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The Sixth Asian Symposium on Research Reactors (ASRR-VI) was held in Mito
(Sanno-maru Hotel), Japan, from March 29 to 31, 1999.
The first ASRR was held at the Rikkyo University in Tokyo in 1986, and
succeeded symposiums were held every about three years, in Jakarta, Hitachi, Beijing
and Taejon. The objectives of the symposium is to support nuclear research programs
which utilize research and/or testing reactors by exchanging the experience on the
management and the operation of the research/testing reactors and the information on
the technology development, as well as with enhancing mutual understandings among
the community.
The symposium consisted of 16 sessions with 58 submitted papers. Major fields
were : 1) status and future plan of research and testing reactors, 2) operating experiences,
3) design and modification of the facility, and reactor fuels, 4)irradiation studies, 5)
irradiation facilities, 6) reactor characteristics and instrumentation, and 7) neutron beam
utilization. Panel discussion on the "New Trends on Application of Research and Test
Reactors" was also held at the last of the symposium.
About 180 people participated from China, Korea, Indonesia, Thailand,
Bangladesh, Vietnam, Chinese Taipei, Belgium, France, USA, Japan and IAEA.
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Opening Address
Toshiaki TOBIOKA
Chairman of the Organizing Committee
Executive Director
Japan Atomic Energy Research Institute

It is really my great honor to address all the participants from 11 countries, eight Asian
and three others; Belgium, France and the United States of America, at the opening of this
Asian Symposium on Research Reactors, so called ASRR-VI.
Representing the host organization, Japan Atomic Energy Research Institute, and on
behalf of the president Dr. Shojiro Matsuura, I would like to convey his heartful welcome and
his strong expectation of successful meeting. Unfortunately he cannot attend this meeting
because it is the busiest season of the year for all Japanese persons of the government or
companies, for it is the last part of the fiscal year. But very luckily in last Friday morning, a
hard earthquake occurred in Ibaraki prefecture did make the JMTR scrammed. It certainly gave
the staffs of JAERI one more exercise for better preparation of this meeting.
This ASRR-VI follows the previous fifth symposium held in Taejon, Korea in 1996 under
the wannest hospitality of the Korean Atomic Energy Research Institute, which resulted in
wide, meaningful and marvelous meeting. Since the symposium originally started in 1986 at
Rikkyo University, the scale of the meeting have been expanded, friendship and information
exchange networks among the participants were cultivated during each symposium, and have
been more and more enlarged. As a chairperson of the symposium, I sincerely hope and wish to
follow this beautiful tradition with good help of all the participants.
We have in total 58 technical papers submitted from 11 countries covering very wide
areas, starting from the status of the research or test reactor of each country, operation and
maintenance program and experience, utilization of research or test reactors for the purpose of
future R&D or radioisotope productions. I believe the symposium will be worthwhile for all the
participants. Presentations are organized into 16 technical sessions for two days. At the end of
the second day, we will have a panel discussion entitled as "new trends on application of
research and test reactor", which will certainly help you.
Now the worldwide average of the age of research reactors is really closing with 30 years,
almost the double of the power reactors' average which is perhaps around 17 years. Among
such circumstances, very luckily in Asia, we have new projects which are still on going, i.e.,
JRR-4 modification, HTTR, Chinese HTR-10 and also in Thailand. For human beings, the age
of 30 is really productive age but for research reactors it is very close to the age of retirement.
Some reactors may suffer from stomach cancer or heart attack. They do need surgery operation
or reverse operation. But also we need more powerful neutron sources, to carry out future R&D
not only in the field of nuclear energy production but also in the basic research field coupled
with radioisotope production. It is really necessary for us to ask our reactor to continue safer
and more reliable operation to carry out more sophisticate and elaborate experiments in future

-
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to overcome so called "neutron gap" which may be encountered sometime early in the 21st
century.
On this occasion of the 6th symposium, all the participants are kindly requested to
exchange and advocate your good or bad experience, future planning, and to find breakthrough
to overcome this neutron gap problem. Finally, I'll ask all the participants to enjoy this
symposium and to have fruitful discussions and vigorous information exchange in each
technical session. Then you'll be pretty sure to have better communication linkage with you
which certainly you can carry back to your home country for the future, that is, the 21st century.
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Session 1
Status and Future Plan (I)
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Session 1-1
Status of Japanese University Reactors
Yoshiaki FUJITA
E-mail: fujita@rri.kyoto-u.ac.jp
Division of Research Reactor
Research Reactor Institute, Kyoto University
Kumatori, Sennan, Osaka 590-0494, JAPAN

ABSTRACT
Status of Japanese university reactors, their role and value in research and education, and the
spent fuel problem are presented. Some of the reactors are now faced by severe difficulties in
continuing their operation services. The point of measures to solve the difficulties is suggested.
1. INTRODUCTION
In this half century, there was a rapid progress in the peaceful uses of atomic energy in
Japan. Knowledge in the field of nuclear science and engineering has been vastly accumulated,
and electric power, radioisotopes and neutrons produced by nuclear reactors are contributing to
the welfare of mankind. In the progress, the Japanese university reactors played a very
important role in research and education.
A few committees, for example, of the Science Council of Japan and Japan Atomic Energy
Industry Forum, recently reported thier review works of the research reactor activity. In those
reports, the role and value of Japanese university reactors are highly evaluated and expected.
Despite the high evaluation and expectation, the reactors owned by private universities are
now faced by severe difficulties in continuing their operation services, and those owned by
national universities are anticipated to be faced by similar difficulties in near future.
In this presentation, status of Japanese university reactors are reported; their role and value
are reconfirmed ; and the point of measures to solve the difficulties is suggested.
2. STATUS OF JAPANESE UNIVERSITY REACTORS
There are six university reactors including one critical assembly in Japan. They are the
5-MW KUR of Kyoto University (national univ.), the 100-kW RRR of Rikkyo University
(private univ.), the 100-kW MITRR of Musashi Institute of Technology (private univ.), the
2-kW YAYOI of the University of Tokyo (national univ.), the 10-W UTR-KINKI of Kinki
University (private univ.), and the KUCA (critical assembly) of Kyoto University. The reactors
are owned, operated and the operation expenses are supported by the respective universities.
They are different in the power and reactor type, and similar in that they are fully or partly
opened to common use.
In the case of the KUR, for example, the operation expenses are supported by Kyoto
University, i.e. come from the budget of the Ministry of Education, Science, Sports and Culture.
The KUR is fully opened to common use for researchers from national, public and private
universities, and from national and public research organizations in Japan. The researchers,
whose application to the common use is accepted by an adoption committee, are not charged for
the reactor utilization and, in addition, are supported in the travelling and staying expenses.
2.1 KUR
The KUR is a 5-MW, light water cooled and moderated, graphite reflected, of MTR-fuel
reactor. The core is structured in a compact open pool. There are installed beam tubes and a
-
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set of irradiation equipment of diverse kinds. The operation and the utilization are going
satisfactorily, especially in recent years.
They have now a task of fuel conversion, from high enriched uranium to low enriched one,
from the present partially converted core to fully converted one, if the operation is extended
April 2004 onward. Several problems are anticipated, not in the engineering standpoint but in
the understanding of the local governments. The problems are explained later in this
presentation.
2.2 RRR and MITRR
Both the RRR and the MITRR are of 100-kW TRIGA-type. They can be effectively used
for student education and for utilization such as activation analysis, fission-alpha-track method,
neutron radiography, and boron-neutron-capture therapy.
The RRR is served half for the common use of other universities and for private companies
and research organizations in the other half. It is heard they are now faced to difficulties in
continuing the operation. The difficulties are still severe as Rikkyo University is of liberal arts.
The MITRR had been served for wide uses in education and research. The pioneer works
in the boron-neutron-capture therapy conducted at the reactor are highly evaluated. However,
the operation was stopped several years ago by a corrosion trouble which was found in the
reactor pool lining. Despite the univetsity's effort of restart, it is heard the restart time is now
still uncertain.
2.3 YAYOI
The 2-kW YAYOI is a fast reactor, whose core is a small cylinder of uranium metal and
surrounded by a lead reflector pile. It has a scarcity value as a fast neutron source reactor, and
effectively used for education and basic researches. The recent researches include radiation
damage and tritium breeding studies motivated from the development of fusion reactor
technology.
2.4 UTR- KINKI
This 10-W reactor is located in the main campus of Kinki University. Making the best use
of the advantage of the location, the reactor is not only used in education and research , but also
served as a facility to provide experience chance of reactor and radiation for high school
teachers and students.
Among the research works carried out with the low level neutron source, the studies of
biological effect of radiation have a marked feature.
2.5 KUCA
The critical assembly of the Kyoto University Research Reactor Institute is equipped with a
single control-safety system and three types of core, usually water-, graphite- and polyethylene
-moderated cores.
The assembly has been used for basic studies of reactor physics and for the experiment
curriculum for graduated students coming from nine nuclear engineering faculties of other
universities.
The type of nuclear fuel is so far limited to uranium-235. The extension to other types is
highly expected toward the future developments.
The budget for maintenance and operation has been cut year by year , and the complete cut
was pronounced. However, the minimum budget has been recovered with the support of related
research groups and the nuclear engineering faculties.
3. THE ROLE OF JAPANESE UNIVERSITY REACTORS
Japan Atomic Energy Industry Forum(JAIF) recently carried out a survey of opinion on
research reactors, for randomly sampled members of academic societies related to atomic
energy, teachers and students in faculties of nuclear engineering, employee of atomic
—6
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energy-related companies and journalists. The survey reports that the 67% answered the
university reactors are necessary; the 24% answered the JAERI reactors can be used if some
conditions are satisfied.
The following is the presenter's opinion for the role of Japanese university reactors.
3.1 As a basic facility for education in nuclear science and engineering
A set of diverse facilities and instruments is needed for education in nuclear science and
engineering faculties. Among the set, a reactor, preferably an on-campus reactor, is one of the
most effective and adequate facilities. If one is requested to select one facility for the
education, he may not hesitate to show a fission reactor.
Examples of educational experiments carried out using university reactors are listed as
follows; Control of fission chain reactions, Approach to criticality, Reactivity measurements,
Neutron flux mapping, Radiation monitoring, Reactor kinetics, Activation analysis etc. If the
reactor is of high power, the examples include the Xe-poisoning effect, Fission physics,
Radiation damage and varieties of Neutron applications.
The experiment helps the students in cultivating a better understanding of the theme. The
experience may give them a motivation to become engineers and researchers in nuclear science
and engineering fields. Computers may be effectively utilized in the education.
Complementarily or more, a reactor is indispensable for the true education in nuclear science
and engineering.
3.2 As a neutron source used for basic research
Neutron applications in basic researches and diverse applications will be more popularized in
the future, and it is evident that the unstable particles must be artificially produced. The
presenter believes a fission chain reaction device - a reactor - is the best one for neutron
production at least in the technological standpoint, especially suited for irradiation and slow
neutron applied uses. In a sense, a research reactor can be built and operated using the
developed technologies in more general fields such as from mining and enrichment, to
reprocessing and waste disposal.
In universities, there are tremendous numbers of researchers in diverse research fields.
Each of the researchers hopes to try his own idea in the embryo stage easily and readily, with a
minimum procedure for the application to common use, with escaping from safety measures
which are needed in a large scale reactor. In fact, there are many experiments which can be
carried out in small or medium power research reactors, such as; activation analysis, studies of
biological effects of radiation, boron neutron capture therapy, most of preliminary experiments,
developments of new instruments etc. Some researchers may want to be in the standpoint
independent of national projects.
The utilization of university reactors looks not so highly efficient, and there may be some
wastefulness. However, in the long time standpoint, university reactors of medium and small
powers are indispensable for the efficient developments of research reactor utilization, some of
which are completed at high power research reactors.
3.3 As a bridge across the big scale technology and the general public
No one of the participants wants the general public abandon the welfare possibly provided
by nuclear energy only because of insufficient understanding. Some people of the public visit
university reactor sites.
They may expect to inspect something of the big scale nuclear
technology. University reactors have the role and value, and are responsible to be a bridge
across the big technology and the general public.
4. DIFFICULTIES IN CONTINUATION OF REACTOR OPERATION
In the engineering stand point, nuclear power reactors and university reactors are much
different. There are, however in Japan today, very similar situations between both kinds of
-
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reactors related to the owner's management, in the upstream to the downstream problems. For
an example, the acceptance of the local government is essential to the existence of a reactor
facility. For another example, a reactor owner is exclusively responsible for the supply of fresh
fuels and the measures against spent fuels and radioactive wastes. To find the measures by a
reactor owner by himself alone is almost impossible not only for private universities but also for
national universities.
Under the severe observation of the public and partly due to the legal safety regulations, the
activities of research and education using reactors, radioisotopes and nuclear fuel materials are
restricted in universities.
The difficulties in continuation of university reactor operation may differ from university to
university. However, most of the difficulties come from the above mentioned severe
background situation.
5. SPENT FUEL PROBLEM
As is well known, the United States is accepting from foreign research reactors their spent
fuels whose uranium is enriched by the US. All of the uranium being used in the Japanese
university reactors are of the US origin. The medium power university reactor, which is
constantly producing spent fuels is the 5MW KUR. At the KUR, they are preparing to send
back to the US their spent fuels stored in the storage pool, by seven time shipping services from
1999 to 2005. Until March 2004, the reactor will be operated by using the high-enriched
uranium fuel elements in the stock. For the operation from the time onward, they have to
convert the type of fuel element to the low-enriched uranium type. The evacuation of the
stored spent fuels from the site may be considered as one of necessary conditions to successfully
reach an agreement between the local governments and the Reactor Institute for the legal
application for the revised operation license. One of the more important conditions is the
accountability of the Institute as for the measures against the spent fuel to be produced in the
future operation. The high level radioactive waste produced in the reprocessing of spent fuels
will be never carried back into the site.
The above mentioned is the case of the KUR. The situation for the other university reactors
is more or less similar to that of the KUR. It is anticipated that some of the Japanese university
reactors will come to the critical moment of their existence due to the spent fuel problem, if no
measures are found in the immediate future.
6. CONCLUSION
The presenter would like to conclude this presentation by his suggestions as follows.
1) Japanese university reactors played and will play a very important role in the progress of the
peaceful uses of atomic energy. Some of the reactors are at the critical moment for their
existence. It is heartily hoped that the role and value of the reactors are reconfirmed in the
national policy of the research and development of atomic energy.
2) The difficulties in the management of the reactors mainly come from the problems related to
fuels and radioactive wastes. It is alost impossible for the reactor owners to find a solution to
the problems by themselves alone. The national plan for the solution is essential for their
continued operation.
3) The research and development of advanced fuels, fuel fabrication, and interim storage,
reprocessing and final disposal of spent fuels are suggested to be conducted as a national project
also in Japan.
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Session 1-2
Studies on High Temperature Research Reactor in China
Yuanhui XU and Kanfen ZUO
E-mail: inezkf@mail.tsinghua.edu.cn
Institute of Nuclear Energy Technology
Tsinghua University, Beijing 100084, CHINA

