examples where 
either the smaller research reactor has been ideal for proof 
testing n ew techniques prior to installation at much larger re
actor facilities or where the smaller research reactor has been 
so easily adaptable and effective that no need exists to trans
fer activities to larger facilities. Because of the widespread 
application of the TRIGA research reactor, with more than 60 fa
cilities throughout the world, this reactor will frequently be 
used in this presentation as an example of the various applica

tions of the smaller research reactor.

2. SPECIAL ROLE OF SMALL RESEARCH REACTORS

The small reactor facility when thoughtfully exploited has 

produced an enviable record demonstrating that much advanced, 

sophisticated research can be performed with power levels below 
1 or 2 megawatts. Examples include: neutron cross-section m e a 
surements in the difficult microelectronvolt energy region [1, 

2]; cold neutron production using liquid hydrogen [3], liquid

559
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methane [4] and solid methane [5]; and the first in-core pile 

oscillator measurements to evaluate the prompt neutron lifetime 

for a standard TRIGA reactor core [6] . The life sciences have 
also been well represented by particularly fruitful work with 

small reactors. The Mark I TRIGA reactor in Heidelberg [7] and 

the TRIGA Mark II reactor in Yugoslavia [8] as well as others 

have been used to pioneer several aspects of medical isotope 

production including, for example, Kr-85m for use in routine 
lung perfusion measurements. The first successful application 
of boron capture therapy for malignant brain tumors in human pa 

tients has been conducted by Hatanaka [9] at the TRIGA Mark II 
reactor at the Musashi Institute of Technology. This work has 
led to an important series of publications. The needs of devel
oping nations are often couched in terms that make it appear 

that only a very large research reactor (> 10 MW) would suffice. 
The outpourings of publications for more than 2 decades from the 

many reactors with power levels of no more than 1 or 2 megawatts 
continue to confirm what can be accomplished with a far more 

modest investment. Several papers presented at this Symposium 

by staff members from a number of these small reactor facilities 
continue to confirm this observation.

As is well recognized, numerous instances can be cited 
where advanced concepts and techniques are developed and tested 

at small reactors before installation at considerably higher 
power reactors. Two interesting examples of this are noted 
herein. A  computer controlled Fourier chopper system for 

time-of-flight analyses of neutron diffraction problems was de
veloped and tested on the 250 kW Finnish TRIGA Mark II before 
the apparatus was moved to the 10 M W  Leningrad research reactor

[10]. In another example, a delicate and sensitive neutron 
interferometry apparatus was developed and tested first at the 
250 k W  TRIGA reactor at the Atomic Institute of the Austrian 
Universities (Vienna). Later it was installed and successfully 
used at the large ILL reactor at Grenoble [11]. The practice of 

testing new apparatus first at small reactor facilities is a 
very practical method of maximizing the scientific output from 
the very large reactor facilities.

3. TECHNIQUES FOR TECHNOLOGY TRANSFER

The principles underlying technology transfer have been 
studied intensely. Stevan Dedijer [12] is a long time con
tributor to these studies. One of his earliest case studies, 

conducted in the late 1950s and early 1960s, was the early 
nuclear energy program in Yugoslavia where a TRIGA research re
actor was commissioned in 1966 and used in a program that has 
had long term and spectacular success. The interest in such 
studies arises from the realization that certain of newly devel

oped nuclear energy programs are only modestly successful
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TABLE I. TYPICAL INTERDISCIPLINARY APPLICATIONS OF 
L OW POWER RESEARCH REACTORS

1. Activation Analysis
2. Delayed Neutron Activation Analysis
3. Nuclear Chemistry, Hot Atom Chemistry
4. Neutron Diffraction, Neutron Scattering
5. Neutron and Nuclear Physics
6. Material Science, Solid State Physics
7. Nuclear Pumped Lasers
8. Biology, Medicine

9. Geology, Petrochemicals
10. Isotope Production (Medical, Industrial)
11. Studies of Reactor Dynamics
12. Neutron Radiography (Reactor Fuel, Commercial and Military 

Applications)
13. Operator Training; Student Training

whereas others with the same apparent prospects succeed splen
didly. After more than twenty years of experience developed by 

both the private sector and cognizant IAEA groups working to 
promote technology transfer, practical solutions have emerged as 

guides for new as well as ongoing nuclear research projects.

In earlier times, the small research reactor was frequently 
considered to be only the first step in a developing nuclear 
power program. If later the power program languished, then the 
research reactor usually suffered as well. More recently, an 
awareness in many developing nations is beginning to develop 
that the small research reactor can become important in its own 
right and can be the focus of significant technology transfer in 
important areas in addition to, or instead of, nuclear power. 
Examples of many non-power goals to be served by a small re
search reactor facility in a developing nation are set forth in 
Table I.

Two examples of developing countries (Malaysia and the 
Republic of Korea) illustrate the results that can accrue when 

thoughtful technology transfer is pursued. In both cases these 

are examples of long term multi-nation cooperative efforts to

gether with IAEA expert assistance programs. These examples are 

but two selected at random from many instances of successful 

utilization of small research reactors.

Malaysia is a prosperous, small, developing nation with a 

nuclear research program developed around a 1 megawatt TRIGA re
search reactor installed in 1978. As part of this program de
velopment, dozens of students were sent abroad to many different
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nations for advanced training. These personnel have already re

turned, or are now returning to the PUSPATI installation. Of 

the many research programs under way a most noteworthy one is 
that involving the construction and installation of a small 

angle neutron scattering (SANS) facility [13]. In its final 

form, a cold neutron source will be used to augment the beryl
lium filtered neutron beam. The SANS instrument will serve the 
needs of both the scientific and applied research interests. It 

is the Malaysian governmental policy to encourage practical ap
plications of scientific research. In this case, the small re

search reactor has become the successful focal point for such 

efforts.

The Republic of Korea is a developing country n ow on a 
steep positive gradient of prosperity. Its nuclear program, 

which started in the late 1950s, was tied directly to its 
nuclear power program and, in varying degrees, is similarly 

oriented today. Utilizing two small research reactors (250 kW  
and 2 M W  TRIGA reactors) the staff of the Korea Advanced Energy 
Research Institute (KAERI) over the years since 1962 worked with 
minimum initial financial support but succeeded in producing a 
steady series of worthwhile reports on nuclear engineering, 
biological and medical isotope studies, neutron research, and 
student training [6]. In the last decade, a major industrial 
evolution has occurred in the Republic of Korea at about the 

same time as the commissioning of its first nuclear power 
station. A direct consequence of the improved economic status 
is that funding for basic research at universities in the 
country has increased tenfold in the years 1985-1987. While the 
absolute amount of this funding is still small by western stan
dards, the reduced financial support of research in several 
western countries has encouraged many trained nationals of the 
Republic of Korea to return to their country. This reversal of 
the former "brain drain" and the improved climate for research 
and development in nuclear technology not necessarily tied 

entirely to nuclear power portend a significant and indigenous 
nuclear research program. This coupled with the n ew 30 megawatt 

research reactor n ow under development in the Republic of Korea 
is a heartening development after the earlier lean years.
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Abstract

UTILIZATION OF THE LOW-POWER MUSASHI REACTOR: MULTI-PURPOSE BEAM 
EXPERIMENTS.

Although the Musashi reactor is a low-power reactor of 100 kW, multi-purpose beam experi
ments have been proceeding for the last ten years. Medical irradiation for boron neutron capture therapy 
(BNCT) is the most unique utilization of the reactor. Eighty-two patients had been treated in the reactor 
up to the end of August 1987. One of the horizontal beam ports has been in use for a time-of-flight 
experiment with a slow chopper since 1977. The authors measured the total neutron cross sections of 
Mg, Al, Si, Zr, Nb and Mo in the energy range from 0.001 to 0.3 eV. A neutron radiography facility 
was designed and installed at another beam port in 1984. A real-time neutron TV system has also been 
installed for investigation of moving objects and for a neutron computed tomography study. A third 
beam port has been used for a filtered beam experiment and a capture 7 -ray measurement. An Fe-filter 
for 24 keV neutrons and a Si-filter for 54 and 144 keV neutrons are available for generating monochro
matic neutrons. These beams have been used for the precise measurement of total neutron cross sections. 
The capture 7-ray measurements have been applied for the measurement of boron concentration in tissue 
in connection with BNCT. The reactor has a Joint Use Program for university researchers in Japan under 
a grant-in-aid by the Ministry of Education, Science and Culture.

1. INTRODUCTION

The Musashi reactor is a 100 kW  TRIGA-II reactor, which 

became critical with aluminum-cladding fuel elements in March 

1963. The reactor was mainly used for isotope production 
during the first decade, and no facility for beam experiments 

existed. Since 1975, some facilities for beam experiments 

have been installed one by one. A  cross-sectional v iew of 

our reactor is shown in FIG. 1, We have four horizontal beam 

ports, which are called the А, В, С and D holes, in addition 

to a thermal column. The thermal column was remodeled for 

biomedical irradiation purposes in 1975 [1]. An irradiation 

room was newly built around the thermal column, and a patient 

operation room was also installed near the irradiation room.