1. INTRODUCTION
China recognises the advantages of Modular HTGRs and has chosen Modular HTGRs as one of
advanced reactors to be developed for the further intensive utilisation of nuclear power in the next
century. In energy supply systems of the next century, HTGR is supposed to serve: 1. as supplement to
water-cooled reactors for electricity generation and 2. as environmentally friendly heat source providing
process heat at different temperatures for various applications like heavy oil recovery, coal gasification
and liquefaction, etc..
The 10 MW High Temperature Gas-cooled Reactor (HTR-10) is a major project in the energy sector of
the Chinese National High Technology Programme as the first step of development of Modular HTGRs
in China. Its main objectives are: 1. to acquire know-how in the design, construction and operation of
HTGRs, 2. to establish an irradiation and experimental facility, 3. to demonstrate the inherent safety
features of Modular HTGR, 4. to test electricity and heat co-generation and closed cycle gas turbine
technology and 5. to do research and development work on the nuclear process heat application. Now
the HTR-10 is being constructed at the site of Institute of Nuclear Energy Technology (INET).
The HTR-10 project is to be carried out in two phases. In the first phase, the reactor with an coolant
outlet temperature of 700 °C will be coupled with a steam generator providing steam for a steam turbine
cycle which works on an electricity and heat co-generation basis. In the second phase, the reactor
coolant outlet temperature is planned to be raised to 900 °C. A gas turbine cycle and a steam reformer
will be coupled to the reactor in addition to the steam turbine cycle.
2. HTR-10 DESIGN'1'
The HTR-10 design represents the features of Modular HTGR design. The reactor core and the steam
generator are housed in two steel pressure vessels which are arranged in a side-by-side way. These two
vessels are connected to each other by a connecting vessel in which the hot gas duct is designed. All
these steel pressure vessels are in touch with the cold helium of about 250 °C coming out from the
circulator which sits over the steam generator tubes in the same vessel. (Figure. 1) The HTR-10 main
design parameters are listed in Table 1.
Fuel elements used are the spherical fuel elements (6 cm in diameter) with coated particles. The reactor
core contains about 27,000 fuel elements forming a pebble bed which is 180 cm in diameter and 197 cm
in average height. Spherical fuel elements go through the reactor core in a multi-pass" pattern. Pulse
pneumatic fuel handling system is used for continually charging and discharging fuel elements. Pulse
pneumatic driving single-exit gate (or the reducer) is designed instead of mechanical one. It has the
advantage of reliability and simplify.
- 9 -
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FIG. 1 Cross Section of the HTR. Primary Circuit

Table 1 The HTR-10 Main Design Parameters

MW
m3

Reactor thermal power
Active core volume
Average power density
Primary helium pressure
Helium inlet temperature

10
3

MW/m

MPa
°C
°C

Helium outlet temperature
Helium mass flow rate
Fuel

kg/s

U-235 enrichment of fresh fuel elements
Diameter of spherical fuel elements
Number of spherical fuel elements
Refueling mode
Average discharge burnup

%
mm

5
2
3
250 / 300
700 / 900
4.3/3.2
UO2

MWd/t
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Graphite serves as the main material of core structures which mainly consist of the top, bottom and side
reflectors. The ceramic core structures are housed in a metallic core vessel which is supported on the
steel pressure vessel. The thickness of side reflector is 100 cm. In the side reflector, cold helium
channels are designed in which helium flows upward after entering the reactor pressure vessel from
between the connecting vessel and the hot gas duct.
Helium flow reverses at the top of reactor core into the pebble bed, so that a downward flow pattern
takes place in it. After being heated in the pebble bed, helium enters into a hot gas chamber in the
bottom reflector, and from there it flows with reactor outlet temperature through hot gas duct to the heat
exchanging components.
The steam generator is composed of a number of modular helical tubes which are arranged in a circle
between two insulation barrels inside the steam generator pressure vessel. The place inside the inner
barrel is foreseen for an intermediate heat exchanger (IHX) which is to be installed in the second phase
of the project. IHX is helical tube type. Nitrogen flows inside the tube while helium flows outside the
tube.
Decay heat removal of the HTR-10 is designed on a completely passive basis. At a loss of pressure
accident, against which no core cooling is foreseen at all, decay power will dissipate through the core
structures by means of heat conduction and radiation to the outside of the reactor pressure vessel,
where, on the wall of the concrete housing, a surface cooling system is designed. This system works on
the principle of natural circulation of water and it takes the decay heat via air coolers to the atmosphere.
In fact, this surface cooling system is designed to protect the vessel and concrete structures more than
the ceramic reactor core from being overheated by decay power.
There are two reactor shutdown systems, one control rod system and another small absorber ball
system. They are all designed in the side reflector. Both systems are able to bring the reactor to cold
shutdown conditions. Since the reactor has strong negative temperature coefficients and decay heat
removal does not require any circulation of the helium coolant, the turn-off of the helium circulator can
also shut down the reactor from power operating conditions.
3. PROGRESS OF THE HTR-10 PROJECT
INET compiled the Environmental Impact Report (EIR) of the HTR-10 and submitted it to the National
Environmental Protection Administration (NEPA) in the mid of 1992, the report was reviewed by an
expert committee, then the NEPA approved the EIR of the HTR-10 in November 1992. It is one of the
necessary basis for the application of the reactor site.
The Siting and Seismic Report (SSR) of the HTR-10 was submitted to the National Nuclear Safety
Administration (NNSA). After examination the reactor site was approved in December 1992.
The Preliminary Safety Analysis Report (PSAR) was completed and submitted to the NNSA for the
application of the construction permission in December 1993. The activities of the licensing procedure
lasted for one year. The NNSA formally issued the construction permission of the HTR-10 in December
1994.
The first tank of concrete was poured in 14. June 1995. The construction of reactor building was
reached to its top in November 1997. The height of reactor building above ground is 28.3 m, its height
below ground is 15 m.
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Main components, such as the reactor pressure vessel, the steam generator, the reactor internal
structure, etc., were manufactured in Shanghai factories. The installation of systems and components is
being carried out now. The HTR-10 project is expected to be critical in 2000.

4. SUPPORTING RESEARCH AND DEVELOPMENT
In the HTR-10 design some modifications from the HTR-Module were made to meet Chinese
conditions. For example, the steam generator is composed of a number of modular helical tubes with
small diameter, pulse pneumatic fuel handling system is used for charging and discharging fuel elements
as well as step motor driving control rods are designed. It is necessary to do engineering experiments to
prove these new or modified idea. Therefore a program of engineering experiments for HTR-10 key
technologies was conducted in INET.
4.1 Performance test of the hot gas duct
The performance test of the hot gas duct was carried out at the helium test loop (HETL). The detailed
description of the HETL can be found in references(2). The hot gas duct test section with a triple tube
structure includes an inner electrical heater, a hot gas duct model and a cold-hot helium gas static mixer.
The schematic structure of the hot gas duct test section is shown in Fig. 2.

1. inlel for cold helium (60~ 100"C) 2. cold-hot helium gas mixer 3. insulaler 4. HGD model 5. pressure vessel
6. electric heater

7. outlet

8. electrode penetration assembly

9. inlet for median temperature helium

Hot Gas Duct Test Section
FIG. 2 Schematic Structure of the Hot Gas Duct Test Section
The flow rate, the temperature, the pressure and the differential pressure are measured. At the cross
sections of 610 mm far from two ends of the hot gas duct test section, 16 thermocouples are installed for
measuring the temperature of helium gas, the liner tube, the insulation layer and the outer tube. The
temperature of helium gas at the inlet and outlet of the inner heater as well as helium gas in the annular
passage and the pressure tube is also measured by thermocouples.
The effective thermal conductivity of insulation layer was measured. A relationship between the
effective thermal conductivity and the average temperature of the insulation layer at helium pressure of
3.0, 2.5 and 1.5 MPa is shown in Fig 3. The empirical equation of the effective thermal conductivity
were obtained as follows:
Keff=0.3468+0.0003T(°C) W/m/°C
Where T is the average temperature of the insulation layer.
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The measured effective thermal conductivity are 1.5 ~ 2 times as large as the thermal conductivity of
helium gas at the same condition of temperature and pressure.
The hot gas duct test section was operated for 258 hours at the temperature of over 700 °C and the
pressure of 3.0 MPa, as well as for 98 hours at the temperature of 900 °C and the pressure of 3.0 MPa,
and was borne over 18 times temperature cycle between 300 and 900 °C, and 28 times pressure cycle
between atmospheric pressure and 3.0 MPa. No any deterioration of thermal performance was detected.
4.2 Performance test of the pulse pneumatic fuel handling system
In order to avoid operating difficulty with mechanical single-exit gate a pulse pneumatic fuel handling
system has been developed. Its features are characterised by pulse pneumatic driving single-exit gate,
gas tight magnetic driving and electro-induction balls counters.
The test at room temperature was carried out. Its main aim is to prove its design concept for fuel
discharging. More than 100,000 balls were discharged by pulse pneumatic discharging way.
Full scale apparatus for test of whole fuel handling system and its components at helium temperature of
150-180 °C and low pressure was installed. The schematic of full scale apparatus is shown in Fig. 4.
Main components in this apparatus are prototype ones. It consists of the discharge tube, a reducer, a
failed ball separator, an elevator, graphite ball detectors, pressure reducing valves, adjusting valves,
heaters and so on. Its helium auxiliary system consists of the helium compressor, helium storage tanks,
air coolers, filters and vacuum pumps etc..
The test at temperature of 150-180 °C and helium pressure of 0.5 MPa was done. The result shows that
the spherical ball can be smoothly dropped out from core without any broke up. More than 35,000 balls
were discharged by pulse pneumatic discharging way. Whole system was successfully operated.
4.3 Test of the control rods driving apparatus®
The performance of the control rod at operating temperature and helium atmosphere of low pressure
will be tested at a full scaling apparatus. The schematic of the control rods driving apparatus is shown
in Fig. 5. It consists of a step motor, a gearbox, a chain-chain wheel, a speed restriction, a rod position
indictor, the control rod and the housing. Following test was done by with this apparatus: control rod
movement, maximum fall speed of the control rod, indictor performance and life time.
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9. Buffer
13. Large funnel
17. Fragments tank
21. Water tank
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2. H. P. tank
6. Drying cylinder
10. Discharging tube
14. Small funnel
18. Elevator
22. Pump
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3. Check valve
7. Air cooler
11. Tank
15. Pulse gas storage
19. Reducer
23. Regulating valve

4.
8.
12.
16.
20.

Compressors
Filter
Fender
Separator
Vacuum pump

FIG. 4 Schematic of the Fuel Handling System Apparatus

1. Vacuum pump
4. Voltage regulator
7. Insulation
10. Synchronometer
13. Control board

2. Helium cylinder
5. Transformer
8. Control rod
11. Insulation
14. Temperature controller

3. Temperature controller
6. Insulation
9. Step motor
12. Heater
15. Eddy heater

FIG. 5 Schematic of Control Rods Driving System
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4.4 Two phase flow stability test for the once-through steam generator(4)
The main purposes of the two phase flow engineering test facility are: to study on the flow stability of
the HTR-10 steam generator at operational conditions and to determine maximum throat diameter of the
throttle, to study the flow resistance on the water side and the average heat transfer coefficient on the
helium side of the steam generator with small curvature radius of the helical tube.
The test section is shown in Fig. 6. In the test section helium transfers its heat to the primary loop water
as it does in the HTR-10 steam generator.

MIL

3)1

|]"-HP-TO'ii life
1. Electrode
4. Vessel
7. Water inlet

2. Helium inlet
5. Tubeplate
8, Helium outlet

3. Heater
6. Steam generator unit
9. Steam outlet

FIG. 6 Schematic structure of the test section
Experimental result shows that the flow at 30 % of total power for the HTR-10 steam generator can be
stable at the outlet steam pressure range of 2.5-4.0 MPa and the inlet water temperature range of 75180°C.
5. CONCLUSION
The high temperature gas-cooled reactor has been chosen as an advanced reactor type to be developed in
China. As the first major step, a 10MW test reactor project has been launched and the reactor is now
under construction and expected to become critical in the year 2000. The supporting research and
development program has helped to verify the system and component designs of the HTR-10. When the
reactor is erected, it will be operated and experimented to study the performance of systems,
components and the plant as a whole. Safety experiments will be conducted to demonstrate the inherent
safety features of the modular HTGR design.
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ABSTRACT
The Jules Horowitz Reactor (RJH) is a new research reactor project dedicated to materials and
nuclear fuel testing, the location of which is foreseen at the CEA-CADARACHE site, and the start-up
in 2006.
The launching of this project originated from a double finding :
• the development of nuclear power plants aimed at satisfying the energy needs of the next century,
cannot be envisaged without experimental reactors which are unrivaled for the validation of new
concepts of nuclear fuels, materials, and components as well as for their qualification under
irradiation.
• the existing experimental reactors are 30 to 40 years old and it is advisable to examine henceforth
the necessity for and the nature of a new reactor to take over and replace, at the beginning of next
century, the reactors shut-down in the mean time or at the very end of their lives.
Within this framework, the CEA has undertaken, in the last years, a study on the mid and long
term irradiation needs, to determine the main features and performances of this new reactor.
The concept of the reactor will have to fulfill the thermal neutron irradiation requirements as well
as the fast neutron experimental needs, with a great potential versatility for any new irradiation
programs.
The reactor project selected among several different concepts, is finally a light water pool concept,
with 100 MW thermal power. It could reach neutronic fluxes twice those of present French reactors,
and allows for many irradiations in and around the core, under high neutron fluxes.
The reactor will satisfy the highest level of safety in full accordance with international safety
recommendations and the French safety approach for this kind of nuclear facility, thus giving an
added safety margin keeping in mind the versatility of research reactors.
The feasibility studies have been focused on the following most important items :
• neutronic and thermalhydraulic studies on alternative core designs, with or without added
pressurization,
• assessment of different core surrounding structures in connection with the core studies,
• overall layout of the reactor/auxiliary pools and reactor building.
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INTRODUCTION

The stakes of the nuclear industry are made, for the mean term as for today, of research increased
by competitivity keeping in mind the high level of safety and in a context of liberalization of the
electricity market and of an accrued sensitivity of public opinion concerning the impact of releases
into the environment and the question of the final wastes.
Beyond the needs of the present French reactors and of their renewal, the preparation of the longer
term future of the middle of the century will lead to also considering other types of reactors than
PWRs.
To implement the R&D program which meets these demands, it is necessary to have experimental
reactors available for quite some time ; indeed, these constitute test benches which are able to qualify
the improvements made on materials and fuels, in unprecedented conditions of operation flexibility,
of experimental condition control, of accuracy of the measurements and also of transient tests which
would not be acceptable in power reactors.
We can legitimately estimate that, within a few years, we will have simulation codes, particularly
at the atomic scale, of an explaining, if not predictive, nature. These new tools will probably lighten
the experimental programs as we know them today. However, these research reactors will remain
necessary to qualify these tools, as well as in some configurations which will not be simulated before
quite some time.
Concerning the lifetime of experimental reactors, it is probable that, at the beginning of the next
century, only one or two reactors will still be in operation on the European scale. They will however
have perspectives of lifetimes limited to a few years, since they will not be easily adapted to future
safety conditions. In view of this, after 2010, the Jules Horowitz reactor which should in time replace
the OSIRIS reactor, will probably be the only reactor for technological irradiations operating in
Europe.
For France, having such a research instrument available, which should enable the reactor
characteristics and especially their work load to be controlled, can give our country a competitive
edge which would prove essential in the more attractive sector of nuclear R&D, that is to say the area
of the most efficient fuels in terms of fuel cycle costs and of operating flexibility.
Once the principle of such an irradiation reactor has been accepted, it is necessary to determine the
needs it will have to satisfy.
2. THE NEEDS
Three main types of needs are to be taken into account, with different priorities : PWRs, the front
end of the cycle and the future reactors.
• From 2010 onwards and for 50 years, the RJH will first have to meet the needs of the present
French PWRs and future French PWRs.
• Research on the transmutation of actinides and of LLFP (long lived fission products) is conducted
at the CEA, but does not represent today a first priority compared to the other two axes (storage
and disposal). Moreover, there exists an important uncertainty as to the actual needs existing when
the RJH will be in operation.
• It is probable that the second half of the next century will be marked by a general surge in the
nuclear industry, within the framework of a long lasting development and aiming at solving the
problem of world energy sources, including Uranium, and that of the acceptance of the nuclear
industry by public opinion, mainly depending on the future of waste treatment. This new
generation of reactors could be based on FBRs or PWRs based on thorium. Until then, two R&D
phases could succeed each other : the first phase of evaluation of the main options would last
approximately twenty years and may be followed by a technological R&D phase prior to the
construction of a demonstration reactor. It seems appropriate to examine under what conditions the
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RJH would lead research on phase 1. In the other case, a new experimental reactor adapted to
technological research would need building, thus within twenty years.
Very different requirements must be added to these needs which are considered as fundamental :
• Ensure the supply of radio elements for the hospitals, more particularly " Mo used for diagnoses
and l92 Ir used for tumor therapy.
(The treatment of patients with a certain type of tumor could be envisaged if the method presently
tested were to validated).
• Satisfy the needs of analyses by neutronic activation which allows the measurement of the traces
of the different elements, in particular, in the area of geology.
• To meet the requirements in neutronography, a technique often used to control the presence (or
absence) of hydrogenated materials in complex metallic parts.
These needs do not present any restrictive characteristic concerning the performances of a reactor
but must, nevertheless be taken into account in the design.
Moreover, the possibility of installing, after the shutdown of RHF and ORPHEE, so well past the
startup of the RJH, a cold source with neutron guides, must be taken into consideration in the design
of the facility. At this stage, it is advisable to make the minimum necessary reservations so that, when
the time comes, this operation is feasible.
2.1