The multi-purpose beam experiments of our small reactor 

are briefly introduced in this paper.

565
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FIG. 1. Cross section o f the Musashi reactor.

2. TIME-OF-FLIGHT EXPERIMENTS USING A SLOW CHOPPER

2.1 Chopper-TOF Facility

The chopper is made of a BN (boron-nitride) rotor, which is

12 cm in diameter and 12 cm in height, and has nine slits 0.4 cm 

in width and 7 cm in height. Some examples of the Be transmission 

spectra are shown in FIG. 2 as a function of rotating speed. It 

is clear from this figure that the resolution becomes better with 

an increase of the rotating speed. Two kinds of filtered beams 

are available: The one is a beam filtered by a large Si-rod of

nearly perfect single-crystal, 52.2 cm in length. Silicon serves 

as a very effective thermal neutron filter to reduce the fast- 

neutron background. The> other is a cold neutron beam below 5 meV, 

which is transmitted through a 15 cm thick polycrystalline Be- 

block. They are called the "Si-beam" and the "Be-beam", respec

tively. These time spectra are shown in FIG. 3. It can be seen 

from this figure that the background neutrons are decreased by a 

factor of about 100 in the cases of the "Si-beam" and the "Be- 

beam" in comparison with the complete open beam without any filter.
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2.2 Total Neutron Cross Section Measurements

Two rotation frequencies were chosen at 2,000 and 3,800 rpm, 

when neutron burst widths (FWHM) were 280 and 170 ]is, respec

tively. The flight path is 6.25 m. Typical energy resolutions 

were 5.5% for 0.002 eV neutrons at 2,000 rpm and 7.5% for 0.01 eV 

neutrons at 3,800 rpm. The total cross sections were measured 

w ith the "Si-beam" and the "Be-beam". For the background measure

ments, the samples were replaced with a sheet of Cd. The b ack

ground neutrons are mainly caused by fast neutrons passing through 

the BN rotor.

Some results are shown in FIG. 4 [2]. For Si at the top, 

the open triangles show the experimental results measured with 

a single-crystal rod. The full triangles show the present results
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Channel number
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FIG. 3. Time spectra o f Si-beam and Be-beam. A: ' ‘complete open beam ’ ’ spectrum; B: background 
spectrum o f complete open beam; C: background spectrum o f Si-beam.

measured with the p o ly c ry s ta llin e  samples in  powder form. The 
open c irc le s  show the BNL-325 data [3 ]. We note th a t the agree
ment between the experiments and the ca lcu la tio n s  i s  f a i r ly  good. 
The to ta l  cross sections between 0.0033 and 0.013 eV have been 
newly measured in  the p resen t experiment. For Zr a t  the bottom, 
the experimental data p lo tted  w ith open tr ia n g le s  were measured 
w ith the m e ta llic  rod. The data p lo tted  with f u l l  tr ia n g le s  were
measured with the slugs in  sponge form. The BNL-325 data are
shown in  th is  fig u re  w ith open c i r c le s .  The to ta l  cross sections
fo r Zr between 0.003 and 0.02 eV are new data .
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FIG. 4. Total cross sections o f Si and Zr.

3. NEUTRON RADIOGRAPHY EXPERIMENTS

3.1 Neutron Radiography F a c ility

The arrangement of the neutron radiography f a c i l i t y  of the 
Musashi reac to r  i s  shown in  FIG. 5. As the beam from the core 
is  much contaminated with the f a s t  neutrons and y -ray s , i t  i s  
necessary to  reduce them for improving the neutron beam p u rity . 
A number of c y lin d r ic a l co llim ato rs  w ith d if fe re n t inner d ia 
meters have been prepared with polyethylene, lead and L iF - t i le s  
Moreover, bismuth and s ilic o n  s in g le -c ry s ta ls  are a lso  prepared 
fo r the f i l t e r s .  The beam hole s tru c tu re  can be varied  with 
these c y lin d ric a l co llim ato rs and f i l t e r s .  As a r e s u l t  of dose 
measurements fo r various s tru c tu re s , i t  became c le a r  th a t a Bi 
s in g le -c ry s ta l i s  very e ffe c tiv e  fo r y-ray sh ie ld ing  with high 
transm ission of neutrons [4 ].
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Two kinds of exposure are available, as shown in FIG. 5, 
at the NTV and NRG fields, which are located at the front- and 
back-sides of the evacuated tube, respectively. As shown in 
this figure, the NTV field is located 60 cm outside the beam 
hole (L=260 cm, d=4 cm, L/d=65), and the NRG field is located 

4.4 m outside (L=640 cm, d=4 cm, L/d=160). The beam character
istics of these irradiation fields are shown at the top of FIG. 5. 
It is possible to obtain a large size photograph of 38 cm diameter 
at the NRG field.

3.2 Real-Time Neutron Radiography System

The real-time neutron radiography system has been installed 
for investigation of moving objects and for a neutron computed 

tomography study [5]. As illustrated in FIG. 5, a real-time 
imaging system consists of a neutron TV system, a video-processing 
system and a personal computer system. The neutron TV system 
offers a high-quality radiographic image from an NE-426 neutron 

scintillation screen with an image orthicon tube made for X-ray 
use. In order to obtain a higher-quality radiographic image, 
digital processing can be adopted by using the video image- 
processing system with a video frame memory (Hamamatsu Photonics 
Ltd. C1901). We can execute image integration, image subtraction, 
image reversal, slice operation and enhance operation by using the 
system, and can display the processed image on a CRT monitor. By 
using the rotated projection data, we can get a two-dimensional 
CT projection. Further work is still in progress.

4. FILTERED BEAM EXPERIMENTS

4.1 Iron-Filtered Beam of 24 keV Neutrons

Three kinds of filter arrangements have been investigated 
at the С-hole. The first is an Fe-filter for 24 keV neutrons, 
which consists of 40 cm thick iron, 20 cm thick aluminum, and 
10 cm thick sulfur as shown in FIG. 6. Aluminum and sulfur are 
used with an Fe-filter to remove higher-order contamination and 
to obtain a filtered beam which contains neutrons predominantly 
near the 24.3 keV minimum.

The filtered beam has been mainly used for the precise 
measurement of total neutron cross sections. The accuracy is
0.3% in the cross section measurements of Be and С for the 24 keV 

neutrons [6].

4.2 Silicon-Filtered Beams of 54 and 144 keV Neutrons

The second is a Si-filter for 54 keV neutrons, which consists 
of 90 cm thick silicon and 40 cm thick sulfur as shown in FIG. 7.
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FIG. 6. Filtered beam arrangement fo r  24 keV neutrons.

The third is also a Si-filter for 144 keV neutrons, which consists 

of 74 cm thick silicon and 4 cm thick titanium.

These beams were used for the measurement of the Doppler and 

self-shielding effects of resonances in the unresolved energy 

region of niobium [7].

5. BORON NEUTRON CAPTURE THERAPY

5.1 Treatment of Brain Tumors for the Joint Use Program

Since 1968, boron neutron capture therapy for malignant 

brain tumors has been performed in successful clinical results 

by Hatanaka's group [8].

The remodeling of the neutron irradiation facility of the 

reactor was carried out in 1975, and the facility was. licensed 

by the Japanese Government to be used for medical irradiation 

purposes on July 20, 1976. By use of the reactor, 82 patients 

had been treated up to the end of August 1987 since March 1977.
The treatment has been performed in the framework of the 

Joint Use Program for university researchers in Japan under a 

grant-in-aid by the Ministry of Education, Science and Culture.

In the treatment of brain tumor, a 10B compound is injected 

before operation. The compound is gradually accumulated in the 

tumor. After the tumor has selectively taken up the compound, 

the affected part is irradiated with thermal neutrons. It is 

the basic principle of BNCT that the short-range and high-LET 

charged particles emitted from the 10B ( n , a ) 7Li reactions give 

a selective effect only on tumor containing 10B, while the 

normal tissues without 10B are not injured. The absorbed dose 

in the tumor, therefore, is mainly determined by the neutron 

fluence and 10B concentration in the tumor.



IAE A-SM-ЗОО/10 573

FIG. 7. Filtered beam arrangement fo r  54 keV neutrons.

5.2 Dose Measurements for Boron Neutron Capture Therapy

The values of the thermal neutron flux and the у-dose rate 

are about 2.0 x 109 n / c m 2-s and 300 rad/h (3 Gy/h) at the surface 

of the head, respectively. The neutron intensity in the brain is, 

however, influenced by many factors such as the distance between 

the patient's head and the irradiation port, the size of the 

irradiation aperture and the depth of the tumor. It is, therefore 

important to develop a real-time monitoring system of the neutron 

flux and у-dose rate. We have developed a small p-n junction Si- 

detector for dose measurements in the brain, and a bismuth germa- 

nate (BGO) scintillation detector w ith an optical fiber for dose 
measurements of the whole body [9]. The detector arrangement in 
the treatment is shown in FIG. 8.

5.3 Boron-10 Analysis by Capture y-ray Measurements

In order to estimate the dose from 10B ( n , a ) 7Li reactions in 

a tumor, precise measurements of neutron fluence and 10B concen

tration are very important. The samples containing 10B are 

exposed in the collimated thermal neutron beam at the C-hole.

The beam area is about 2 c m 2 at the sample position. The average 

intensity of the thermal neutron flux is 5 x 105 n / c m 2 s and the 

у-exposure rate is 70 mR/h (18.06 yCi/kg) at the maximum power of 

100 kW. The measuring system consists of a pure-Ge detector 

shielded with lead blocks and 6LiF flexible sheets. An example 

of the prompt y-ray spectrum is shown in FIG. 9. The 478 keV 

peak produced in the °B(n,a)7Li reaction is distorted because 

of the Doppler broadening. It was found that 10B concentrations 

of 10 and 5 ppm with 4 c m 3 samples can be measured in 3,000 s 

w ith a relative error of 5.3% and 9%, respectively [10].
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Before we started the beam experiments by using our small 

reactor about ten years ago, we d i d n’t have any confidence that 

the neutron intensity was enough at the experimental ports.

After installing several beam facilities, we are confident that . 

there are many suitable research subjects, even if the reactor 

power is small. Measurements on scattered neutron spectra are 

under way.

A  higher-power reactor is, of course, more useful for beam 

experiments. Now we  have a plan to upgrade the power from 100 

to 250 kW.
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A DES FINS DE FORMATION

M. DESTOT
Division d ’exploitation des réacteurs prototypes et 

expérimentaux,
CEA, Institut de recherche technologique et 

de développement industriel,
Centre d ’études nucléaires de Grenoble,
Grenoble, France

A bstract-R ésum é

UTILIZATION OF THE SILOETTE REACTOR FOR TRAINING PURPOSES.
Siloette is a 100 kW pool type reactor, designed as a nuclear model for the Siloé and Mélusine 

experimental reactors at the Grenoble Nuclear Research Centre. Its design and operational versatility 
make the Siloette reactor particularly suitable for training. In conjunction with PWR and natural ura
nium gas-graphite power plant simulators, Siloette is now the central feature of a real training centre 
open to engineers and technicians whose duties include reactor operation — especially the operating staff 
of Electricité de France. In this context and alongside the training activities, work has been carried out 
on the design and construction of simulators of nuclear reactors, thermal power plants, electricity grids 
and, more generally, all types of industrial unit.

UTILISATION DU REACTEUR SILOETTE A DES FINS DE FORMATION.
.Siloette est un réacteur de type piscine de 100 kW, conçu comme modèle nucléaire des réacteurs 

expérimentaux Siloé et Mélusine du Centre d’études nucléaires de Grenoble. Par sa conception même 
et grâce à sa souplesse de fonctionnement, le réacteur Siloette s’est révélé particulièrement bien adapté 
à la formation. Désormais, en association avec des simulateurs de centrales nucléaires REP et UNGG, 
Siloette constitue l’outil central d'un véritable centre de formation ouvert aux ingénieurs et techniciens 
appelés à exercer des responsabilités dans le fonctionnement des réacteurs, et donc en particulier au 
personnel d’exploitation d’Electricité de France. Dans ce contexte, et en parallèle avec la formation, 
s’est développée une activité d’études et de réalisation de simulateurs de réacteurs nucléaires, de 
centrales thermiques, de réseaux de distribution électrique et, plus généralement, de tous types d’unités 
industrielles.

1. INTRODUCTION

Grâce à ses trois réacteurs, Siloé (35 MW) Mélusine (8 MW) et Siloette 
(100 kW), le Service des piles du Centre d ’études nucléaires de Grenoble a accumulé 
une expérience considérable dans le domaine de l ’exploitation des réacteurs de 
recherche.
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C ’est dans ce cadre'que le Service des piles a créé une activité de formation à 
la physique des réacteurs basée sur le réacteur Siloette et les simulateurs associés; 
cette activité s’est régulièrement développée depuis 1975 pour satisfaire une demande 
croissante en provenance des centrales nucléaires. Cette activité est menée en 
collaboration étroite avec Electricité de France (EDF) dont elle constitue un volet de 
la politique globale de formation.

Aujourd’hui, Siloette est devenu un véritable centre de formation et de simula
tion, avec des applications nucléaires et non nucléaires. Et dans une même unité, on 
trouve simultanément assurés:
— l’exploitation d’un réacteur de recherche et d ’enseignement;
— le développement et la réalisation des simulateurs;
— les cours, conférences et travaux pratiques pour la formation.

2. SILOETTE, CENTRE DE FORMATION

2.1. Objectifs et moyens

L ’expérience acquise en neutronique et en physique des réacteurs prédisposait 
Siloette à se spécialiser dans la formation aux phénomènes physiques. Celle-ci 
s’intégre parfaitement dans le cycle de formation des opérateurs des centrales électro
nucléaires, en complétant la formation à la conduite dispensée dans les centres de 
formation d ’EDF par une formation aux principes de base.

La compréhension des phénomènes physiques est donc maintenant un objectif 
bien individualisé, base indispensable pour assimiler ensuite au mieux les actions de 
pilotage en situation normale, et, plus encore, anormale.

Dans cette optique, Siloette a la grande chance de disposer de deux types 
d ’outils parfaitement complémentaires évoqués ci-après.

2.1.1. Le réacteur Siloette

Siloette est un réacteur de type piscine d ’une puissance de 100 kW. Le 
combustible se présente sous forme de plaques en alliage uranium (enrichi)- 
aluminium. La proportion d ’uranium dans l’amalgame U-Al varie de 22 à 26% 
suivant les plaques. Le réacteur est équipé de quatre barres de contrôle argent- 
indium-cadmium.

Le réacteur Siloette est particulièrement bien adapté à la formation. Cette appli
cation est en fait devenue aujourd’hui très largement majoritaire. Le cœur est bien 
visible depuis la salle de contrôle qui le surplombe, et les manœuvres d ’exploitation 
sont très simples et les stagiaires peuvent les observer directement tout en contrôlant 
les instruments de mesure.
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2.1.2. Les simulateurs associés

Les simulateurs utilisés pour la formation ont été dès le départ conçus et 
développés à Siloette en collaboration avec EDF avec des objectifs bien ciblés:
— REP: formation aux principes de base;
— UNGG: formation au pilotage.

Les simulateurs UNGG (un par centrale) sont les seuls en France pour ce type 
de centrale. Ils ont donc une vocation d ’entraînement au pilotage normal et incidentel 
beaucoup plus poussée, intermédiaire entre simulateur de représentation intégrale de 
la salle de contrôle-commande et simulateur de principe de base.

2.2. Form ation REP

Les stages, d ’une durée d ’une ou deux semaines, s ’adressent aussi bien à des 
opérateurs confirmés qu’à des stagiaires dont c ’est le premier contact avec le domaine 
nucléaire. Ils sont composés d ’exercices pratiques sur réacteur et simulateur. Bien 
entendu, le commentaire dispensé par l’instructeur est adapté en fonction du niveau 
des stagiaires.

Chaque session de travaux est prévue pour une équipe de cinq ou six stagiaires. 
Cette limite est déterminée par les critères d ’efficacité pédagogique et les normes de 
sécurité à l’intérieur du réacteur.

Sur le réacteur, les exercices suivants sont proposés:
— approche sous-critique:

•  recherche de la masse critique par chargement,
•  recherche de la cote critique sur les barres de contrôle;

— mesures de flux et de puissance:
•  profil axial de flux avec ou sans perturbations (présentation sur analyseur 

multicanaux),
•  distribution radiale dans le plan médian suivant les différents milieux 

(combustible, eau, aluminium, etc.);
— mesures de réactivité:

•  étalonnage des barres de contrôle (méthode par divergence ou réactimètre),
•  mesure de l’efficacité du gramme d ’uranium,
•  bilan de réactivité.
Sur les simulateurs REP, le programme, plus souple, s’articule autour des 

thèmes suivants:
— cinétique du réacteur froid: approche sous-critique et recherche de la concentration 

en bore critique;
— étalonnage barres -  bore: détermination de l ’efficacité intégrale et différentielle 

des barres et de l’efficacité différentielle du bore par la procédure PCOR;
— effets de température:

•  mise en évidence des effets Doppler et modérateur par variation de réac
tivité ou de charge;
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•  influence de la valeur du coefficient de température modérateur sur le 
comportement du réacteur;

•  mise en évidence de l ’autostabilité du réacteur;
— variations de charge contractuelles (îlotage);
— variations de charge en modes manuel et automatique;
— étude du contournement au condenseur pour des variations de charge importantes 

jusqu’à l ’îlotage.