PWR needs.
Studies on the fuel for the present PWRs and the future PWRs must allow for the increase of their
robustness in order to reduce the reactor operation constraints, to reduce the cycle costs, all the while
respecting the safety criteria.
In view of the knowledge acquired, before the startup of a new experimental reactor, we can thus
summarize the needs of the UO2 fuel :
• increase of the depletion rates of the present fuels up to roughly 90 GWd/t and in a second phase,
develop innovative solutions to reach 100 to 120 GWd/t;
• improvement of the fuels in power transients by improving the modeling of fuel clad behavior , or
by adopting innovative solutions and verifying of these solutions by analytical irradiations and
ramps ;
• development of new zirconium alloys (external corrosion, mechanical behavior,...).
The UO2 - PuC>2 fuel should reach the same performances as those of UO2 fuels.
As for the materials, it can reasonably be said that the studies on the toughness of vessel steel will
nearly be finished with the RJH deadline. The irradiation studies will essentially be aimed at the
research for future reactors, on new internal structure materials in contact with the core and thus
greatly irradiated. These will induce very high flux irradiations at the end of the selection, followed
by realistic irradiations with moderate fluxes, under mechanical and/or environmental stresses, in
order to be characterized.
If the RJH is mainly devoted to the backing of PWRs, it must also allow the performance of certain
studies on other types of reactors. More particularly, with the shutdown of PHENIX in 2004, France
will no longer have a fast neutron flux reactor to study this type of solution.
2.2. FBR needs
For the generic studies on FBRs, the recent re-orientation of the R&D aims at pursuing, in the near
future, research on very high burnups (> 170 GWd/t). With this in mind, the PHENIX reactor will be
used until it is shutdown in 2004. Beyond this date, the needs will essentially concern The structural
and cladding materials for the reactors using coolant which have not been studied yet, such as Pb,
PbBi, Helium
The aim of this program is to allow a fast neutron reactor type to emerge.
The validation of the concept of transmutation of minor actinides and long-lived fission products
by qualifying technological solutions, is also a major objective. If there is no place in the RJH in
which neutronic conditions (flux and spectra levels) similar to those of FBRs, the objective will be to
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reach transmutation rates for the different actinides comparable to those which would have been
reached in an FBR.
3. PRELIMINARY CHARACTERISTICS OF THE REACTOR
All the needs identified above are entry data for the feasibility study underway, a study which
should allow the definition of the reference solution which will be the subject of the following
definition phase. To compensate for the fact that the future programs (after 2005) are not well known
at the time of reactor design, it has been agreed to give utmost importance to the flexibility (or
evolution ability) of the facility ; this means the possibility, over the 50 years of life of the reactor, to
ensure a wide range of programs, difficult to define today and to be able to easily modify the reactor
characteristics so as to carry out these programs.
As soon as 1995, the choice was made to select the reference solution, a pool type water reactor
concept, similar to SILOE or OSIRIS.
It is therefore on this basis that the feasibility study was launched in 1996, from a small core with a
high power density and surrounded by a thick reflector made of Beryllium, in order to reach a high
performance level (once or twice that of OSIRIS).
3.1 Methodology of the study
The aim of the Feasibility phase is to define the Functional Specifications and to analyze the
different solutions possible in terms of technical feasibility, of cost, and of adaptability to the
expected performances all the while evidencing the critical elements of each. These elements will be
gathered in the Orientation File handed in June 1999.
This has thus entailed the parallel study of all the variations of systems likely to answer the initial
specifications established using the irradiation needs, and the demands linked to the operation of the
reactor as well as the safety of the facility.
The main systems studied are : the core, the internal structures of the reactor, the pools and the
reactor buildings.
3.2 Characteristics of the initial core.
It is made of elements with co-laminated plates, including a nucleus of U3SJ2 clad in Aluminum ;
the following two geometries are under study :

Hexagonal element with cylindrical plates

Square element with plane plates

These 2 elements allow a specific power of 600 kW/1 to be reached, for a core volume of 166 liters
and a nominal reactor power of 100 MW. The flux performances of this core are listed in the table
below :
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OSIRIS / SELOE
2.6 10'"
2.1 10'"
8. 10'"
4 to 5

RJH
8. 10'"
3.9 10'"
1.6 1015
15 (+ 30% in a converter)

These performances allow all the objectives set by the CEA to be reached except for those
requiring the accumulation of significant damage in a short lapse of time.
The performances on the flux level will be adjustable, by modifying the configurations between
300 kW/1 and 600 kW/1, either at constant nominal power (and thus at greater core size), or at constant
core volume (and thus at reduced nominal power).
3.3 Examination of the possibilities of performance improvement
The final shutdown of the SUPERPHENIX reactor announced in January 1998 (and the final
shutdown of PHENIX programmed in 2004) have led the CEA to start studies to evaluate the
possibility of increasing the performances, in particular of fast fluxes, to continue the irradiation
programs up to now ensured by the fast breeders.
Studies have shown that this was possible by increasing the power density beyond 1000 kW/1. But
to remove such a power density, it is necessary to either :
• pressurize the primary circuit to increase the core outlet boiling margins,
• or increase the flow rate of water in the core,
• or significantly decrease the core inlet water temperature.
A combination of these three possibilities is also considered. However, the present core inlet
temperature (25°C) is already a lower limit which is nearly impossible to improve with the local
conditions of the cold source. The flow rate in the core (of roughly 15 m/s) is also very close to the
technological limit known for the MTR fuels and the only gain possible up to now is with a decrease
in the core height. Therefore, the focus has been on the possibilities of pressurizing the primary
circuit, and the ongoing studies aim at analyzing the consequences of a pressurization on the reactor
design, its operation and on the associated experimental possibilities. Some indications are provided
in the following paragraph.
But the main difficulty encountered today is the fuel behavior at high temperature, both for the
aluminum clad and the fuel nucleus. The limits known today would not allow the significant increase
of the core specific power (beyond 800 or 900 kW/1). Studies have just been launched (irradiations in
BR2) or are about to be launched (collaboration between the CEA, COGEMA and CERCA), to
determine the exact limits of the present fuel and to find new ways for future fuels development.
3.4 General architecture : preliminary designs
These studies are carried out by TECHNICATOME. A systematic method has been implemented
in order to define the main systems of the facility.
Reactor internals
The fundamental options concern :
• the core circuit: pressurized or not, ascending or descending circulation, reflector in or outside the
vessel,
• the control and safety absorbers : rotating or translational movement, position of mechanisms,
• the support and locking of the fuel and reflector elements,
• the characteristics of the central loop.
Eighteen different possibilities have been selected and analyzed, and the most promising have been
drawn up.
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The organization of the buildings.
Three main principles have been retained :
• a single containment for all the functions linked to reactor operation and experiments.
• separation into two adjoining buildings but on a common basemat and communicating through an
under water hatch : a Reactor Building (RB) with a pool containing the core, the primary circuit,
and the experimental bunkers (primary circuits of the experiments) and a Nuclear Auxiliary
Building with the other functions (work and spent fuels pools, hot cells, laboratories,...),
• same separation principle into two buildings, but the NAB includes the smallest possible RB.
In all cases, the shape of each of the buildings is not determined : it can be circular or
parallelepipedic. Six possibilities have been drawn up.
The first solution has already been eliminated as it does not meet the requirements of safety
improvement and of respect of the ALARA principle.
Choice
Concerning the internals, the main choice concerns whether or not to pressurize the primary
circuit, with a view to provide a possibility of increasing performances if necessary ; it also allows the
slight reduction of the flow rates in the core. Based on this choice, solutions are nearly imposed for
the : size of the vessel, the design of the fuel element, the central loop, taking into account, the
experimental programs envisaged and the requirements defined by the customers (evolution potential,
adaptability of the experimental conditions to the programs,...).
The choices on the organization of the pools and buildings are relatively independent from the
former ; these will essentially be made using economic and financial criteria.
3.5 Analysis of the possibilities of implementing exits for neutron beams
Studies have been started to define the way to take into account the possibility of equipping the
RJH with neutron beams for fundamental research for the day when there will no longer be an
installation of this type in France.
Today, these needs are largely covered by the French reactors (ORPHEE and the RHF). It is
therefore not foreseen to integrate beam exits when the reactor is started up ; however, within 20 to 30
years, these installations will probably be obsolete and it is thus legitimate to consider a partial reconversion of the RJH at that time, if the need still exists, and if the loading rate of the RJH allows for
it.
3.6 Choice of the site
The Jules Horowitz reactor will be built in Cadarache, where the large installations of the
« Direction des Reacteurs Nucleaires » are gathered. As earlier as 1996, important studies was started
to choose and qualify the exact location of the reactor. There were three work phases, from 1996 to
1998.
Very numerous studies, geological, hydrogeological, seismotectonic and seismic, led to the choice,
in June 1997, of a site on a limestone substratum ; the latter indeed, in the case of an earthquake, a
lesser amplification of the earth's movement than on a neighboring alluvial ground, as well as
favorable hydrogeological characteristics.
4. CONCLUSIONS
The main choices will be made in June 1999, and will allow the definition of the reference solution
which will be studied later. But already it would seem that a low pressurized primary circuit (of
roughly 5 bar at core exit) ensures, with minimum complication, a greater diversity of experiments
and the integration of optimum margins of evolution possibilities for the future.
The definition studies will thus start at the beginning of the year 2000 and could allowed a
construction between 2002 and 2006.
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Present Status and Future Prospects of HANARO
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Korea Atomic Energy Research Institute
150 Dukjin-dong Yusung-gu, Taejon, Korea, 305-353

ABSTRACT
Korean industry is in the transition from component to basic material production stage, which
consequently requires basic science research utilizing neutron beam to support it. The demand for
medical radioisotopes is strongly increasing according to the elevation of life standards, which in turn
requires very stable supply of short half-lived radioisotopes. Research on these areas is possible
through the capabilities provided by horizontal beam tubes and vertical experimental holes of
HANARO. The experimental facilities are available not only for in-house research and development
groups but also for external user communities in universities, research institutes and industries. And
they are open to the international users as well. Utilization of a research reactor will be enhanced
through the active development of user programs and the strengthened cooperation between supplier
and users of the facility.
Most of the worldwide high performance research reactors of the first generation are reaching end of
life. Hence the construction of new research reactors and the refurbishment of present ones are very
demanding because research reactors continue to be utilized in many areas. Since HANARO is
recently constructed with a new design, experiences of design, construction, and commissioning work
for the research reactor are valuable for our country and for other countries as well. As more
utilization facilities are being designed and installed in the reactor, international cooperation with
experienced institutions is important in the course of installation. Sharing experiences will contribute
to the advancement of nuclear technologies for international communities.

1. INTRODUCTION
KMRR (Korea Multipurpose Research Reactor) project was at the basic design stage when KAERI
participated in the first ASRR, Tokyo, Japan in 1986. There were only 53 papers from 14 countries at
the first ASRR meeting but 124 papers from 20 countries at the last meeting, which shows that this
meeting is getting more attention. More than 90 percent of the papers have been from Asian region so
the initial intention of assembling and exchanging Asian experts and experiences is successfully
fulfilled. We expect seven more research reactors in the world soon or later; two in Europe, two in
North America, one in South America, and two in Asia. All of these promise that ASRR will be a
very active and fruitful regional meeting.
The major projects that KAERI is driving up to 2006 are the development of the advanced fuel, next
generation reactor, small reactor, and radioisotope application. The development of new fuel, the
validation of fuel cycle technology, and the construction of the prototype LMR are the long-term
projects that KAERI plans to focus on. More and more the need of basic material production in the
industry motivates the basic research using neutron beam. Hence, HANARO should not only produce
the radioisotopes and labeled compounds for medical diagnosis and treatment, tracer, standard source
and research but also fulfill the needs required by the nuclear and material science industries through
the fuel/material irradiation test and the neutron beam research. The present status and plan in
HANARO operation and utilization are introduced in this paper.
-
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2. OPERATION AND MAITENANCE
The operation schedule mainly depends on the radioisotope production (Ho-166, Tc-99m, etc.) and
neutron beam instrument installation, which induces frequent reactor shutdown [1]. The irradiation
test of KAERI made HANARO fuel started in the beginning of 1998. As an annual routine, there
were an emergency training in July and quarterly IAEA inspections in 1998. Two personnel passed
the senior reactor operator (SRO) license exam and another two passed the reactor operator (RO)
exam in 1998, which means that there are 23 SROs and 19 ROs in HANARO.
The number of maintenance work request keeps decreasing from 95 in 1995, 77, 65 and 50 in 1998,
which show that the system performance becomes stable year by year. The number of inspection and
maintenance tool development in 1998 is, however, 46 increased by 92 % compared to that of 1995.
The number of design and development for maintenance shows steady about 6 since 1996. The design
improvement on instrumentation and control, hot water layer system, strainer screen are the continuing
work since last year. The in-chimney bracket will be installed in April 1999. The design
improvement on fuel assembly is also in progress. The design and manufacturing of shut-off rod and
control absorber rod (CAR) test rig for their endurance extension and the improvement of neutron
measurement system signal processor, CAR interface card and controller are the items for further
design and improvement.