2.3. Formation UNGG

Elle dure plusieurs semaines et permet d ’aborder des sujets aussi divers que:
a) Fonctionnement normal:

— démarrage à partir d ’un état de référence du réacteur:
•  état froid: réacteur arrêté depuis plus de 24 heures, décroissance ou 

absence de xénon;
•  état chaud: rebondissement xénon;

— baisse de charge pour arrêt des groupes;
— variations de charge en fonctionnement normal.

b) Incidents:
— déclenchement soufflante;
— perte d ’une pompe alimentaire;
— déclenchement d ’une ou deux turbines;
— défaut capteur (thermocoupe, manomètre).

c) Accidents:
— fuite de C 0 2, dépressurisation;
— humidité relative haute;
— mouvements de barre incontrôlés;
— perte de puissance de soufflage.

2.4. Bilan de la formation

Le nombre sans cesse croissant de stagiaires ayant suivi les sessions depuis 1975 
atteste de l ’écho très favorable que reçoit cette formation. Ainsi, en 1986, ce sont 
plus de 600 stagiaires qui ont été accueillis à Siloette.

Cette formation s’adresse principalement à des ingénieurs et à des techniciens 
occupant des postes de responsabilité dans les centrales nucléaires:
— ingénieurs, chefs de quart, chefs de bloc, techniciens d ’Electricité de France;
— ingénieurs de l’industrie nucléaire (Framatome, ACB, Creusot-Loire, Merlin- 

Gerin);
— étudiants en génie atomique de l ’Institut national polytechnique de Grenoble et 

de l’Université.
Des efforts importants ont été également fournis pour mettre en place une 

formation analogue à l ’intention de stagiaires étrangers (Belges, Espagnols, 
Algériens, Britanniques, Pakistanais, etc.).
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3.1. Généralités

La variété des objectifs poursuivis, de la formation aux phénomènes physiques 
de base au pilotage en situation normale ou incidentelle, nous a amenés à développer 
différents types de simulateurs dont nous allons décrire ici quelques exemples:
a) Domaine nucléaire (simulateurs associés à la formation sur réacteur Siloette):

— simulateur de principe de base REP;
— simulateur de pilotage pour les centrales françaises de la filière UNGG 

(Saint-Laurent, Bugey, Chinon).
b) Domaine non nucléaire:

— simulateur générique de centrale thermique fuel-gaz-charbon;
— simulateur de réseau électrique.

3.2. Simulateurs REP

3.2.1. Conception

L ’objectif des ces simulateurs étant la mise en évidence des phénomènes 
physiques, leur conception privilégie volontairement les moyens de visualisation 
(enregistreurs, table traçante, écran) en simplifiant les commandes pour laisser plus 
de liberté à l’opérateur.

Trois simulateurs de ce type ont été construits pour les besoins propres de 
Siloette. Un quatrième a été livré en février 1987 au Centre d ’études nucléaires de 
Petten aux Pays-Bas. Enfin, une version du simulateur commandée par une interface 
entièrement graphique (DEIN) sur calculateur Bull équipe l’Institut national des 
sciences et techniques nucléaires à Saclay.

Les principaux éléments de la configuration matérielle sont les suivants:
-  calculateur 32 bits Gould-SEL 32.67 (capacité = 1 , 5  Mips) et périphériques;
— interface digital/analogique Computer Products RTP, installée dans les pupitres;
-  pupitre central supportant le synoptique général et le tableau de contrôle- 

commande;
— station enregistreurs (deux enregistreurs 3 voies, une table traçante couleur);
— station graphique très haute définition composée d’une console 19" monochrome 

et d ’une console 19" couleur contrôlée par un micro-ordinateur HP 320;
-  station instructeur.

3.2.2. Domaine de simulation

Le modèle de simulation permet d ’étudier le fonctionnement d ’une centrale 
REP en temps réel ou accéléré. Le modèle utilisé décrit les organes essentiels de la 
centrale pour calculer les paramètres physiques principaux:

3. SILOETTE, CENTRE DE SIMULATION
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1) Cœur: modèle neutronique et thermique fournissant toutes les contributions en 
réactivité, l ’empoisonnement, les profils axiaux de flux et de température (mode noir 
ou mode gris).
2) Circuit primaire: modèle à une boucle.
3) Pressuriseur: modèle double phase déséquilibré.
4) Circuit RCV et REA: modèle simplifié.
5) Circuit RRA (démarrage froid).
6) Circuit RIS: haute et moyenne pression.
7) Générateur de vapeur: modèle axial à plusieurs zones (chambre d ’alimentation,
canal de descente, évaporateur, cyclones et dôme).
8) Alimentation normale et de secours (ANG -  ASG).
9) Circuit secondaire comprenant décharge vapeur à l’atmosphère, contourne
ment, turbopompe alimentaire, vannes d ’admission turbine, condenseur.
10) Turboalternateur — colonne de synchronisation.
11) Régulation:

-  régulation de température moyenne cœur par les barres de contrôle;
-  régulation de pression primaire (aspersion — chaufferettes);
-  régulation niveau pressuriseur par la charge RCV;
-  régulation niveau ballon RCV (vanne 30 vp, appoints);
-  régulation température RRA;
-  régulation niveau GV par le débit alimentaire;
-  régulation contournement (mode température ou pression).

3.3. Sim ulateur UNGG

3.3.1. Conception

Le simulateur est basé sur un calculateur Gould-SEL 32.87 (capa
cité = 3 Mips). Le pupitre comporte trois éléments:
— le panneau de contrôle-commande,
— une unité graphique,
— la station instructeur.

Quatre versions de pupitre ont été réalisées pour représenter les salles de 
commande de réacteurs UNGG en fonctionnement à Saint-Laurent-des-Eaux, Chinon 
et Bugey.

3.3.2. Domaine de simulation

Les modèles de simulation décrivent:
a) la neutronique, deux modèles étant utilisés:

— la cinétique point,
— la cinétique spatiale 2D en géométrie (R,0) et (R,z) suivant un schéma garantis

sant une représentation satisfaisante des variations de la distribution de puissance;
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b) la thermohydraulique du cœur: ce modèle décrit les transferts de chaleur entre 
les éléments combustibles (uranium et gaine) et le fluide de refroidissement;
c) la thermohydraulique des échangeurs: ce modèle traite les échanges de chaleur 
entre le C 0 2 et le fluide secondaire pour la production de vapeur;
d) le contrôle-commande: très élaboré dans les centrales UNGG, cet aspect est 
traité avec un soin particulier.

Enfin, d ’importants développements sont actuellement en cours pour appro
fondir les domaines incidentels et accidentels.

3.4. Simulateur de centrale thermique classique

Les activités de simulation à Siloette se sont tout naturellement étendues au 
domaine des centrales thermiques classiques. Ainsi un simulateur générique de 
centrale à trois combustibles (fuel, gaz, charbon) vient d ’être réalisé pour la Karachi 
Electric Supply Corporation (KESC) au Pakistan. Il s ’agit d ’un système très complet 
basé sur deux calculateurs Gould-SEL 32.67, l ’un assurant la simulation, l ’autre étant 
disponible en secours immédiat par l ’intermédiaire d ’une armoire «peripheral 
switch».

La salle de commande comporte:
— trois pupitres élèves,
— un synoptique de contrôle,
— un pupitre instructeur,
— une imprimante ligne.

Le logiciel est très développé: il permet l’entraînement des opérateurs à toutes 
les opérations d ’arrêt-démarrage et à de très nombreuses situations incidentelles.

Enfin, la caractéristique essentielle de ce simulateur, qui en fait véritablement 
un produit d ’avant-garde, est le soin apporté à l ’esthétique et à l ’ergonomie de sa 
conception, tant au niveau des pupitres que de l’environnement logiciel. En ce sens, 
on peut réellement parler d ’une nouvelle génération de simulateur pour laquelle, 
fiabilité et performances étant des points acquis, l ’ergonomie d ’emploi devient le 
critère déterminant.

3.5. Simulateur de réseau

Comme complément naturel du simulateur de centrale thermique, le Commis
sariat à l ’énergie atomique (CEA) vient de mettre au point un simulateur de réseau 
de distribution électrique.

Ce simulateur comprend:
— un calculateur Gould-SEL 32.67,
— un pupitre de contrôle,
— une station instructeur.

Une version comprenant une station principale et cinq sous-stations sera livrée 
à KESC. Mais n’importe quel plan de réseau peut être mis en œuvre grâce à un
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logiciel de saisie des organes élémentaires (jeu de barres, disjoncteurs, sectionneurs, 
transformateurs, générateurs, charges, lignes de transport).

Le simulateur peut être utilisé soit en mode «opération libre», soit en mode 
«séquence préprogrammée».