3. UTILIZATION [2]
3.1 Radioisotope Production
A three-phase radioisotope development plan started this year. More than 40% of the domestic
demand will be fulfilled and even some export is expected at the end of the plan. Only 5% of the
domestic demand of Mo-99 (Tc-99m) are supplied by KAERI. When the fission moly production
facility is completed, most of domestic use will be fulfilled and it can be exported to Asian countries.
I-131-MTBG is used for neuroblastoma treatment and its use is gradually increasing. The Ho 166Patch for skin cancer and Ho-166-CHICO (chitosan complex) for liver cancer are under clinical
demonstration and will be in commercial use within 2 years. Especially, Ho-166-CHICO is effective
for peritoneal cancer metastasized from stomach cancer, ovarian cancer, and rheumatoid arthritis in
knee joints by local injection. In the development of radioisotope production technology, 1-131
production is enhanced by applying the sublimation purification technique, high purity P-32 is
produced by distillation under reduced pressure, the automatic source fabrication instrument for Ir-192
source is developed, and the production of Cr-51 using an enriched target is also developed.
Seventeen lead hot cells and four concrete hot cells are currently in operation. Five more new
radionuclides and sources including Sr-89 are under development. The development of RI treatment
and mass production facility is also in progress. More than fifteen radioisotopes, including tracers, will
be produced for both domestic and international users in the year of 2000.

3.2 Fuel and Material Irradiation
(a) Capsule
The HANARO capsule development plan consists of three phases. In the first phase, the HANARO
standard capsule for a non-fissile material irradiation test has been designed and manufactured as an
output of the first phase development. Seismic and stress analyses were performed and flow-induced
vibration and pressure drop tests were carried out using the mock-up in HANARO. The capsule
temperature control system, including the vacuum and multi-stage heater control systems has been
also developed to control specimen temperature by adjusting the electrical power of heaters and gas
thermal conductivity. The capsule supporting system in the canti-lever type has been already installed
in the reactor pool. The in-pool capsule cutter and capsule-handling tool have been also prepared.
The first instrumented capsule irradiated in HANARO was transferred to EVIEF last November and
waiting for the examination. The second phase (1999 - 2002) is currently in progress, during which
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time the fuel irradiation capsule and in-situ instrumented capsule are in development. The
development of a re-instrumented capsule is in planned for the third phase.
(b) Test Loop
The licensing for a test loop is in progress and installation will commence in the beginning of 2003.
After the commissioning, an irradiation test will be possible from the year 2000. The design of a
transient test loop will be initiated in the middle of 2006. The measurement technology of fuel
characteristics in the irradiation test is under development. Fuels such as DUPIC, CANFLEX, and fuel
for the next generation reactor are waiting for irradiation tests in the test loop.

3.3 Neutron Beam
(a) Neutron Transmutation Doping (NTD)
NTD facilities are held off presently in design due to small local demands, however their total
irradiation capacity for Si ingots would be about 10 tons per year. Target precision of resistivity at the
first stage is less than 5% and its variation will be less than 3% in the radial direction and less than 5%
in the axial direction.
(b) Neutron Activation Analysis (NAA)
Automatic and manual pneumatic transfer systems are installed at three irradiation holes for R&D
and analytical services of NAA. One of the irradiation holes is lined with cadmium. An available
thermal neutron flux at each irradiation site is in the range of 3.9 x 1013 - 1.6 x 1014 n/cm2 sec and the
cadmium ratio is 50-250. One system is designed for the analysis of short-lived nuclides and other
system is designed for the analysis of medium and long-lived nuclides. Both systems are operated by
the electronic controller.
To date, the application fields of NAA in Korea are industry, agriculture, geology, monitoring of
atmosphere pollution and water contamination, material science, biomedical science, archeology,
forensic science and so on. The number of analyses for customers is gradually increasing and it will
total more than 2,000 in 2000.
(c) Neutron Radiography
The neutron radiography facility had been installed at HANARO during commissioning period of
the reactor and its various performance tests and characterizations have been done satisfactorily. It has
two exposure cells for radioactive samples and general industrial objects. The thermal neutron flux at
the first exposure cell is 1.08 x 107 n/cm2 sec and 4.02 x 106 n/cm2 sec at the second cell, respectively.
The neutron beam purity and sensitivity have been investigated using an ASTM standard and the
quality of the neutron beam belongs to Category I with 75-8-7. A typical irradiation time of about 8
minutes is required to get a film density of 2.5. An electronic imaging system is under development
based on a high sensitive TV camera unit. This unit has been applied already to the NDT inspection of
industrial objects and student training as well. It is currently used as an inspection tool for defense
industry and aircraft manufacturing and the demand is gradually increasing.
(d) Neutron Beam Research
Phase I of the neutron beam instrument development started in 1992 and Phase II was entered in mid
1997. The utilization of High Resolution Powder Diffractometer (HRPD) at the ST2 beam port is
already saturated since its full-scale neutron diffraction works commenced in January, 1998. The Four
Circle Diffractometer and optional system to the HRPD for Texture and Residual Stress measurement
is under performance test. Development and component-wise installation of the Small Angle Neutron
Spectrometer (SANS) and Polarized Neutron Spectrometer (PNS) has been done and those are
expected to be available at the end of 1999 and at the end of 2000, respectively. The Phase II program
started in 1997 and will end in 2002. It consists of the development and application of neutron
scattering based on the instruments developed in Phase I and external user formation, and the
installation of a reflectometer and a triple axis spectrometer on the ST3 and ST4 beam ports in the
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reactor hall with the development of utilization technology of various neutron mirrors, guides and
benders.
(e) Cold Neutron Source
The conceptual design of a cold neutron source has been completed with the collaboration of PNPI,
Russia, in July of 1997. In this stage, the experiment facilities were selected and neutron guide tubes
and an experimental hall appropriate to these facilities was designed. The characteristics of cold
moderators have been studied to obtain the maximum gain of cold neutrons. Analysis of radiation heat
and the design of hydrogen, vacuum, and helium systems have been also performed. The installation,
maintenance, and quality assurance program are included in the conceptual design report. A full-scale
performance test of thermosiphon and a hydrogen explosion test in the containment are scheduled for
this year.
(f) Boron Neutron Capture Therapy (BNCT)
The conceptual design for a thermal neutron BNCT is in progress. A shielding shutter of water is in
consideration for BNCT in operation. A Si single crystal and Bi crystal are placed for fast neutron and
gamma filtering in preliminary analysis. Maintaining the filter at liquid nitrogen temperature is
considered to enhance the thermal neutron flux. Since HANARO does not have a cold neutron source
and neutron guide, PGAA (Prompt Gamma Activation Analysis) device will be installed at the upper
partofPNSatSTl [3].

4.

FUTURE PROSPECTS

HANARO is a bridge between the TRIGA reactors under decommissioning and the next generation
research reactor in Korea. Neutron beam research, neutron radiography, radioisotope and tracer
production, and neutron activation analysis have been studied using the TRIGA Mark-H and III. Their
neutron beam facilities were anti-filter type spectrometer, spinning crystal spectrometer, two circled
diffractometer, and triple axes polarized spectrometer. Medical, industrial and research oriented
radioisotopes have been produced in TRIGA Mark-III. The experiences accumulated with the TRIGA
reactors were applied to the design of HANARO for more advanced utilization. Neutron transmutation
doping technology for example has been developed in TRIGA Mark-HI. The research, which has
been carried out in TRIGA, continues and the material test using test loop, fission moly, and neutron
capture therapy have been newly introduced in HANARO.
HANARO is very active in international cooperation program [4]. Recently, IAEA made a
guideline that the regional cooperation agreement is led by the member country itself. Korea is a
leader country of a research reactor area in Asia and Pacific region. Currently HANARO has
international cooperation agreements on research reactor and its utilization on various areas such as
radioisotope, radiopharmaceuticals, radioactive waste, irradiation capsule, fuel test loop, neutron beam,
etc. For more active utilization research, it is recommended that the development priority is adjusted
and the user participates in the development and installation. Some of the major problems pointed out
are the lack of trained researchers and technicians, long shutdown period for facility installation. Only
the successful utilization of HANARO promises the next generation research reactor in Korea.
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Abstract
The paper briefly describes the Utilisation of 3 MW TRIGA Research Reactor of BAEC for neutron
beam research, neutron activation analysis and isotope production. It includes the installation of the
triple axis neutron spectrometer at the radial piercing beam port and a neutron radiography set-up at
the tangential beam port and their uses for material analysis and condensed matter research and
material testing. Nuclear and magnetic structures of some ferrites have been studied in powder
diffraction method in the double axis mode. SANS technique with double crystal diffraction known
as Bonse and Harts method has been adopted in an experiment with alumina sample. The neutron
radiography set-up and its use in the detection of corrosion in alumina have been reported.
Determination of arsenic concentration in drinking water from tubewell via Instrumental Neutron
Activation Analysis and production of radioiodine-131 by dry distillation method are presented. Our
experience on the removal of N-16 decay tank because of the leakage of coolant and bringing the
research reactor back to operational by-passing the decay tank have been focussed. A possible
reconfiguration of the existing TRIGA core, without exceeding the safety margins, providing
additional irradiation channel and upgrading the neutron flux for increased radioisotope production
has been attempted. Cross section library ENDF/B-VI and JENDL3.2, code NJOY94.10, WIMSD
package, 3-D code CITATION, PARET and Monte Carlo code MCNP4B2 have been employed to
achieve the objective.

1. Introduction
The BAEC TRIGA is zirconium hydride moderated and light water cooled pulsing type reactor
having a steady state thermal power of 3 MW under forced convection cooling mode of operation.
The reactor can be operated up to a power level of 500 kW under natural convection cooling mode.
BAEC TRIGA research reactor achieved its first criticality on 14 September 1986 and was completely
commissioned for full power operation on 01 October the same year. Until July 1997 the reactor had
been operated for about 3200 hours ( total bum-up was about 5500 MWh ) at different power levels
to perform a total of 760 irradiation's under 719 requests. The area of utilization of the TRIGA
research reactor includes manpower training, neutron activation analysis, radioisotope production,
neutron beam research, etc. On July 14 1997, it was observed that water had been leaking out from the
N-16 decay tank of the primary cooling loop. On investigation the tank bottom was found to develop
corrosion, mainly because of rainwater that had seeped in and accumulated in the curvature of the
decay tank saddle. Ultimately we had to remove the decay tank and make a by-pass connection. This
has been described here briefly. In the recent year it has been planned to upgrade the neutron flux and
to create additional irradiation channels for increased production of radioisotopes. Thus to achieve
this goal a possible reconfiguration of the existing TRIGA core has been tried.
-
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2. Neutron Beam Research
Applications of neutron beam research are based on two types of equipment: Triple axis neutron
spectrometer for material studies via neutron scattering technique, Neutron radiography set-up for
material testing via transmission technique.
2.1. Neutron Scattering
A triple axis neutron spectrometer was installed at the radial piercing beam port of TRIGA Mark II
research reactor of AERE, Savar in 1992. The user activities in the field of neutron scattering around
the TRIGA Mark II research reactor of Bangladesh have been reported briefly here. At present the
spectrometer is being used for powder diffraction in the double axis mode and for small angle
scattering measurements in Bonse and Hart's technique (double crystal method). In powder
diffraction method nuclear and magnetic structures of some ferrites like ZnaasNioasFezO,,,
2^ijNio.isFej04, BaFe u O w [l], Coo.ojNias4Fe2.2O4, MhasCrasFeiO^ etc. have been studied. HighTc
super conducting materials YSriFegOg [ 2] and its comparison with YBCO have also been studied.
Diffraction method has been employed to study the radial distribution function of the amorphous
materials like quartz [3]. SANS technique has been developed on a triple axis neutron spectrometer at
TRIGA Mark II 3 MW research reactor. Double crystal (with very small mosaic spread ~ 1 min.)
diffraction known as Bonse and Hart's method has been employed in this technique. An experiment
using alumina (AI2O3) sample has been carried out to exploit this method. The radius of gyration has
been determined and the data has been fitted to the scattering function of a sphere. The method has
been found successful with expected results.
22. Neutron Diffraction
By virtue of its magnetic moment neutron can see the magnetic moments of atoms at individual
crystal lattice sites and has proved to be an important tool for probing magnetic materials. The
magnitude, orientation and distribution of atomic magnetic moments in various magnetic systems
could be revealed by neutron diffraction studies. Rietveld's profile refinement method [4] is used to
analyse the diffraction data to obtain the structure (both nuclear and magnetic) of Zn-Ni ferrites
(Fig.l). Diffraction study on amorphous materials has been initiated and a preparatory experiment on
a quartz sample has been carried out.
2.3. Small Angle Neutron Scattering (SANS)
SANS technique has been developed on a triple axis neutron spectrometer at the 3 MW TRIGA
research reactor (Fig. 2). Double crystal (with very small mosaic spread ~ 1 min.) diffraction known
as Bonse and Hart's method has been employed in this technique. Such a device is a useful tool for
small angle scattering in the Q range between 10~* and 10"* A~* and for real time experiments at
short time scales. Therefore, large objects and large distance interparticle correlations can be
investigated easily by this method. Test measurements using alumina (AI2O3) sample has been
carried out to exploit this method. The radius of gyration has been determined and the data has been
fitted to the scattering function of a sphere.
Principle Used in Present SANS
Broadly speaking, there are two categories of SANS spectrometer. The most commonly used is the
one used at ILL Grenoble, France [ 5 ]. This uses the velocity selector as a monochromator and long
flight paths before and after the sample to define the angular divergence of the beam. The other
method, known as Bonse and Hart's technique [6], uses double crystal diffraction.
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That is, this technique involves Bragg reflecting neutron beam from two nearly perfect crystals
which have been aligned in the parallel configuration. In this configuration, the intensity
distribution (rocking curve) of the doubly reflected beam as a function of the rotation angle of the
second crystal depends on the mosaic spreads of the two crystals. The changes in the rocking curve
with the insertion of the sample provides SANS distribution from the sample (Fig. 3).
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3. Neutron radiography
The tangential beam port of the TRIGA research reactor has been used for setting up neutron
radiography facility with a view to develop a strategy to approach all the beneficiaries so that research
and development work of the neutron radiography team be sustained by direct application. The
detailed description of the facility has been given elsewhere [7]. The relevant essential parameters for
the facility are given in Table 1. Direct radiography method with gadolinium converter foil and Kodak
SR film have been used Among the envisaged programs, studies of fine ceramics, plastics, locally
developed shielding materials, building materials, wood plastic composites have been reported earlier.
The detection of corrosion in aluminium has been reported here as an example. Neutron radiographic
technique has been adopted for detection of corrosion in aluminium by filling artificially made holes
on aluminium slab with Al(OH)j. The contrast between the optical densities of corrosion products and
aluminium slab was assessed from the densitometric measurements. Variation of optical density
difference with sample thickness has also been studied. The extracted results confirm that through 2
mm thick aluminium slab approximately 0.039 mm thick corrosion products can easily be detected.