3.6. Simulateur d’étude des facteurs humains

Dans le cadre de la mise au point des salles de commande informatisées du 
palier N4 (1450 MWe), Siloette a été également chargé d ’études en collaboration 
avec l’Institut de protection et de sûreté nucléaire du CEA et la Division Etudes et 
recherches d ’EDF sur les interfaces homme-machine.

Pour permettre d ’effectuer des essais réalistes avec des opérateurs en situation 
incidentelle, un simulateur de fonction du circuit de contrôle volumétrique et chi
mique de centrale REP a été développé.

Le modèle peut être connecté à deux interfaces de conduite différentes:
— un pupitre classique,
— un système graphique couleur.

Des séries d ’essais incidentels (opérateur expérimenté, différent pour chaque 
essai) sur chacune de ces deux interfaces ont été réalisés. Ils ont permis d’élaborer:

— des règles de conception d ’images de conduite adaptées aux tâches en situation 
incidentelle;

— des comparaisons pupitre-écran portant sur les problèmes liés purement à l’in
terface et ceux faisant intervenir également les connaissances et le raisonnement de 
l’opérateur. Ces résultats seront publiés prochainement.

L ’étude se poursuit avec:
— des essais sur une interface mixte pupitre-écran avec des équipes de deux 

opérateurs;
— des essais sur interface graphique avec une imagerie de conception nouvelle 

destinée à faciliter le pilotage et les diagnostics en situation incidentelle.

3.7. Micro-simulateur

La puissance de calcul offerte par les nouveaux micro-ordinateurs 32 bits leur 
permet maintenant de supporter des modèles de simulation développés. En les équi
pant d ’un écran graphique couleur 19", on dispose d ’un «micro-simulateur» dont les 
avantages principaux sont:
— un très faible coût,
— pas de contraintes d ’encombrement ni d ’environnement,
— aucun investissement spécifique mis à part un calculateur scientifique standard, de 

type HP 320 ou SUN 110 par exemple,
— la possibilité d ’utiliser d ’autres modèles de simulation sur le même support 

matériel.
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Une première version REP a ainsi été réalisée en 1986. Les performances de 
calcul sont remarquables compte tenu du faible coût du calculateur: temps réel 
parfaitement respecté, possibilités d ’accélération importantes, affichage des images 
très rapide.

Le logiciel est modulaire. Le module «centrale complète» comporte un modèle 
de cœur de type axial, de pressuriseur et GV de type point: il s’adresse à des opé
rateurs en début de formation et à tous ceux qui souhaitent prendre contact avec le 
fonctionnement d ’une centrale nucléaire. Des modules séparés (cœur, pressuriseur, 
GV) plus détaillés offrent à des opérateurs confirmés la possibilité de visualiser les 
principaux phénomènes physiques, neutroniques et thermohydrauliques.

Enfin, la convivialité du logiciel et l ’ergonomie des images et des procédures 
d ’action ont fait l ’objet d ’un soin tout particulier.

3.8. Autres développements

De nombreuses autres applications sont envisagées ou actuellement en cours de 
développement dans des domaines aussi variés que le retraitement du combustible, 
la chimie, la pétrochimie, le thermique classique et la sûreté nucléaire (simulation des 
tableaux de contrôle des rayonnements pour la formation des agents de radio
protection).

4. CONCLUSION

L ’originalité et la qualité de la formation dispensée au Service des piles de 
Grenoble dépendent pour une grande part des équipements dont il est doté (réacteur 
et simulateur).

4.1. Réacteur

Au fil des ans, la valeur d’un réacteur tel que Siloette est de plus en plus large
ment reconnue. C ’est un puissant moyen de démystifier le domaine nucléaire, pour 
un faible coût d ’exploitation et une très grande souplesse d ’emploi (il n ’est pas sujet 
aux perturbations introduites par les expériences d ’irradiations comme c ’est le cas 
dans les réacteurs d ’essais).

La possibilité de combiner harmonieusement les activités de formation avec la 
recherche, ainsi que les études physiques basées sur le calcul et les mesures 
expérimentales, est aussi un atout important.

4.2. Simulateurs

Fruit de dix ans d ’expérience de la formation en coopération étroite avec EDF, 
les simulateurs du Service des piles sont maintenant reconnus en France et à
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l ’étranger comme des instruments de formation indispensables dans le domaine de 
l’énergie nucléaire.

Ce sont des moyens d ’entraînement très bon marché, performants, et 
particulièrement souples et faciles d ’emploi. Cette expérience et maintenant mise à 
profit dans le domaine non nucléaire où la gamme des applications est très étendue.

L ’ensemble des exploitants de réacteur, physiciens, informaticiens et instruc
teurs qui constituent l ’équipe de Siloette représente un capital de savoir-faire et 
d ’expérience qui donne à la formation dispensée toute la dimension théorique et 
pratique qu’en attendent les stagiaires.
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Abstract
NUCLEAR APPLICATIONS WITH THE TRIGA REACTOR OF ISTANBUL TECHNICAL 
UNIVERSITY.

The Institute for Nuclear Energy of Istanbul Technical University has a 250 kW TRIGA Mark II 
research and training reactor. Neutron radiography can be performed at the tangential beam tube of the 
reactor by direct and transfer techniques. Gamma radiography can be performed at the piercing tube 
just after shutdown. The configurations of the beam tubes and procedures of application of the 
radiographic techniques are described. A comparison of neutron and gamma radiography is presented. 
Samples can be irradiated in the central thimble of the reactor for neutron activation analysis. A rabbit 
system can be used for analysis of short lived isotopes. Production of radioisotopes for industrial appli
cations is carried out in the laboratories of the institute.

1. INTRODUCTION

The Institute for Nuclear Energy of Istanbul Technical University (ITU) has a 
TRIGA Mark II research and training reactor. The reactor can be operated in the 
steady state and pulsing modes, and is thus suitable for many research activities. 
Reactor power levels in the steady state mode can range up to 250 kW. Pulsed mode 
operation can take place by step reactivity insertions with the reactor initially at a 
power level, of less than 1 kW. The maximum possible insertion is 2.1% ôk/k 
($3.00), which can produce a peak reactor power of approximately 1200 MW(th) [1].

The reactor is located in a reactor pool structure. Reactor cooling is provided 
by natural circulation of pool water. The reactor has the prompt negative temperature 
coefficient that is characteristic of uranium-zirconium hydride ftiel moderator ele
ments used in TRIGA systems. The reactor power excursions are terminated quickly 
and safely [1, 2].

Reactor experiment facilities include beam tubes, a horizontal graphite thermal 
column, a high speed pneumatic transfer system and in-core irradiation positions. 
Figure 1 shows the reactor arrangement with through-port facility.
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Radial piercing Radial beam port

Graphite
reflector

Reactor tank beam port

FIG. 1. Reactor arrangement with through-port facility.

2. NEUTRON AND GAMMA RADIOGRAPHY

There are three beam tubes in the reactor: tangential, piercing and radial. For 
radiographic purposes two of the beam tubes can be used: the tangential tube for neu
tron radiography and the piercing tube for gamma radiography. In addition, we can 
perform X-ray radiography with X-ray tubes in the laboratory. So, by use of either 
the reactor or the laboratory systems, radiographic techniques can be applied entirely 
within the institute.

Neutron radiography is more useful for some materials than other radiographic 
techniques, since neutrons are attenuated by light materials such as water, hydrocar
bons and boron, but penetrate through heavy materials such as steel, lead and ura
nium. A comparison of the attenuation coefficients of electromagnetic radiation and 
thermal neutrons is given in Fig. 2 [3, 4]. As can be seen, there is an approximately 
linear correlation of the attenuation coefficient of X- and gamma radiation with 
atomic number. The correlation is different in the case of neutrons. Therefore, the 
two techniques can complement each other.

2.1. N eutron radiography

The tangential beam tube is suitable for neutron radiography because it does not 
point towards the reactor core directly. Neutrons travel through here after passing 
through the water and graphite reflector, so they are generally thermal neutrons 
which are suitable for neutron radiography. Furthermore, gamma rays are partly 
eliminated in this tube owing to its geometry. The beam tube configuration has a 
length to diameter ratio of 17. The maximum flux for the horizontal channels of the 
reactor is around 4.1 X 10" n-cm~2-s_1 [5].
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FIG. 4. Photograph o f reference arrangement.

FIG. 5. Neutron radiograph o f reference arrangement.

FIG. 6. X-ray radiograph o f reference arrangement.
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FIG. 7. Photograph o f artefact (about 40 cm long).
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For neutron radiography the set-up consists mainly of collimators in the tube, 
a neutron exposure room, an exposure car for object, film and screen and a railway 
for the exposure car (Fig. 3).

There are two collimators in the tangential tube, namely a conical collimator 
and a Soller slit collimator [6]. The purpose of the conical collimator is to improve 
the resolution of the system. It consists of four circular filters. The Soller slit collima
tor has also been used to improve the resolution. This collimator consists of gal
vanized pipes of '/2  in (12.7 mm) diameter and a stainless steel plate around the pipe 
bundle.

The materials employed in this radiography system had been selected carefully 
to have a short half-life under neutron exposure. After completion of exposure, an 
object can be taken out without the need for a worker to enter the room.

The walls of the neutron exposure room consist of concrete blocks which are 
of the same quality as the concrete of the reactor shielding wall. The neutron room 
door was manufactured from two steel plates with CdO between them. The entrance 
has a labyrinth type geometry. The roof of the neutron room consists of one big steel 
plate covered with paraffin-borax bricks, ensuring adequate safety outside the room.

With this arrangement, neutron radiography has been applied by the direct and 
transfer techniques. In the direct technique, a gadolinium ( l55Gd) screen is used for 
induced radiation, and the image is formed in the film directly [4].

The transfer technique relies on the buildup of radioactivity in a foil due to neu
tron absorption [4]. In this way an activation image is formed in the foil. For this 
technique, we use dysprosium ( l64Dy) and indium ( ll5In) foils. After irradiation, 
foils are transferred to a film in the dark-room, the latent image being formed in the 
film by decay radiation from the foil. We prefer the transfer technique for our appli
cations because gamma fogging, which occurs through autoradiography of the irradi
ated object in the film, is less than in the direct technique.

Figure 4 shows a reference arrangement for neutron radiography. Figures 5 
and 6 show the corresponding X-ray radiograph and neutron radiograph for 
comparison.

Neutron radiography has been applied to some artefacts for archaeological pur
poses. One example is a sword together with its leather sheath from the Ikiztepe exca
vation in north Anatolia, dating from the Early Bronze Age [7]. The sword and sheath 
had become corroded together as a result of being buried for so long. There was a 
little piece of cloth visible outside the sheath. Neutron radiography showed that the 
cloth continued to the bottom of the sheath. Figures 7 and 8 show a photograph and 
a neutron radiograph of the artefact. The layer of cloth can be seen on the radiograph.

2.2. G am m a radiography

We also performed gamma radiography in the reactor, which is suitable for 
thick and heavy objects. We use the piercing tube for gamma radiography because 
the tube is pointed directly towards the reactor. Furthermore, the tube reaches the
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FIG. 9. Gamma radiography set-up.

FIG. 10. Gamma radiograph o f two aluminium extrusion moulds (actual size).
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reactor core after passing through the graphite reflector, so the gamma rays are not 
reduced.

Gamma radiography can be performed at the piercing tube just after shutdown 
so that the neutrons are partly eliminated. At that time, the residual power is approxi
mately 10% of full power. A wooden plug and cadmium plate are used to eliminate 
the neutrons completely. They are placed in the outer part of the piercing tube 
(Fig. 9).

There is a gamma exposure room at the end of the piercing tube. The walls of 
the room are concrete blocks like those of the neutron room. The roof of the room 
is a thick steel plate. The entrance has a labyrinth type geometry.

As an example from a gammagraphic study, two moulds used for aluminium 
extrusion are shown in Fig. 10.

3. RADIOISOTOPE PRODUCTION AND ANALYSIS

Radioisotopes for various applications can be produced in our laboratories. 
Since the radioisotope production programme in our laboratories will be geared to 
industrial uses simple production systems are being planned. The isotopes will be 
mainly for radiogauges and radiotracer techniques

Analysis of industrial products such as mineral ores can be carried out in our 
laboratories. Irradiation of samples is performed in the central thimble of the reactor, 
and results evaluated by using a multichannel analyser with a Ge(Li) detector. There 
is also a rabbit system facility for analysis of short lived isotopes.

4. CONCLUSION

The TRIGA Mark II reactor at the ITU is used for research training and nuclear 
applications. Two beam tubes of the reactor have been arranged for radiographic 
applications using neutrons and gamma rays. In addition, samples can be irradiated 
in the reactor for neutron activation analysis. Radioisotope production is another 
application for our reactor which will begin shortly. The paper has shown that appli
cations are not limited to research and training but also extend to industrial and 
archaeological activities.
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Abstract

THE ZLFR -  A REACTOR FOR TRAINING AND RESEARCH.
The reactor ZLFR is a tank type, water moderated thermal nuclear reactor, designed mainly for 

training purposes. The chief reactor characteristics and nuclear safety measures are briefly described. 
An outline of the reactor’s use for training is given, with reference to various modes of education. 
Research activities in reactor physics and activation analysis are described. Proposals are made for inter
national co-operation in the form of basic courses in nuclear engineering making use of the ZLFR.

1. DESCRIPTION OF THE REACTOR ZLFR

The reactor ZLFR at the Zittau Technical University of Energy Technology is 
a tank type, water moderated thermal reactor and was put into operation in July 1979. 
The reactor was designed as a training reactor mainly for practice related education 
of students in nuclear engineering. The original goal, to acquaint students with the 
behavioural requirements of personnel in a nuclear power station and to strengthen 
their theoretical knowledge by application to experiments, is still valid today. Within 
the last few years reactor operators of the Bruno Leuschner Nuclear Power Plant have 
also received parts of their basic training at the ZLFR.

The ZLFR is located within a laboratory building near the eastern perimeter of 
Zittau, which had a small conventional power plant in the past. Owing to the prox
imity of residential dwellings the reactor was licensed with a maximum permissible 
power of 10 W, corresponding to a thermal neutron flux of 2 X 108 n-cm"2^ ' 1. 
This restriction allowed a simple design, details o f which have been published else
where [1, 2].

The core of the reactor consists of about 90 fuel assemblies of the Soviet type 
ECH-1, which are the property of the Central Institute for Nuclear Research at 
Rossendorf near Dresden. These assemblies are borrowed from the institute and 
exchanged against fresh assemblies after a period of one to two years. The activity 
and burnup of the assemblies irradiated in the reactor are small, so that no difficulties 
arise in the use of the irradiated assemblies in the reactor RFR at Rossendorf, operat
ing at a power of 10 MW. In practice the ZLFR acts as an intermediate storage for 
ECH-1 fuel assemblies.
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FIG. I. Vertical cross-section o f theZLFR [1]. 1: Safety rod; 2: control rod; 3: reactor vessel; 4; core 
vessel; 5: assembly holder; 6: experimental channel; 7; core; 8; reflector; 9: bottom plate; 10: neutron 
source tube; 11; source container; 12; scram valve; 13: water inlet; 14: overflow.

В

FIG. 2. Horizontal cross-section o f the ZLFR core, with control elements (C) and tilted assembly (T) 
indicated. The cross marks the central position.
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Owing to the design of the fuel assemblies water is used as moderator and also 
as reflector. Water is contained in the tank in which the core is suspended (Fig. 1). 
The horizontal cross-section of the core, which consists o f fuel assemblies with hex
agonal cross-sections, is approximately circular (Fig. 2).

The enrichment of the ECH-1 fuel assemblies is 36% 235U; the critical mass is 
approximately 3.5 kg 235U and is practically independent of the configuration of the 
core or the loading of the experimental channels. Nuclear safety is ensured by means 
of three independent shutdown systems, namely cadmium control blades in the core, 
a safety rod in the centre line of the core (containing boron as neutron absorbing com
ponent) and a fast release valve which drains water from the tank within 9 s.

During normal operation doubling time must exceed 30 s. In case of operator 
error leading to a doubling time shorter than 20 s and/or a power exceeding 110% 
of the nominal value, the instrumentation produces a danger signal; if power exceeds 
120% of the nominal value and/or doubling time becomes shorter than 10 s the reac
tor is shut down automatically. In this case the safety rod and all control blades are 
dropped and the water is removed from the core by means of the fast release valve, 
which is opened automatically. Furthermore, operating regulations prescribe that the 
reactivity has to be smaller than 0.3 % for all core configurations. Observation of this 
limit has to be proven during preparation of each new loading of the core.

2. TRAINING APPLICATIONS

A basic education in nuclear engineering for all students of the Faculty of Power 
Plants and Energy Conversion was introduced immediately after the foundation of the 
university in Zittau (1969). A laboratory for basic experiments was established which 
allowed mainly the study of the handling of radiation sources, the application of radi
ation measuring techniques for alpha, beta, gamma and neutron radiation, and shield
ing properties of different materials. These experiments are obligatory for all students 
specializing in power plant related subjects who have in mind the possibility of a 
change to nuclear power plants in later years.

Since 1979 laboratory experiments have been extended to a series of experi
ments in the reactor laboratory. For all students specializing in power plant related 
subjects the following experiments are obligatory:

— Radiation field in the vicinity of the reactor
— Reactor operation
— Control rod characteristics
— Measurement of neutron flux distribution.