Table 1: Parameters of the NR Facility
Position of the beam crosssection
Center
9 cm from center top left
9 cm from center top right
9 cm from center bottom left
9 cm from center bottom right

Thermal neutron
flux 4>& (n. cm"2 sec"1)
1.13x10*
9.45X105
8.19X105
9.78X105
7.61X105

y-dose
(mR-sec'1)
0.5055
0.5480
0.5570
0.4368
0.5600

4>a/y ratio
(n.cm"2mR-1 )
2.23x10*
1.72x10*
1.47x10*
2.24x10*
1.36x10*

Cd
ratio
10.51
9.73
8.58
8.67
14.39

4. Neutron Activation Analysis
Routine analysis of toxic and other trace elements in environmental samples, e.g. air particulates,
sediments, soil, food , water and industrial wastes including analysis of U, Th and rare-earths in
geological samples are being carried out using the TRIGA Research Reactor [8, 9]. In the recent years
Arsenic contamination in drinking water from tubewells in north-west and south-west region of
Bangladesh has posed a great risk to public health. Most of the affected districts are primarily reported
to have arsenic concentration in drinking water more than the permissible level, set by WHO, of
0.01ppm/l. As such use of a reliable analytical technique like Instrumental Neutron Activation
Analysis (INAA) for bulk sample analysis, covering a wide sampling area, has become an essential
task. Here the analytical results of some tubewell water samples from two municipal areas, namely
Chapainawabganj and Faridpur, are reported. The concentration level of arsenic are found to be 25 to
380 ug/1. The detection limit is about 3 ug/1. Tubewell water samples and standard reference material
NIST water (1643d) together with primary standard of arsenic (100 ug/1) were irradiated at the
TRIGA Mark-n research reactor, AERE, Savar with a nominal flux ~ 10^ Rcm^sec"1 for one hour
using the lazy susan facility. The radioactivity of the reaction product (%As) was measured with a
high resolution HPGe detector in combination with a PC based S-100 MCA master board packages.
The gamma-ray spectra were analyzed using gamma software Peakgr-10 and GANAAS and
manually. The quality of the analysis has been crossed checked by analyzing the standard reference
material NIST water (1643d) with respect to the primary standard of arsenic (100 ug/1). The results
are shown in Table 2. It is concluded that arsenic concentration level is much higher in underground
water of some areas posing serious threat to public health.
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Table 2: Arsenic concentration in tubewell water of Nawabganj and Faridpur Municipal
areas.
Sample
code

Arsenic

001C
002C
003C
004C
005C
006C
007C
008C
009C
010C

229 ±9
28 ± 3
BDL*
62±3
160±6
147 ±7
31 ± 3
40±4
55±3
164±7
52±3
290±ll
BDL
158±6

one
012C

(wsfl)

Tubewell
depth
(feet)
90
90
70
80
90
90
90
100
105
70
75
70
80
-

013C
014C
* BDL = Below Detection Limit

Sample Arsenic
code
(pe")
015C
016C
017C
018C
019C
020C
001F
002F
003F
004F
005F
006F
007F
008F

5. Production of Iodine-131 and

BDL
300±9
70 ± 4
BDL
BDL
378 ±11
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL

Tubewell
depth
(feet)

70
90
85
60
60
70
70
85
35
65
65
72
115
75

Sample
code

Arsenic

009F
010F
01 IF
012F
013F
014F
015F
016F
017F
018F
019F
020F

139 ±8
112 + 6
BDL
78 ±9
BDL
BDL
BDL
BDL
53±6
BDL

(ng/1)

37 + 4
BDL

Tubewell
depth
(feet)

47
210
60
185
68
65
35
105
95
36
75
25

" Tc

At the Institute of Nuclear Science and Technology (INST) iodine -131 is produced by neutron
irradiation of Te-130. Iodine-131 is separated from the irradiated target by wet or dry method. The
dry distillation method used at INST is as follows:
Tellurium dioxide is irradiated in a finely crystalline form, and after two days of cooling it is heated at
600-700°C. Iodine -131 is released and transferred by air stream into a trap filled with weak alkaline
solutioa More than 99% of the iodine is absorbed as sodium iodide at pH 7 to 9. Thus the method
enables to obtain N a m l solution in one-step with a radioactive concentration as high as 400GBq/ml
(about 10 Ci/ml).
Radioisotope production group started Mo-99 production by (n,y) reaction since 1987. Natural
molybdenum oxide was used as target for irradiation. The daughter Tc-99m was separated from the
dissolved (in alkaline solution) target by methyl ethyl ketone ( solvent extraction method). The Tc99m obtained in this method was obtained as instant technetium-99m as solution.
6. N-16 Decay tank by-pass connection
In July 1997, it was observed that water had been leaking out from the N-l 6 decay tank of the primary
cooling loop. On investigation the decay tank was found to develop corrosion pitting, mainly because
of rainwater that had seeped in and accumulated in the curvature of the decay tank saddle. Defective
design of the saddle, faulty routing of the decay tank vent pipe and improper design of the shielding
wall in-between the decay tank room and the primary pump room with no inspection door, were
identified to be the main contributors to the problem.
The decay tank was isolated from the rest of the cooling loop and then removed and subjected to
thorough non-destructive testing. Test results showed that the corrosion pitting had spread over areas
that extended up to the mid-level of the tank wall and also included the baffle plates. It was, therefore,
decided to replace the decay tank by a new one. The replacement of the decay tank involved
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the decay tank should be installed so that the drawbacks that had been experienced with the old tank
could be eliminated completely. As both of the tasks would require some time to accomplish, it was
therefore decided to complete the primary cooling loop by establishing a temporary connection inbetween the two segments of the primary piping that were separated when the decay tank had been
removed from its position. Stainless steel pipe having a diameter of about 23 cm was used to make the
jumper connection locally. It was installed in to the primary loop and after that necessary measures
were taken to make the reactor operational. After completion of all functional checks of the primary
cooling loop, the reactor was operated at 250 kW under natural convection cooling mode and
extensive radiation survey was conducted. During the test everything was found satisfactory. The
reactor is now ready for operation at a power level of 500 kW.

7. Core Analysis for Upgrading 3 MW TRIGA MARK II Research Reactor to Higher
Flux
The present work has been initiated to upgrade the TRIGA Research Reactor to higher flux to meet
the demand of increased production of radioisotopes and creating more irradiation facilities. This will
need major reshuffling and reconfiguration of the core with the fuel rods initially loaded
The overall strategy is: (i) Generation of problem dependent cross section library from basic
Evaluated Nuclear Data Files such as ENDF/B-VI, JENDL3.2 with NJOY94.10+ [10], (ii) Use
WIMS/D-5A [11] package to generate few group neutron macroscopic cross section (cell constants)
for all of the materials in the core and its immediate neighborhood, (iii) Use 3-D code CITATION
[12] to calculate neutronic performance data for global neutronic analysis e.g. multiplication factor,
neutron flux and power distribution, power peaking factors, temperature reactivity coefficients,
burnups, etc., (iv) Couple output of the neutronic code with PARET [13] to study thermal hydraulic
behavior to predict safety margins, (v) Check the validity of the deterministic code with the Monte
Carlo code MCNP4B2 [14], and finally (vi) Reshuffle the current core configuration to achieve the
desired objectives.
WIMSD cross section library based on ENDF/B-VI for TRIGA reactor calculations have
been generated. A new executable, identified as NJOY94+, has been created in the ALPHA computer
of INST incorporating modifications in the WIMSR module. Thirty two isotopes have been
processed. For the global analysis the code CITATION was chosen. In addition some post processing
utility procedures to operate on the outputs of WIMS and CITATION were implemented to extract
and reformat the desired data. Thus a four-group cross section library for TRIGA Research Reactor
calculations were generated. To investigate the validity of the generated library and to asses the
predictive capability of the neutronics codes, a critical experiment of the TRIGA research reactor was
benchmarked and some of the operating parameters were analysed. The investigated parameters are
Kjnf, Ktff, flux, and power distribution in three dimensions, power peaking factors, temperature
reactivity coefficients. Other pertinent parameters in the Safety Analysis Reports (SAR) were studied
with reference to the experimental values and those obtained from the calculation. The good
agreement among the calculational and experimental parameters established the validity of the
generated library and the calculational models, tools & techniques used in the global analysis.
Series of iterative calculations led to the final set of cross sections and models for fuel and non-fuel
cells that yielded the best possible K « = 1.07427 compared to the experimental value of
1.077459. The thermal and epi-thermal fluxes have been compared with the experimental thermal and
epi-thermal fluxes. The values of thermal and fast flux in the CT for 3 MW at irradiation location
have been caculated. Further investigation revealed that for TRIGA reactor calculations 7-groups
cell constants yield much better results. The results are summerised in Table 3. The peaking factor
being the most important safety parameter was studied very carefully and thoroughly. The hot spot,
i.e., the point at which maximum power density, is found at row 24, column 26, and plane 25 which
is physically at the fuel position C4.
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Table 3 : Comparison of the K«ff and flux values of Dry & Wet CT with the Experimental Result
Maximum Thermal Flux(xl0")
Group

4-G
7-G

Dry

Wet

Dry

Calc.

Calc.
(Err. %)

Expt.

1.074
937
I.o77
966

1.074279
(295)
1.077217
(0.02)

1.077
459

Wet
Expt.

Calc.
(Err.%
)
5.9769
(-7)
6.3535
(-14)

Maximum Epi-Th. Flux(xl0")

5.56

Calc.
(Err.%
)
6.5814
(36)
7.010
(32)

Dry

Expt

Calc.
(Err.%
)
2.05
(-19)
2.07
(-21)

10.4

Wet

Expt.

Calc.
(Err.%
)
2.16
(14)
2.20
(13)

1.71

Expt.

2.53

The power peaking factors were investigated in detail. These values were calculated with WIMS/D
and CITATION together. As in the SAR the power peaking factors have been defined and analysed
in terras of the following parameters:
1. hot rod power peaking factor - fnR. 2. axial power peaking factor - fz
These peaking factors are compared with those in the SAR in Table 4.
Table 4. Comparison of Peaking factors
Type of Peaking
P™a/P««
( A P/ P)axial
CPrtt PfW0radial
fT (Total Peaking Factor)

Calculated
WetCT
1.8746
(1.67 1-DCode)
1.239
2.5345
5.8867

Value
DryCT
1.886

SAR Value
1.70

1.236
2.5345
5.909

1.25
2.65
5.6325

The TRIGA MARK II research reactor was modeled in full three-dimensional details to minimize the
number of approximations in the deterministic codes mostly used in the analysis. The MCNP model
was set up to duplicate the start-up conditions of the reactor with fresh fuel, fully withdrawn control
rods, no fission products and ambient temperature of 300°K. The MCNP results are also shown in
Table 5.

Table 5. Comparison of various core multiplication factors at different conditions.
Method

Factor, ktfr

Experimental
MCNP4B2 (ENDF/B-VT)
MCNP4B2 (JENDL3.2)
CITATION

c

Core Multiplication
1.077459
1.076200
1.078920
1.065089

Difference = [ 1 - — ] x 100

—
0.117
-0.136
1.148

The testing of the PARET model calculations has been accomplished through benchmarking the
available TRIGA operational data and the SAR values. For the steady state analysis the hot channel
and an average channel were considered to obtain the most important safety margins. The required
parameters for the hot and average channel were interfaced from the CITATION output. The axial
distribution of temperatures of fuel centre line, fuel surface, clad outer surface and coolant were
calculated. It may be mentioned that 21 axial nodes were considered for determining the axial profile
of the temperatures. It was observed that the peak value for the fuel centre line temperature in the hot
channel calculated by PARET is 804.35 ° C which is higher than the SAR value of 725 ° C calculated
by the code TIGER. This difference in the results may be attributed to variations in the values of the
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power peaking factors and fuel temperature reactivity coefficients used in our calculations and in
SAR. The associated uncertainties in the thermal conductivity of fuel also might have contributed to
this difference. Considering all these factors, this difference of 79.35 ° C in the peak value can be
considered reasonable. It may be mentioned that our calculated peak fuel temperature is below the
limiting value of 950 ° C at which there is no risk of fuel deformation. It is observed from our
calculation that the bulk coolant temperature from inlet to outlet increases by 6.94 ° C and 4.08 ° C
respectively in the hot and average channel. The SAR value for the increase of bulk coolant
temperature in the average channel is 4.3 ° C which is in good agreement with predicted value of
PARET. Based on the above study a reconfiguration of the current core has been projected with two
additional irradiation channels. Almost identical thermal fluxes are obtained in these two new
irradiation channels proposed in the projected reconfigured core. The reconfigured core also shows
7.25% thermal flux increase in the Lazy Susan.
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Abstract
RSG-GAS is a multipurpose research reactor with nominal power of 30 MW,
operated by BATAN since 1987. The reactor is an open pool type, cooled and
moderated with light water, using the LEU-MTR fuel element in the form of U3O8-A1
dispersion. Up to know, the reactor have been operated around 30,000 hours to serve the
user. The reactor have been utilized to produce radioisotope, neutron beam experiments,
irradiation of fuel element and its structural material, and reactor physics experiments.
This report will explain in further detail concerning operational experience of this
reactor, i.e. reactor operation data, reactor utilization, research program, technical
problems and it solutions, plant modification and improvement, and development plan to
enhance better reactor operation performance and its utilization.
Introduction
The RSG-GAS reactor is a pool type research reactor, which is operated at a
power level of 30 MW using LEU MTR-type fuel, with average thermal neutron flux is
about 2 x 1014 n/cm2 s. The reactor core is placed at the bottom of the reactor pool,
around 12.5-m below surface of the pool water. This core consists of 40 Fuel Elements
(FE), 8 Control Elements (CE), and several irradiation holes and is surrounded by
beryllium elements and blocks as a reflector see Figure 1.
The fuel plate consists of 0.54-mm thick fuel meat and wrapped with 0.38 mm
AlMg2 cladding. The overall dimension of fuel meat is 0.54 mm x 600.0 mm x 62.75
mm, while the whole fuel plate is 1.30 mm x 625.5 mm x 70.75 mm for the 19 inner
plates, and 1.30 mm x 693.5 mm x 70.75 mm for the outer plates. The fuel meat contains
uranium with an enrichment of 19.75 weight % 235U in the form of U,O8-A1 dispersion.
The gap between two fuel plates is 2.55 mm.
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Figure 1. The RSG-GAS core configuration

The core is cooled with a downward forced flow and mixed in the lower plenum
of the core. Two natural circulation flaps are installed in the plenum. The flaps are
designed to open by gravity force when the coolant flow rate reaches below a certain
value.
The reactor was commenced to the formally operational status since August 1987
when President of the Republic of Indonesia inaugurated it. Since then reactor
commissioning period was started until the Typical Working Core (TWC), consists of 40
fuel elements and 8 control elements, was achieved. Six cycles of the reactor core
changement were required before the TWC was achieved.
Using the TWC
configuration, the reactor can be operated at nominal power 30 MW for 25 days
continuous operation (750 MWD).
Reactor Operation
Since last 1995, the RSG-GAS reactor has been operated around 4000 - 5000
hours/year. This reactor operation program is still being kept within next few years from
now on. Data on the RSG-GAS reactor operation since 1987 is depicted in Figure 2. Up
to beginning of 1997, operation mode of this reactor was fixed to 5 days continuous
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Figure 2 : Yearly Operation of the RSG-GAS

operation at 22 - 25 MW then followed with 2 days shut-down, and it last until reactor
core needed to be resufled. In one year, 5 - 6 core resufling was scheduled. During
resufling of the reactor core, maintenance activities of the reactor systems were
performed. Since fiscal year 1997/1998, operation mode of this reactor was changed
became 12 days continuous operation at 15 MW then followed with 9 days shut-down
period. In one year, only 4-core reshuffling were planned. Using this operation mode,
around 4000 hour's reactor operation/year would be achieved.
Voltage instabilities of the electrical power grid in Serpong Area were considered
as the main cause of un-planned scram during reactor operation. Voltage drop within
few hundreds mili-second will induce protection system of the pumps (primary and
secondary cooling system) got in function, and finally it will induce reactor scram due to
low flow-rate or over heating of the coolant of the primary cooling system. Some efforts
have been spent to modify protection system of the secondary pumps to reduce frequency
of the un-planned scram.
Reactor Utilization
The RSG-GAS reactor was planned to be used as the main facility to perform
Research and Development on nuclear industry located at Serpong Nuclear Research
Center. This reactor was equipped with irradiation facility as well as equipment for other
experiments such as neutron beam facilities, power ramp test, loops, etc. Table 1 shows
major irradiation and experimental equipments installed on the RSG-GAS reactor.
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Table 2. Major Irradiation and Experimental Facilities on the RSG-GAS Reactor
No.
1.