Basic experiments are supplemented by these experiments to deepen basic knowledge 
about the physical properties and behaviour of nuclear reactors. At the same time stu
dents are introduced to the essential aspects of staff conduct and radiation protection 
measures in nuclear power stations.
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In 1983 a specialized course of education in nuclear energy was introduced 
within the framework of the two specializations, nuclear engineering and nuclear 
power plant technology, to meet the growing demands of the national economy for 
engineers for design, construction and operation of nuclear power plants [3]. Nor
mally 30 hours of laboratory experiments in radiation measuring techniques and radi
ation protection, together with related lectures, are provided for students in these 
specializations. Furthermore, experiments in the reactor laboratory are supplemented 
with the following experiments:

— Critical experiments, including determination of critical loading;
— Reactivity changes due to variations of the core configuration and/or insertion 

of different materials;
— Measurement of the transfer function by means of an oscillator technique;
— Measurement of neutron noise due to simulated vibrations of a control rod;
— Measurement of prompt neutron lifetime by means of zero power noise (Rossi- 

Alpha method).

These experiments, described in detail elsewhere [4], allow in particular a 
deepening of theoretical knowledge about reactor physical processes. It is intended 
to increase the number and quality of experiments mainly by broad application of data 
recording and processing techniques based on microelectronic equipment, made at 
the university, within the next few years.

At the same time, it has to be ensured that students do not simply operate ‘black 
boxes’ and gain no insight into the internal processes. Similar laboratory experiments 
are also part of other modes of education, especially extramural and post-graduate 
studies, which have been introduced for engineers in other branches, physicists, 
chemists, etc., who have had no training in nuclear engineering.

Currently fulfilment of the training programme, including preparation of the 
experiments, requires about 60% of the working hours of the reactor personnel. 
About 20% are required for revision and maintenance work. The fraction of the total 
working time devoted to training relative to that for research has been growing 
in the last few years.

3. RESEARCH IN THE REACTOR LABORATORY

Owing to limited availability of the reactor for purposes other than training, but 
also because of the low power and thermal neutron flux, scientific research has been 
performed only to a limited extent in the reactor laboratory. During the first years 
of operation scientific work was directed towards verification of the design charac
teristics of the reactor and main equipment. The experience gained has been 
described elsewhere [5]. Furthermore, a thorough training of the reactor personnel 
was necessary; this included training in measuring techniques and preparation of 
instructions for student experiments.
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FIG. 3. Reactivity bp due to tilt |  in AB (crosses) and A 'B ' (circles) directions (Fig. 2) compared 
with calculated results [6].

Special research activities have been devoted to problems in power reactor noise 
diagnostics. To verify a model for calculation of the effect of fuel assembly vibrations 
on neutron flux fluctuation, a special experiment was designed in which fuel assem
blies at the edge of the core were tilted. Reactivity effects due to this tilting were 
measured (Fig. 3) [6] and compared with calculations based on the model which was 
used for interpretation of the data from a power reactor of the Bruno Leuschner NPP 
at Greifswald [7]. The correspondence of experimental and calculated data was good 
and led, in combination with the experience from the NPP, to a method for control
ling vibrations of the reactor internals [8]. The tilting experiment has since been 
developed into a precision technique and is used as a laboratory experiment demon
strating the effect of changing the amount of moderation.

The experience gained was also used to improve performance of the ZLFR. 
During operation it had been observed that it was difficult to reproduce reactivity 
after shutdown. Obviously this effect was connected with the shaking of fuel assem
blies due to fast release of water. Measures for fastening the assemblies in their desig
nated positions led to a much better situation.

Further investigations performed in co-operation with other institutes have 
included irradiation experiments, e.g. on neutron detector materials. Activation 
experiments have been carried out on coal. The purpose of these experiments was 
the determination of the ash content and the concentrations of various pollutants. 
Future work, however, will be directed towards further development of equipment 
for the reactor itself to meet demands for training corresponding to current develop
ments in nuclear power stations. Since in future the main field of activity will be the 
education and training of students and engineers, the goal o f the scientific work must 
be mainly the introduction of up to date equipment.
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4. POSSIBILITIES FOR INTERNATIONAL CO-OPERATION

On the basis of its experience in education and training over more than 15 years 
the university at Zittau has been an active partner in training and continued profes
sional training courses organized by the International Atomic Energy Agency, espe
cially in the use of small reactors and safeguards. The small and comprehensive 
reactor facility has proven itself as a very suitable means of introducing students to 
reactor physics and radiation protection.

This experience has led to a proposal for summer courses of about two weeks 
which will be offered for international participation. A summer course on the use of 
a small training reactor will comprise mainly:

— Calculation, design and operation of a small training reactor;
— Introduction to reactor physics and radiation protection;
— Practical experiments in measuring techniques and nuclear reactor physics;
— Introduction to reactor noise diagnosis.

Lectures and experiments will be held in English. A similar course will be offered 
in nuclear engineering, referring to experiences in pressurized water reactor technol
ogy. Selected experiments at the ZLFR will be used to demonstrate important fea
tures of nuclear power technology in this connection. The first of the training courses 
could start in 1989, the second one in mid-1990. Individual post-graduate training in 
reactor physics, radiation protection and nuclear engineering will also be possible.

5. CONCLUSIONS

A small reactor such as the ZLFR, mainly designed for training, can be used 
for more than half of its operating time for student experiments and engineer training, 
if the demand for specialists in nuclear engineering and nuclear power technology is 
high enough. A lot of time has to be used for reactor revision and maintenance to 
meet the requirements of reliable and safe operation. Research can be done within 
these limits, and can contribute to a better understanding of the performance of power 
reactors in some cases if the experiments and equipment are carefully designed.
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Abstract

USE OF A NUCLEAR UNDERWATER TELESCOPE FOR REACTOR COMPONENT INSPEC
TIONS AS AN EXAMPLE OF TRIPARTITE COOPERATION.

Through coordination by the International Atomic Energy Agency, a special underwater telescope 
developed by the Institute of Isotopes and the Central Research Institute for Physics of the Hungarian 
Academy of Sciences was made available to the Atominstitut der Österreichischen Universitäten during 
a shutdown and reinspection period of the TRIGA Mark II reactor in mid-1985. The paper describes 
in detail the various steps of the inspection process, and its importance for future safe and efficient oper
ation of a low power research reactor. It also demonstrates the importance of bi- or multilateral coopera
tion between research institutes to save on costs of expensive equipment, to share experience for mutual 
benefit and to assist each other in an efficient and unbureaucratic way.

1. INTRODUCTION

By the end of 1986 about 300 research reactors were operating 
world-wide, representing about 6000 reactor-years of experience; 
in addition there were about 2200 reactor-years of experience from 
decomissioned research reactors. Although many systems of 
research reactors are inspected in regular intervals according to 
national regulations there are various reactor components which 
are very difficult to inspect owing to costly inspection 
equipment, high radiation levels and difficult access, such as to 
core and tank internals and the insides of beam tubes.

605
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Through coordination by the International Atomic Energy 
Agency, a special underwater telescope developed by the Institute 
of Isotopes and the Central Research Institute for Physics of the 
Hungarian Academy of Sciences was made available to the 
Atominstitut der österreichischen Universitäten during a shutdown 
and reinspection period of the TRIGA Mark II reactor in mid-1985.

Owing to the necessity to replace a cold neutron source by a 
neutron radiography collimator it was necessary to remove all fuel 
elements from the core. This allowed further the removal of the 
top grid plate and visual inspection of the lower grid plate and 
the tank bottom with the high resolution telescope. This equipment 
allows excellent viewing of both horizontal and vertical surfaces 
with no risk of personnel radiation exposure as the telescope is 
submerged in the cooling water. It consists of an optical zoom 
unit and picture inverter, reflection-free internal surfaces and 
integrated spot lamps. Both photographic and video tape pictures 
can be taken through the telescope for documentation. After 
detailed mapping of all surface and corrosion defects in the tank 
internals the defects were mechanically cleaned away and the 
reactor finally returned to clean conditions after 23 years of 
operation. All steps were documented on video tape for later 
intercomparison.

2. TRIGA MARK II REACTOR HISTORY

The 250 kW TRIGA Mark II reactor in Vienna, with pulsing 
capabilities up to 250 MW, went critical on March 7, 1962 and has 
operated since then without any major interruptions as a 
university reactor for basic and applied research. As experimental 
facilities four beam tubes, one thermal column, one thermalizing 
column presently modified for neutron radiography and several 
in-core irradiation positions are provided.

The core was taken apart once in 1964 to remove a stuck fuel 
element from the top grid plate. Since this time no major service 
work in the core has taken place except frequent fuel 
manipulations and periodic fuel inspections for elongation and 
bowing.