Facility

Utilization

Remark

In core & reflector irradiation facility
- 4 IP (Irradiation Position)
- 1 CIP (Central Irradiation Position)

- MTR-loop, irradiation rigs
- PWR/PHWR in-pile loop
radioisotope production

-

up to now is used
mainly for radioisotope production

reflector position

2.

Pneumatic/hydraulic transfer system

- short-time irradiation/ NAA

Available

3.

Power Ramp Test Facility

- PWR fuel element

Available

4.

Neutron Radiography

- Wet N.R for radioactive
material
- Dry N.R for mat. research

5.

Silicon Doping Facility

- Semiconductor production

6.

Beam-tubes, 4 radial and 2 tangential

- neutron beam experimental,

1 beam-tube is still

radio-isotope production, etc

free/unused.

Ca. 500 kg/year

For the time being, this reactor mainly used for radioisotope production and neutron
beam experiments (HRPD, SANS, HR SANS, etc.) for R & D on material science.
Other activities were done using this reactor, i.e. irradiation and testing of the high
density silicide fuel for research reactor, NAA for particulate matter in the air borne
sample for air polution detection, development of the LEU for the FPM target, etc.
Several irradiation and experimental facilities were not yet fully utilized since the user
was not fixed and also due to postponement of the nuclear power program in Indonesia.
Research Program
Research activities related to the improvement of the reactor operation and its
utilization as well as enhancement of the reactor safety performance was carried out.
Among other can be described as follows:
1. Development of the LEU for fission product molybdenum target. This program is a
part of the RERTR as a joint research between BAT AN and US-DOE/ANL schedule
up to 2000.
2. Development of the reactor physics and thermal-hydraulics computer code to get
better performance of the reactor core, and also for improvement of the fuel
management. Measurements were performed in order to verify calculation resulting
from these codes.
3. Probabilistic Safety Assessment of the RSG-GAS reactor has been finalized last
1996. Some efforts still being spent to gather better reliability data of the reactor
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system and components. This data are useful for other reactor operator because most
of the reactor components are commonly used in the other reactor elsewhere.
4. Improvement of the Safety Analysis Report in order to comply with recommendation
of the IAEA's Safety Mission.
Technical problems and solution
Several technical problems related to the reactor operation have been faced and it
should be solved, among others:
1. Warm layer system
In order to reduce radiation exposure from surface water of the reactor pool, a warm
layer system should be installed. The warm layer system was designed to keep water
temperature in the upper part of the reactor pool 10 °K higher than the average water
temperature. During several years at the beginning of reactor operation, the warm
layer can not be kept due to turbulence flow of the primary cooling system in the
reactor pool.
Early 1993, the reactor supplier installed pre-fabricated "turbulence limiters".
Extended verification tests confirmed that these additional measures have provided
the desired stability of the warm water layer under all steady-state operation
condition. Subsequent power operation at 30 MW proved that the stable warm water
layer reduces the dose rate at the pool surface by factor more than 10.
2. Instability of the electrical power supply
Instability of the electrical voltage in the Serpong Area sometime occurs, especially
during rainy session. With the help of JAERI, modification on the protection system
of the secondary cooling pumps has done. This effort have succesfully resulted
better performance of the secondary cooling system against instability of the power
supply. Finally it can reduce number of the un-schedule scram.
3. Reactor aging, Obsolescence of the spare parts
Since the reactor has been operated more than 10 years, several systems and
components became degraded on their performance.
Especially for the
microprocessor-based instrumentation and control system, such as Programable
Logic Controller, process computer, etc. Rapid progress on the development of the
microprocessor technology, some spare-parts of the I & C system became obsolete
faster than what previously expected during design period of this reactor.
To overcome those problems, periodic predictive maintenance and also corrective
maintenance are needed to be improved. Modification on the system are needed to
comply with available component and spare-parts.
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Plant modification and improvement
The RSG-GAS reactor was build by reactor supplier base on turnkey project.
Experimental equipments were not included in the reactor supplier responsibility. In
order to support R & D activities in the Serpong Research Center and also to enhance
reactor utilization, several experimental equipments and also additional systems were
installed in this reactor.
1. Installation of the experimental equipment
Several experimental equipments were installed at the reactor, such as: PWR/PHWR
in-pile loop, MTR loop, neutron guide tube, and neutron beam experimental
facilities. Since that equipment was supplied by different vendor and installation
were done in difference time period; this installation activities have disturbed reactor
operation schedule.
2. Installation of fuel-failure detection system
The RSG-GAS reactor has been equipped with water y-monitoring system in the
outlet of the primary cooling system, just after passing through the reactor core. In
order to improve detection level in case of fuel failure occurs, a Fuel Failure
Detection System granted by JAERI has been installed on this reactor. This system
was based on the delayed neutron counting technique using 2 - 4 3He detectors.
3. Installation of the surveillance system
In order to improve safeguard of the special nuclear material in this reactor, under
frame work of IAEA cooperation, two difference surveillance systems have been
installed, i.e. EMOSS and THRPM/THPM. The EMOSS (Euratom Multi-camera
Optical Surveillance System) is a security system (watchdog) made by Hymatome,
France, and it is widespread to be used in banks, air terminals, gallery, museum, etc.
The THRPM/THPM (Thermal Hydraulics Reactor Power Monitor/Thermal
Hydraulics Power Monitor) is a surveillance system, which is able to measure flow,
inlet as well as outlet temperature of primary coolant and hence estimating a reactor
power produce by RSG-GAS reactor.
In the near future, under framework of Australian Safeguard Office (ASO) - BAT AN
cooperation, the other surveillance namely SENSEI-3D system will be installed at the
spent fuel storage pool. The SENSEI-3D is a watchdog system based on image
processing technique. This system is developed by the company 3DIS Pty, Ltd.,
Australia.
4. Modification of the process computer system
After being used for 10 years, the process computer system are broken down and
getting obsolete to be repaired. This process computer is a workstation type
computer dedicated for data logging and acquisition of all reactor parameters. Since
computer hardware technology now is in the advance status, the computer process
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system has been modified using PC base to accommodate all requirement and
function of the previous system.
Development plan to enhance better reactor operation and utilization
Some activities being initiated in order to enhance reactor safety and also to
enhance reactor utilization to reach better efficiency of this reactor. Core conversion
from oxide to silicide fuel with higher uranium loading was planned since few years ago
and it will be executed soon. Using silicide fuel, better core performance will be
achieved in the viewpoint of safety as well as economically.
It should be noted that in the last two year, Indonesia facing to the economical
crisis. One impact to the reactor operator is capability to provide enough fuel elements
to support reactor operation at nominal power is decreased. The other impact is R & D
to support nuclear power program is slightly slowed-down, that means utilization of this
reactor to perform irradiation of fuel element and material for nuclear power will be
delayed. Due to these reasons, reactor power is reduced to 15 MW instead of previously
22 - 25 MW.
To get better core performance in term of neutron flux available at the lower power level,
design of compact core now is being sought. Neutronic calculation now is underway to
optimize new core configuration and also to support licensing process. Other advantage
of using new compact core is performance of the instrumentation and control system for
neutron flux measurement and safety measures became much better than previously.
The RSG-GAS has a thermalhydraulics design capacity for 30 MW operation
level, and it is consisting of 2 loops of primary and secondary cooling system. Due to the
fact that reactor is operating at 15 MW, it is planned to operate reactor using only half of
cooling capacity. If it is done in that way, reduction on consumable as well as spare parts
can be achieved. Preparation to get operation permit on that operation mode now is
underway, thermal-hydraulics analysis is still being done and it is expected will be
finalized soon.
Conclusion
1. Commissioning period of the RSG-GAS reactor until the nominal power is reached
takes around 6 years. This was occurred due to commissioning method, some
technical problem and also installation of experimental equipments.
2. Some technical problem have been faced during operation of this reactor, however
target of reactor operation at 4000 - 5000 hours/year can be achieved within last four
year. Reactor have been utilized to produce radioisotopes, NAA, neutron beam
experiments, etc.
3. Since the last two year, reactor has been operated at 15 MW as an impact of economy
crisis occurs in Indonesia. To improve core performance, a compact core
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configuration is prepared, and it will be combined with operation with half of the
thermal cooling capacity.
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Present Status and Future Perspective of Research and Test Reactors in JAERI
Osamu BAB A*1 and Keisuke KAIEDA*2
*' Department of JMTR
E-mail: O-baba@oarai.jaeri.go.jp
*2 Department of Research Reactor
E-mail: kaieda@hems.jaeri.go.jp
Japan Atomic Energy Research Institute
Abstract
Since 1957, Japan Atomic Energy Research Institute (JAERI) has constructed several research
and test reactors to fulfil a major role in the study of nuclear energy and fundamental research. At
present, four reactors, the Japan Research Reactor No. 3 and No. 4 (JRR-3M and JRR-4 respectively),
the Japan Materials Testing Reactor (JMTR) and the Nuclear Safety Research Reactor (NSRR), are in
operation, and a new High Temperature Engineering Test Reactor (HTTR) has reached first criticality
and is waiting for the power-up test. This paper introduce these reactors and describes their present
operational status. The recent tendency of utilization and future perspectives are also reported.

1. Introduction
In 1957, JAERI was established as a central research organization with a purpose of
contributing to atomic energy research, development and utilization, in implementation of the
Japanese national program. Four research reactors, JRR-1, JRR-2, JRR-3 and JRR-4, one material
testing reactor, JMTR, and one pulse reactor were successively constructed in Tokai and Oarai
Research Establishment. And the HTTR is going to be powered up as the final stage of its construction
at Oarai Research Establishment.
At present, the JRR-1 is preserved as the Monumental Hall after the successful achievement of
expected objectives. The JRR-2 was shut down permanently in December, 1996 and then its
decommissioning project has been started in August, 1997. The JRR-3, which is the first domestic
research reactor, has been upgraded as JRR-3M for high performance and flexible utilization. In July
1998, the JRR-4 reached the criticality with low-enriched Uranium (LEU) fuel elements under the
RERTR program after some modification of reactor facilities. The JMTR is being operated regularly
serving as an irradiation bed after two times of fuel conversion from high-enriched Uranium (HEU) to
medium-enriched Uranium (MEU) (45% enriched) and from MEU to LEU. The NSRR is also in
service for the study of the fuel behavior under reactivity initiated accident condition. The HTTR
achieved the first criticality with minimum core in November 1998 and all of the fuel elements have
been loaded in the core in December. Major specifications of these reactors are shown in Table 1.
Table 1 Research and Test Reactors in JAERI
Name
JRR-2
JRR-3
JRR-3M
JRR-4

Type
CP-5
TANK
POOL
POOL

Coolant
D20
D2O
H20
H2O

uo 2

(1.5%)

Max. Power
10 MW
10 MW
10 MW
10 MW

U-A1X-A1

(20 %)

20 MW

Fuel
U-Al
MNU

U-Al
U3Si2-Al

(93 %)
(20 %)
(93 %)
(45 %)
(20 %)

NSRR

TRIGA

H2O

U-Al
U-A1.-A1
U.Si.-Al
U-ZrH

HTTR

GCR

He gas

U0 2

JMTR

MTR

H20

(93%)
(45 %)

3.5 MW

Max. Neutron Flux
Thermal
Fast
2.0* 10' 4

6.0*1013

3.0*1014

2.0* 1014

1990.03

3.5*10"
7.0*1013

13

1965.01

50 MW
10 MW
50 MW
4.0* 1014
300 kW
1.3*1O12
23,000 MW (pulse)
30 MW
(~ 6 %)
-10 1 3
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Start-up
1960. 10
1987.11
1962.09

8.7*10
1.2*1O13

4.0*10 14
4.0* 10' 2

1968.03
1986.08
1993.11
1975.06

~10 13

1998.11
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2. JRR-2
The JRR-2 is a heavy water moderated and cooled tank type reactor with maximum thermal
power of 10MW and has been operated since 1960. The main purpose of utilization were neutron
scattering experiments, irradiation tests of nuclear fuels and materials, radio-isotope (RI) production,
activation analysis and others. A facility for the Boron Neutron Capture Therapy (BNCT) was
installed in 1990 and to the present 33 patients who suffered by malignant brain tumors have been
successfully treated in the facility.
After 35 years operation, the JRR-2 was permanently shut down in December 1996 and the
JRR-2 decommissioning project has been started in August 1997. The decommissioning program is
devided into 4 major phases, i.e. reactor shut down activities, reactor safe storage, removal of cooling
system and removal of reactor body (Fig.l). The program is being carried out in 11 years from 1997 to
2007. The reactor building will be used for the hot laboratory experiments after completing all
decommissioning activities.
The phase-1 of the decommissioning started on August 25, 1997 and finished in March 1998.
Major tasks in phase-1 were removal of control rod drive mechanisms and draining of coolant. The
heavy water coolant up to 15m3 drained from the reactor core and primary cooling system was safely
stored in the heavy water tanks.
The phase-2 is scheduled from mid 1998 to the end of 1999. Removal of the secondary cooling
system and estimation of radioactive inventory will be also carried out in this phase. The primary
cooling system will be isolated by removing the expansion-joint between reactor core tank and cooling
system and by closing the opening parts.
The phase-3 is planned for 4 years from 2000. The major tasks of this phase are removal of all
facilities in the reactor building such as the primary cooling system, thermal shield cooling system,
reactor control system, spent fuel handling and storage facilities, except for the reactor body.
The phase-4 is scheduled for 4 years from 2004. The reactor body will be removed by one piece
as applied in the remodeling of the JRR-3. The reactor storage facility will be newly constructed in the
site of the JRR-2 after the permission of regulatory authority.

Phase 1: Permanent Shutdown and
Draining of Coolant

Phase 2: Isolation of Cooling System
and Reactor Confinement

Phase 3: Decontamination and
Removal of Cooling System

Phase 4: Removal of Reactor

Fig. 1 Conceptual Presentation of JRR-2 Decommissioning
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3. JRR-3M
In order to meet recent requirements for reactor utilization, the JAERI has decided to modify the
JRR-3 and its remodeling to JRR-3M started in 1985. The JRR-3M attained the first criticality in
March 1990 and started full power operation in November of the same year. The JRR-3M is one of the
reactors with the highest flexibility of utilization in the world.
The JRR-3M is a light water moderated and cooled swimming pool type reactor with beryllium
and heavy water reflector with the maximum thermal output of 20MW. Fuel elements are U-Alx
dispersed MTR type with the enrichment of about 20%.
The JRR-3M is operated with seven or eight operation cycles a year. Its operation cycle is
basically consisted of four weeks of rated power operation and one week of shut down for refueling,
irradiation capsule handling and maintenance works. The JRR-3M has been operated 58 cycles in total,
and the integrated thermal power of 26,546MWd was attained by the end of 1998.
The reactor core consists of 26 standard fuel elements and 6 control elements. Each control
element has a box-shape hafnium neutron absorber and a fuel element follower. The core is divided
into five sectors for refueling. Five or six standard fuel elements are refueled after each operation
cycle. The average and maximum burn-ups are about 32% and about 47%, respectively.
Utilization facilities consist of eighteen vertical irradiation holes in fuel and reflector regions
and nine horizontal beam tubes installed tangentially to the core.
The irradiation holes are being utilized for fuel/material irradiation tests, RI production, silicon
doping, activation analysis and others. One of the vertical irradiation holes in the heavy water reflector
tank is used for a cold neutron source (CNS) facility, in which liquid hydrogen of 20K is installed as
moderator.
Two horizontal beam tubes lead thermal or cold neutron beams to neutron beam experimental
instruments in the beam hall as shown in Fig.2. The beam tube for thermal neutron is divided into two
tubes and the one for cold neutron is divided into three tubes to make possible various utilization. The
CNS and the neutron guide tubes are providing great advantages to the neutron beam experiments
such as neutron scattering experiments, neutron radiography, neutron-induced prompt gamma-ray
analysis (PGA) and others.
The PGA facility was constructed as a new experimental equipment in the JRR-3M to analyze
special elements that cannot be measured by an ordinary neutron activation analysis.
The CNS facility has been operated without exchanging a moderator cell for seven years since
1990. The moderator cell has a thin wall container of 0.8mm thickness made of austenitic stainless
steel. The fast neutron fluence of the moderator cell is estimated to reach 2.0x 1020 n/cm2 by the latter
half in 1998. The cell was replaced by the new one with the same specification in consideration of the
neutron radiation damage from January to March 1999.
Use of a super-mirror guide tube instead of a nickel guide tube can increase neutron flux and
transmit shorter wavelength neutrons through the guide. This performance promise to open new
possibilities for neutron scattering and/or absorption experiments. The JAERI has developed the
super-mirror successfully. At the JRR-3M, a replacing program is progressing to obtain higher neutron
flux and shorter wavelength neutrons. According to the program, the total length of one thermal
neutron guide is 57m including curved section with a length of 36m. the radius of curvature is 3,340m,
and Its characteristic wavelength is 2A.
The following new instruments are being developed to meet the current requirements for
neutron beam experiments.
• Neutron Laue-Diffractometer for Crystallography in Biology
• Reflectometer
• Four- Circle Diffractometer
• Multiple Extreme Conditions system
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Experimental Building

Reactor Building

Fig. 2 JRR-3M Beam Experimental Facilities
4.JRR-4
The JRR-4 is a light water moderated and cooled swimming-pool type reactor which was
constructed originally for the purpose of shielding experiments on nuclear ship and has been operated
and utilized since 1965. The JRR-4 was operated at the thermal power of 2.5MW in early stage, and
power was increased to 3.5MW since 1976. Until January 1996, the JRR-4 has been successfully
operated for 31 years with the high-enriched fuel elements. The total operation time and thermal
power are 29,378 hours and 2,404MWd
respectively.
Due to the U.S. non-proliferation policy in
I-1 M
1977, the conversion program to the low-enriched
fuel core started in 1996. Key points of the
conversion were,
(1) Core configuration should be kept,
(2) Shape and main dimension of the fuel
i Pool
elements should be kept,
(3) Utilization facilities are to be upgraded,
(4) Higher safety standards than original ones are
to be applied.
According to these key policies, the safety system,
reactor cooling system, instrumentation and
limitation Pipe for
control system were renewed and the reactor
1-arge-size Sample
9.4m
building was reinforced to endure for bigger
ilrtil Rod
earthquakes. The following
experimental
facilities were newly installed and/or improved
(Fig.3).
• An equipment for "Boron Neutron Capture
Therapy (BNCT )" making use of thermal and
epithermal neutrons.
• Activation analyzer for short-lived nuclides
• Prompt gamma-ray analyzer (PGA) system
using the super-mirror neutron guide tube
• Large sample irradiation equipment which
enables an irradiation test up to 15cm in
sample diameter.
Fig. 3 New experimental facilities in JRR-4
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5. JMTR
The JMTR is a light water cooled and moderated tank type material testing reactor with
maximum thermal power of 50MW. Since 1971, it has been operated and utilized as the most flexible
irradiation test bed with the highest thermal fast neutron fluxes in Japan. It has been used for
irradiation tests on fuels/materials for LWR, FBR, ATR, HTGR and fusion reactors, fundamental
research and RI production.
The reactor core which is installed inside of the reactor pressure vessel consists of twenty two
standard fuel elements, five control rods and many reflectors of beryllium and aluminum as shown in
Fig.4. The control rod consists of box shape hafnium absorber and follower element of fuel. Fuel
elements and fuel followers are the MTR type with the enrichment of 20% at present which was
originally 93% and reduced to 45% in 1986 and reduced again to 20% in 1994 without significant
change in irradiation performance.
The JMTR is operated normally five cycles a year with a continuous full power operation for
four weeks in each cycle. It has been operated 126 cycles and the integrated operational power reached
about 121,332.5MWd was attained by the end of February 1999.
A lot of irradiation facilities are installed in the JMTR core as follows; about one hundred
capsule irradiation holes, one shroud facility (OSF-1), two hydraulic rabbit irradiation facilities.
Various kind of irradiation capsules are provided to meet the requirement of researchers such as,
• constant temperature control capsule which can keep specimens at desired temperature not
only during nominal power but also power up and power down period.
• creep capsule which can load and control tensile or compression load to the specimen at
required temperature,
• spectrum controlled capsule which can adjust neutron energy spectrum,
• gas-sweep capsule in which a carrier gas flows to recover gas element produced by neutron
irradiation, and so on.
Utilizing OSF-1, power ramp tests on high burn-up fuel elements of power reactors have been
carried out under rapid power changes in BWR coolant condition. It is expected in the future to make
another power ramp experiments on high burn up MOX fuels using the similar facility as OSF-1. A
gas-sweep capsule is scheduled to be applied in the irradiation test on blanket of fusion reactors. A
series of irradiation tests on irradiation-assisted stress corrosion cracking (IASCC) is expected under
the high temperature and pressure water condition of LWR. A new technology on the measurement of
crack growth under the high temperature and pressure conditions is needed for this experiment.

oOOO

Hydraulic Rabbit
Facilities

Oaral Shroud Facility

Standard Fuel

m

Beryllium Reflector

Control Rod with Fuel Follower D

Ahihium Reflector

Gamma Ray Shield Plate

Hydraulic Rabbit Facilioty
Oaral Shroud Facility

Fig. 4 JMTR Core Arrangement
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6. HSRR
The NSRR is a modified TRIGA-ACPR
(Annular Core Pulse Reactor) which was built
to investigate the reactor fuel behavior under
reactivity initiated accident (RIA) conditions.
The general view of the reactor core is shown
in Fig.5. The core consists of 149 TRIGA-type
driver fuel rods and 1 Icontrol rods, including 3
transient rods which play a main role to make
pulse shape operation. These transient rods are
instantaneously withdrawn by compressed air,
and a large amount of positive reactivity up to
4.7$ can be inserted into the core within a few
milli-second.
The NSRR can be operated in steady
power mode up to 300kW as well as in pulse
power mode. By the maximum single pulse
operation, the peak reactor power of
23000MW and the integrated pulse power of
130MW*sec are able to be attained. Up to now,
over 2400 times of pulse operation have been
carried out and about 1000 irradiation tests in
pulse mode have been done for the light water
power reactor (LWR) fuels. The results of
these experiments are widely utilized for
establishing the Japanese regulatory guide for
LWR's.

Hold-down device

Neutron
radiography
room

Fig. 5 Cut-view of NSRR

7.HTTR
The HTTR is a graphite moderated gascooled high-temperature test reactor with
maximum thermal power of 30MW and outlet
coolant temperature of 950°C. After a long
period of R&D works over 20 years,
construction of the HTTR started in 1991 in
order to establish and upgrade HTGR
technology and make an innovative basic
research in high temperature engineering. The
construction works were completed in 1997
and fuel loading started in 1998 after
functional tests. The first criticality was
achieved on 11 November 1998.
The active core of the HTTR, 2.9m in
height and 2.3m in diameter, consists of thirty
fuel columns and seven control-rod-guide
columns and is surrounded by replaceable
reflector columns and irradiation test columns
(Fig.6). A fuel assembly consists of thirtythree fuel rods in trigonal lattice and a
hexagonal prismatic graphite block. TRISO
coated fuel particles with UO2 kernel, about
6wt % in average enrichment and 600^im in
diameter, are used in fuel rods. Helium gas is
used as a coolant in primary and secondary

Control
Eod

Reactor
Pressure

Vessel

Block;

BotDuct
rz) Coolant )P3ow

Fig. 6 Cross Sectional View of HTTR
Reactor Pressure Vessel
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cooling systems.
The power-up test will be performed in 1999, and the full power operation is expected to be
attained in the year of 2000.
8. Conclusion
At present, the JRR-3,-4, JMTR, NSRR are in operation, the HTTR has reached first criticality
and JRR-2 is in decommissioning. Research and test reactors of JAERI have been contributing to the
basic researches and engineering R&D in nuclear energy. These reactors will play an important role
also in the next century as present. The new reactor, HTTR, is expected to develop and extend a wide
application of nuclear energy in the 21st century.
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Current Status of Nuclear Research
Reactor Management and Utilization Program in Thailand
Dr. M. ARAMRATTANA * ! and Y. BUSAMONGKOL *2
*1 Deputy Secretary General
*2 Reactor Operation Division
Office of Atomic Energy for Peace, Chatuchak, Bangkok 10900 Thailand

ABSTRACT
The TRR1/M1 is the first research reactor and has been in operational for more than 20 years.
During the three decades of research reactor operation in Thailand the utilization of research reactor have
been broadened in different fields such as agriculture, medicine and industry. Limitation on utilization of
the existing reactor in various fields has led to establishing of a new nuclear research center, Ongkharak
Nuclear Research Center (ONRC). The ONRC comprises three major facilities, namely Reactor Island,
Isotope Production Facility and Waste Processing and Storage Facility. The reactor itself is a 10 MW
TRIGA-type fuels, moderated and cooled by light water with beryllium and heavy water as the
reflectors. It is a multi-purpose reactor consisting of different facilities inside and around the core for
radioisotope production, medical and industrial uses; and for beam experiments such as High Resolution
Powder Diffractometry (HRPD), Neutron Radiography (NR), Prompt Gamma Neutron Activation
Analysis (PGNAA), and Boron Neutron Capture Therapy (BNCT). The center is expected to be
operational by year 2001.
1. INTRODUCTION
The Thai Research Reactor 1 Modification 1. (TRR 1/Ml) is a TRIGA mark III reactor having
been operational since 1977. It is an LEU-fuel core replacing the previous HEU-fuel core and has
extended utilization of research reactor in Thailand since 1962. It is operated by the office of Atomic
Energy for Peace (OAEP). Utilization and research activities of the research reactor is gradually
broadened. During the last two decades the need of radioisotopes for medical use has been increasing
rapidly, but the domestic supply was rather limited. Other research activities using the existing reactor is
also limited due to the power capacity and the old design of experimental facilities. There was pressing
need for extended research utilization beyond the present capacity.
In late 1989, a new nuclear research center was first introduced and later became the Ongkharak
Nuclear Research Center (ONRC) project. This project comprises three main facilities namely Reactor
Island, Isotope Production facility and Waste Processing and Storage facility. There are associated office
building, laboratories and residential quarters for researchers. There are extensive irradiation facilities and
beam experiment facilities to accommodate various needs of scientists of the next century.
2. CURRENT ACTIVITIES
The existing reactor, TRR 1/Mlis being used mainly for neutron activation analysis of various
samples and for radioisotope production. The normal operation of the reactor is about 65 MWD per year
or 40 hours a week at nominal power level of 1.2 MW. It is also used occasionally for colonization of
topaz and neutron radiography. Facilities for other nuclear physics experiments are very much limited. It
is, therefore, hopeful to have a more extensive utilization program of the new center.
-
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3. ONRC PROJECT ACTIVITIES
The project is divided into 2 parts, turnkey and non-turnkey parts. While non-tumkey is
construction of office building and laboratories, the turnkey part is the core of the center comprising a
research reactor facility, a radioisotope production facility and a central waste processing and storage
facility; and they will be designed and constructed by General Atomics company of the United States.
Under the contract, the 10 MW. TRIGA Reactor and its facility is to be supplied by Triga International,
the radioisotope production facility (IPF) is to be supplied by Australian Nuclear Science and Technology
Organization (ANSTO), and the central Waste Processing and Storage Facility (WPSF) is to be supplied
by Hitachi of Japan. The project has the following feature.
3.1 Siting
The Ongkharak Nuclear Research Center (ONRC) located at Ongkharak District, NakhonNayok
Province, about 60 km. northeast of Bangkok. The project area is about 500,000 m (or approximately
126 acres) and comprises a research complex (or technical area) and a supporting area consisting of site
access and landscaping, a visitor's center, general utility systems, and residential area and recreational
parks.
3.2 Reactor Building & structure
The Reactor Building is approximately 25-m wide and 57-m long and consists of the Reactor Hall
in the center and two wings. The Reactor Hall houses the reactor. The Reactor Hall has a clear space that
is about 23-m wide by 23-m long and 26-m high. The west wing contains the offices, the control room,
dark room, waiting room, and fresh fuel storage. The east wing contains the remainder of the reactor
auxiliary equipment.
The centerpiece of the Reactor Island is a multipurpose, pool-type TRIGA reactor having a
steady-state thermal power output rating of 10 MW. The reactor uses low-enriched uranium (LEU) fuel
having a U-235 enrichment of about 19.7 wt. %, is cooled and moderated by light water, and reflected by
heavy water (D2O) and beryllium.
The arrangement of the reactor and auxiliary pools, transfer canal, and isotope transfer hot cell
allows irradiated targets to be transferred entirely underwater from their irradiation locations in the reactor
to the isotope transfer hot cell. The targets are then pneumatically transferred from the hot cell to the IPF
via a tube connecting the Reactor Building and adjacent IPF.
3.3 Core Components
The reactor core configuration, the active core consists of 29 standard fuel- rod clusters, a
modified fuel-rod cluster serving as a fast-neutron irradiation facility, 4 control rods, and an in-core Ir-192
production facility, all of which are arranged in an approximately square array. The active core is
reflected on two sides by twenty-seven beryllium reflector blocks and on the other two sides by a D,0
reflector blanket. Twenty-three of the beryllium reflector blocks have a central hole to accommodate
irradiation experiments; the other four are solid beryllium. A position for an equipment rig for conducting
irradiation damage experiments is also located in the reflector area. There are three rapid pneumatic
transfer (i.e., "rabbit") systems for transfer of very short-lived radioisotopes from the reactor core to
receiving stations located in the Counting Room in the west wing
The 63 core components are installed in a square grid plate having 81 grid positions in a 9 by
array. The 18 remaining grid positions filled with solid aluminum blocks to displace water in this area.
There are four vertical irradiation sites situated in the D2O reflector tank. Three are for neutron
transmutation silicon doping; the fourth is a spare irradiation facility available for currently undefined use.
(fig 4.1)
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Fig. 4.1 ONRC Reactor Core Configuration & Typical Neutron Fluxes
3.4 Cooling System
The Primary Coolant System removes the heat generated in the core by forced convection cooling
during normal reactor operation, or by natural convection cooling with reactor pool water when the reactor
and primary coolant pumps are shut down. An important feature is that core decay heat removal passively
and safely changes from forced convection to natural convection with reactor pool water if forced
convection cooling is terminated (causing the reactor to scram).
The Primary Coolant System consists of the primary cooling loop, two primary coolant pumps,
valves, a heat exchanger, and a delay tank with sufficient capacity for N-16 decay. One pump circulates
the coolant water through the system. A second pump of equal capacity is available as a backup in case
the first pump fails or needs to be shut down for maintenance.
3.5 Emergency Core Cooling System
The reactor design includes an Emergency Core Cooling System (ECCS) designed to ensure that
the core remains covered with a sufficient volume of water to maintain adequate core decay heat removal
in the event of a loss-of-coolant accident (LOCA). The ECCS delivers water from the primary coolant
system delay tank to the reactor structure via the primary coolant outlet pipe as needed to replace the water
lost to evaporation. The water is delivered by two parallel-connected, battery-powered pumps, either of
which operating by itself has sufficient capacity to deliver the required flow. The ECCS is triggered by a
signal from the reactor pool low-low water level SCRAM circuit.
3.6 Instrumentation & Control
The Reactor Instrumentation and Control (I&C) system includes instrumentation for monitoring
reactor parameters during normal and abnormal operation. It also manages all control rod movements
taking into account the choice of operating mode and interlocks. The Reactor I&C system is a computerbased system, but includes dedicated hardwired displays and controls so that safe operation can continue
should the computer become unavailable.
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3.7 Reactor Protection System
The Reactor Protection System (RPS) initiates a reactor scram in response to abnormal operating
conditions (e.g., high reactor power, high fuel temperature, low coolant flow, coolant flow imbalance, or
reactor pool low-low water level) by interrupting the current to the magnets that connect the control rods
to the control rod drives. This results in immediate insertion of the rods by gravity.
3.8 Ventilation System
The Reactor Island Ventilation and Air Conditioning (VAC) System provides a suitable work environment
for personnel and controls the release of radioactive effluents to the environment. The capacity of the
system is based on providing a minimum of two air exchanges per hour. The ventilation zones and air
distribution patterns are arranged so that leakage of air from one zone to another will be from clean areas
to areas of potentially greater radioactive contamination. A negative pressure of at least 20 Pa is
maintained in the Reactor Hall.
The release of any radioactive materials to the environment is limited by confinement in the
Reactor Hall. The Reactor Hall has two redundant ventilation systems - the normal ventilation system,
and a purge system that exhausts air from the upper part of the Reactor Hall and from directly over the
reactor pool to the ventilation stack through an air cleanup unit including a charcoal absorbed. The normal
ventilation system will shut down in the event of any accident involving a substantial release of radioactive
material.