Owing to the necessity to replace the cold neutron source 
(installed in the previous thermalizing column) by a collimator 
designed for neutron radiography, the reactor core had to be 
emptied of fuel elements to reduce the radiation level during the 
collimator installation. The last day of reactor operation was 
June 28, 1985. On August 5, 1985 the first fuel element from the 
core was transferred to the fuel storage pit in the reactor hall, 
and the transfer of all 70 fuel elements was finished by August 7, 
1985, Only the•instrumented fuel elements, the neutron source and 
one damaged fuel element in an underwater container were left in 
the reactor tank and lowered to the tank bottom.
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On August 20, 1985 the top grid plate was removed from the 
core, thus allowing a view of the lower grid plate which supported 
the three control rod guide tubes. The lower grid plate was 
covered with particles and crud deposited by the coolant during 
the years. The upper grid plate was taken out from the tank for 
visual inspection and for sophisticated cleaning procedures; its 
gamma dose rate was about 0.01 Sv/h (1 rem/h) at contact and 0.2 
mSv/h (20 mrem/h) at 1 meter.

Since early 1985 contact had been established through the 
IAEA with the Hungarian Academy of Sciences to use an underwater 
telescope for visual inspections of tank internals and the core. 
On August 19, 1985 this telescope was installed on a movable 
bridge across the reactor tank.

In the following two weeks the telescope was used for 
inspection

- of the lower grid plate
- in the three control rod guide tubes
- of the horizontal surfaces in the reactor tank (graphite 

reflector, thermal and thermalizing columns, tank bottom)
- of beam tube welds
- of parts of beam tubes not visible directly, with the help of a 

mirror.

By tilting the telescope up to an angle of about 15° also lateral 
surfaces were inspected.

All deposits were stirred up and pumped away with a strong 
water pump and collected in filters and in an ion exchange column. 
Larger objects were picked up by remote handling tools. Finally 
various surface corrosion spots were polished away, by a rotating 
stainless steel underwater brush. All surfaces were again 
inspected by telescope to check the results of the various 
cleaning methods (Section 5).

3. NUCLEAR UNDERWATER TELESCOPE

The nuclear underwater telescopes are designed for use in 
spent fuel ponds and reactor vessels at various types of reactors, 
both research and power reactors, to inspect surface conditions 
and to identify fuel assemblies (Fig.l). A list of inspections 
carried out is shown in Table 1.

The telescopes are high resolution devices with continuously 
variable magnification and allow remote underwater viewing of fuel 
assemblies or elements, reactor vessels and components, both 
vertically and also horizontally as with a periscope. The unit 
penetrates the water level and the water fills the tube, providing 
complete radiation shielding for the viewer. Since no
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FIG. 1. Visual inspection o f a TRIGA reactor tank.

radiation-sensitive optical element is built in at the lower end 
of the unit, diminution of optical image quality due to 
radiation-induced coloration, reflection losses and distortion is 
eliminated. In order to facilitate location of the object and 
detailed observation, the magnification can be continuously 
controlled.

The telescopes are designed also to be used in a vibrating 
environment (pumps, ventilation, crane) to allow high resolution 
photography for in-service inspection and safeguards 
verification.

Developed and patented by the Institute of Isotopes and the 
Central Research Institute for Physics, the devices consist of the 
following units:

- an optical unit with zoom, picture inverter and built-in 
reticule;

- protecting tubes of 14 m maximal length can be attained, with a 
reflection-free internal surface, either with 45° mirrors or 
without mirrors;

- a vertical light source can be mounted on the protecting tube;
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TABLE 1

OPTICAL INSPECTIONS CARRIED OUT IN DIFFERENT COUNTRIES

COUNTRY TOWN No. 
of cases

ТУРЕ OF REACTOR

Austria Seibersdorf 2 ASTRA

Vienna 2 TRIGA Mark II

Bulgaria Kozloduy 1 WWER-440

Czecho
slovakia

Rez 1 WWR-SM

Bohunice 3 WWER-440

German
Democratic

Rossendorf 3 WWR-SM

Republic Greifswald 1 WWER-440

Hungary Budapest 6 WWR-SM

Budapest 2 Gamma Irradiation 
Equipment

Paks 8 WWER-440

USSR Moscow 1 MR

Zaire Kinshasa 1 TRIGA Mark II

- spot lamps which can be mounted on the protecting tubes or on 
the light source holder tubes;

- a mounting and adjusting set-up, which consists of the following 
main parts:
- a four-wheel bridge device (for bridging of the vessel and 

placed on the cover of the reactor),
- a mobile carriage with the optical system fixing apparatus 

(the motion of the carriage is along the longitudinal axis of 
the bridge),

- a photographic apparatus, a video camera and a video system 
compatible with the optical unit.

The complete optical system with spot lamps is easily 
adjustable to any position (coordinate) within the vessel by 
moving the bridge and carriage system. In a normal situation the 
optical axis is perpendicular to the cover-plane of the vessel,
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but there is a facility for adjusting the axis in any direction up 
to 15° to the vertical position. Any object situated at 3 to 12 
meters from the ocular and situated horizontally or vertically 
with respect to the optical axis in water is easily observable. 
The magnification of the optical system is 35x to 150x with a 
resolving power of 0.1 mm.

The optical system applied here has been developed for visual 
inspection, photography and video recording of objects emitting 
ionizing radiation under water.

The special properties of this system are:

- This equipment gives perfect radiation protection for persons 
carrying out the examination. This derives from the fact that 
the water level over the object is the same as the water level 
in the observer system (i.e. in the telescope).

- Any disturbing circumstances, such as water motion or building 
vibration, do not affect the examination.

- The optical unit is situated above the water level and thus no 
radiation damage occurs. Consequently, the lifetime of these 
optical units is practically endless.

- Color photographs could be made of the object inspected by 
means of a photographic apparatus adjusted to the optics.

- A color picture of the object inspected could be recorded on 
video tape by a video camera adjusted to this system.

- A color picture of the object inspected could be transmitted 
through a video system to any remote observation place.

- The underwater light sources developed for this system produce 
optimal illumination for visual examination and for recording.

The main advantages of the underwater telescope compared to 
TV systems are:

- better resolution (i.e. 0.1 mm) of the telescope compared to TV 
systems (typically 0.5 to 1.5 mm);

- true color reproduction with the telescope. Presently only black 
and white TV systems are applied regularly in nuclear 
installations;

- practically no radiation effects on optical parts in the 
telescope.

4. VISUAL EXAMINATION

At the TRIGA Mark II reactor in Vienna, no comprehensive 
visual examination had been carried out since first criticality in 
March 1962, owing to lack of suitable devices. By means of the 
optical telescope described above a comprehensive visual 
examination and recording of the present state of structural parts 
and welded joints on photographs or on video tape was possible.
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On the basis of these investigations all necessary 
information on the present conditions of the reactor internals 
which may influence its lifetime and safety was obtained. As a 
result of this inspection, corrosion at numerous points was 
removed and the results of the cleaning process recorded. 
Comparing photographs made before and after the cleaning process, 
one can estimate the effectiveness of the cleaning operation and 
on the other hand the degree of corrosion.

In addition, the photographs made of the cleaned area give 
good information for further evaluation if similar work is 
performed later during the reactor lifetime. Besides visual 
inspections and color photographs the Atominstitut made video 
recordings through the telescope using standard video equipment.

5. CLEANING METHODS AND TOOLS

After the actual conditions of the reactor tank and its 
internals had been optically verified all surfaces were brushed 
mechanically to stir up the settled particles. The pool water was 
pumped first through a coarse filter, then through a 5 p  CUNO 
filter cartridge and then through a mixed bed ion exchange resin, 
resulting in an exit water conductivity of about 0.1 uS cm-1. 
Larger objects such as wires and screws were individually picked 
up. Inaccessible areas below the core were cleaned of settled 
particles by a water jet.

After the surfaces had been cleaned with these methods the 
corrosion spots were identified with the underwater telescope. A 
tool was constructed using different kinds of stainless steel 
brushes connected to a 5 m extension rod. This rod was connected 
above the pool to a conventional drilling machine with variable 
speed. A brush was placed on a corrosion spot in the reactor tank 
and the spot was polished away by increasing rotation. After this 
task the area was again inspected optically and the polishing 
process was continued until no residual corrosion was observed. By 
this method the horizontal area of the reflector and the Lazy 
Susan well, the lower grid plate and about 50% of the surfaces of 
the thermal and thermalizing columns and about 10% of the tank 
bottom area were cleaned.

6. CONCLUSIONS

The 1985 inspection of the TRIGA Mark II reactor in Vienna 
was a model case of tripartite international cooperation:

1. The Atominstitut felt the necessity to inspect the reactor
internals after 23 years of operation, but no appropriate 
equipment was available.
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2. The Hungarian Academy of Sciences had a very useful tool for 
such inspections and was also very interested in providing 
this equipment for model inspections.

3. The International Atomic Energy Agency knew of the needs of the 
Atominstitut and about the equipment in Budapest, and kindly 
organized and financially supported the inspection.

This cooperation has triggered further international interest and 
negotiations are being carried out to apply this telescope in 
several other research reactors, e.g. in Indonesia, Yugoslavia and 
Zaire. It is hoped that this cooperation could act as a model for 
further effective international cooperation.
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