4. UTILIZATION PLAN & EXPERIMENTAL FACILITIES
4.1 Utilization Plan
The 10 MW. TRIGA multipurpose reactor is dedicated for the R&D in the field of nuclear science
and engineering and production of radioisotopes for domestic supply. The main utilization are following:
(a) To conduct beam experiments: high resolution powder diffractometry (HRPD), small angle
neutron scattering (SANS), neutron radiography, and prompt gamma neutron activation
analysis (PGNAA);
(b)To perform medical therapy of patients through the boron neutron capture therapy (BNCT)
technique;
(c) To produce radioisotopes for medical, industrial, and agricultural uses;
(d) To perform neutron transmutation silicon doping (NTD);
(e) To conduct applied research and technology development in the nuclear field;
(f) To provide general training to master the fundamental principles of the reactor and its
operation; and
(g) To provide training in reactor physics (neutron physics, thermal hydraulics, reactor
experiments, etc.).
4.2 Experimental Facilities
There are different kinds of experimental facilities using in the 10 MW. ONRC TRIGA reactor.
These facilities include 6 neutron beam tubes, 2 in-core irradiation facilities, 19 out-of-core irradiation
facilities, 3 pneumatic transfer system ("rabbit" systems) for neutron activation analysis, 4 neutron
transmutation silicon doping facilities located in the D,0 reflector, and 75-mm diameter edge-of-core fast
neutron irradiation facility (75-mm diameter).
(a) Neutron Beamports
The reactor has six neutron beam tubes. The general layout of the beam tubes is shown in Fig. 4.1
NB1 is a tangential beam tube that is designed to service a high-resolution powder diffractometer
(HRPD). The core end of the port is narrowed to 100 mm in width (but with the full 150-mm height) to
minimize the depression of the otherwise high neutron flux in the D,0.
NB2 is a tangential beam tube for neutron radiography (NR). The port at the core end is reduced
to 100-mm diameter to minimize the flux depression in the D , 0 reflector and to accommodate the
requirements of the NR collimator.
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NB3 is a tangential beam tube for prompt gamma-neutron activation analysis (PGNAA). The core
end of the port is tapered to a 100-mm diameter to maximize the thermal neutron current with the least
depression of the unperturbed high flux.
NB4 is a radial beam port assembly reserved for boron neutron capture therapy (BNCT). To
obtain the high intensity of epithermal neutrons (1-10 keV) required for current BNCT technology.
NB5 is a tangential beam tube intended to supply neutrons for a future Guide Hall. To this end, a
large diameter port is inserted to accommodate a future.
NB6 is a radial beam tube reserved for future use. This beam tube has a 150-mm diameter section
starting at the surface of the bare core. The diameter is stepped up to 200 mm, and then to 250 mm at the
outer end of the beam tube.
(b) In-Core Irradiation Facilities
Two in-core irradiation facilities are planned for the ONRC TRIGA reactor; namely, a centrally
located indium (Ir-192) production facility; and a fast neutron sulfur/P-32 facility (see Fig.4-1)
(c) Out-of-Core Irradiation Facilities
The larger number of out-of-core irradiation sites located in the beryllium reflector blocks ( 15
blocks with 25-mm holes and S blocks with 38-mm holes) will normally be filled with an aluminum bar or
a target assembly. Initially, a limited number ( perhaps 6 to 8) will be used for isotope production.
(d) Pneumatic Transfer System
The experimental facilities include three pneumatic ("rabbit") transfer systems (PN 1, PN 2, and
PN 3) for the production of very short-lived radioisotopes. All three systems have receiving stations
located in the counting room, approximately 20.5 m from the reactor core, and each has a removable
cadmium shield located at the irradiation position.
(e) Neutron Transmutation Doping Facilities
The D20 reflector tank has been designed to provide an extended vertical height of the reflector in
order to minimize the variation in axial flux at the location of the NTD facilities. Three vertical ports
having an internal diameter of 203 mm penetrate completely through the D20 reflector.

5. OPERATION & MANAGEMENT
As previously mentioned, the 10 MW. ONRC TRIGA reactor will serve the R&D program
substituted the existing TRR1/M1. It has the operation capacity 3-weeks continuous operation cycles and
10 cycles per year. The operating staff will be 5 rotating shifts (3 per shift), 5 shifts for cooling system(2
per shift) including maintenance and health physicists personnel. The minimum number of operation staff
is expected to be 36 persons including senior operations and supervisors.

6. CONCLUSION
The Ongkharak Nuclear Research Center is expected to be operational by year 2001. It is to be the
most modern nuclear research and development center in South-East Asia. The future utilization program
for Thai researchers will be much broadened and in depth than the current program. More qualified
researchers will be mobilized and developed for long-term goal. It is also foreseen to incorporate part of
the utilization program into international and regional cooperation in the future.

7. REFERENCES
7.1 Ongkharak Nuclear Research Center Project, September 1995.
7.2 ONRC Preliminary Safety Analysis Report for the 10 MW. ONRC TRIGA Reactor, June
1998.
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Assessment of Benefits of Research Reactors in Less Developed Countries.
A Case Study of the Dalat Reactor in Vietnam
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ABSTRACT
The analysis of data on nuclear research reactor (NRR) and socio-economic
conditions accross countries reveals highly significant relationships of reactor power with
GDP and R&D expenditure. The trends revealed can be used as preliminary guides for
feasibility assessment of investment in a NRR. Concerning reactor performance, i.e. the
number of reactor operation days per year, the covariation with R&D expenditure is most
significant, but moderate, implying that there are other controlling factors, e.g. the
engagement of country in nuclear power development. Thus, the size of the R&D fund is a
most significant indicator to look at in reactor planning. Unfortunately, the lack of adequate
R&D funding is a common and chronic problem in less developed countries.
As NRR is among the biggest R&D investment in less developed countries, adequate
cost benefit assessment is rightfully required. In the case of Vietnam, during 15 years of
operation of a 500 kW NRR 2300 Ci of radioisotopes were delivered and 45,000 samples
were analysed for multielemental compositions. From a pure financial viewpoint these
figures would still be insignificant to justify the investment. However, the impact of the
reactor on the technological development seems not to be a matter of pro and cons. The
status of reactor utilization and lessons learned are presented and discussed.

1. INTRODUCTION
The utilization of nuclear research reactors (NRR) worlwide has been going down
since the late 1970's. During the seventies and eighties, 117 NRRs were commissioned
instead of 155 shut down, mostly in industrialised countries [1]. This trend persisted during
the nineties with a number of facilities closed or suspended, especially in Eastern Europe. In
the developing world, 40 NRRs were operated in 1980, increasing to 60 by 1990, but very
few have been commissioned in the last ten years. NRRs are built and operated only in 25
out of 55 developing countries with populations greater than 10 million. Public attitude on
nuclear technology seems to have been contributing to this declining trend. Thus, the
"golden age" had been over when NRRs used to play a key role in fundamental research on
the structure of matter and in laying the foundation for the development of nuclear power
and nuclear weapons technology. This situation may have an impact in reactor planning, e.g.
whether, and in what conditions, investment in NRRs is still justifiable.
- 61 -

JAERI-Conf

99-006

The question becomes more challenging for countries with low levels of development
(less developed countries) where the lack of adequate budget for R&D and shortage of well
trained manpower are typical factors greatly limiting the effectiveness of the investment in
NRRs. However, it is from these countries new NRRs are expected to be set up as national
income as well as demands for technological development increase in the future. By
achieving some level of development, investment in NRR becomes feasible and impact on
social progress can be expected. This paper intends to reveal worlwide trends of reactor
utilization in relation to socio-economic conditions that may shed some light for the
assessment of reactor utilization in less developed countries. The status of reactor utilization
in Vietnam and lessons learned will be presented as a case study.
2. NRR UTILIZATION AND RELEVANT SOCIO-ECONOMIC INDICATORS
A survey of worldwide NRR information [1] reveals strong variabilities in reactor
utilization accross countries in terms of installed reactor power, number of operating facilities
and operation records. This obviously reflects the diversity in the size and the level of
development of reactor-owned countries [2, 3]. Simple statistical analyses allows us to search
possible relationships between indicators on reactor utilization and relevant socio-economic
conditions. Two reactor indicators are considered, namely the reactor capability and reactor
performance. The reactor capability of a country can be measured using the total installed
power (POWER). To assess the reactor performance, the number of operation days per year
was calculated by dividing the megawatt days produced per year by the megawatts installed
compiled in [1], i.e. the load factor (LOAD) for country having a single reactor. The two
selected indicators are relevant also in cost- benefit assessment. In fact, the cost increases
with the reactor POWER, while the LOAD factor reflects the volume of demands on reactor
operation and hence, the benefit of investment.
Concerning socio-economic indicators the most relevant are gross domestic product
(GDP) and per-capita GDP (pcGDP). Also considered were three other indicators which are
thought to have relationships with the reactor capability and performance, namely the
country's expenditure for research and development (R&D), the educated manpower
resource which can be measured as the number of students at the 3rd level per 100,000
inhabitants (3rd EDUC) and the total commercial energy consumption (ENERGY). The later
was considered to be relevant in view that energy may be among national long term goals of
the nuclear science development programme. The coefficients of correlation between
indicators are calculated in Table 1 using the 1990's statistics [1, 2, 3]. In computing
correlation coefficients all indicators except LOAD were converted to logarithmic scales to
take into account their lognormal distributions.
Some trends of covariation between indicators are shown in Table 1. For example,
the installed reactor power correlates strongly with GDP and R&D expenditure rather than
with three other indicators. In Fig. 1 are plotted the 1990's statistics on total installed reactor
power [1] versus GDP [2] from 45 reactor owned countries. A linear regression relationship
exists that can explain more than two third (R2 = 0.68, <r> = 0.82) of the variance among
countries.
Fig. 1 allows to estimate the minimum GDP level that becomes appropriate for
establishing a NRR in a low income country. Assume that the reactor power should at least
be 1 MW (for radioisotope production becoming feasible and viable), then the GDP level
should not be below approximately 10 billion USD according to the worlwide trend. At
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Table 1 Correlation between socio-economic and NRR indicators

GDP

R&D ENERGY pcGDP 3rd EDUC POWER

GDP
R&D
ENERGY

1.00
0.93
0.86

1.00
0.72

1.00

pcGDP
3rd EDUC

0.63
0.58

0.38
0.42

0.32
0.38

1.00
0.82

1.00

POWER
LOAD

0.82
0.42

0.83
0.50

0.76
0.26

0.43
0.45

0.39
0.21

1.00
0.22
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Fig. 1. Scatter plot of Ln(GDP) and Ln(total installed reactor power). Countries labelled in
italic are not included in the regression as NRRs were set up almost four decades ago.
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present quite a few "non-reactor" countries in the developing world had achieved this GDP
level. Also from Fig. 1 it can be speculated for example that Asian countries such as
Thailand, Malaysia and Australia would have increased their reactor power in compatibility
with their GDP and the worlwide trend.
The LOAD factor is again in correlation with expenditure for R&D (<r> = 0.50) and
GDP (<r> = 0.40). But the correlation is moderate implying that there are other factors
controlling the reactor performanve. In particular, in many countries reactor utilization is
largely linked with the programme on nuclear power (and nuclear weapons) development.
Thus, the feasibility of investment in a NRR in less developed countries can be judged
looking at the GDP level, or even better, the R&D expenditure, as crude socio-economic
criteria.
3. REACTOR UTILIZATION IN VIETNAM. THE DALAT NRR
In 1962 a 250-kW TRIGA MARK II reactor was established at Dalat City, 300 km
north of Saigon (presently Ho chi Minh City), Vietnam. There were very few activities with
that reactor due to the long war during the sixties and early seventies. At last, in spring 1975,
a few days before the end of the war, the core was taken away leaving the reactor idle until
1984, when it was reconstructed and upgraded to 500 kW with Russian technology [4].
The specific features of the reconstructed reactor were a new core of higher U-235
enrichment (36%) installed inside the old Triga graphite reflector and equipped with a<j)7x
58 cm berylium-lined water neutron trap in the central vertical channel (Fig. 3). The whole
core including control channels was suspended from above through a (J)40 x 160 m sucking
tube which has a function to enhance the vertical heat convection through the core. The
rigidly linked infrastructure of the old Triga reactor (tank, graphite reflector, horizontal
channel) remained untouched. Such a "hybrid" reactor was a best option at that time if
considering the high neutron flux (2.1xlOL' n. cm"2 s"1) vs. power (500 kW), as well as the
low cost and short time required for reconstruction compared to the alternative of
construction of a new reactor. However, even at that time the low power (neutron flux) was
regarded as an evident weakness of the reconstruction option in view of increasing demands
for radioisotopes and nuclear techniques in the future.
There were practically no experimental conditions suitable for reactor applications
when the reactor was reconstructed. During 1984-1989, efforts were made to establish
technologies for radioisotope production, neutron activation analysis, exploitation of
horizontal beam tubes, reactor physics, nuclear electronics and dosimetry. The IAEA played
an important role in funding and purchasing most of sophisticated measurement equipment
through its regular technical assistance programme. Local funding was mainly coming from
the governmental R&D expenditure which has gradually increased with the success of the
open market orientation policy in Vietnam, although the figures are still quite low compared
to any standards for a reactor operating centre. Customer demands in radioisotopes and
analytical services have been continually expanding, providing another important funding
source for reactor operation, but again, most of contracts are granted by the budgets for
health care and R&D. On the other hand, the weakness of low reactor power becomes more
evident in view of satisfying both quantity and quality requirements for reactor produtcs. In
fact, by the years 2000 the GDP of Vietnam reaches 25 billion USD, about
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Fig. 2 The core of the Dalat NRR
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threefold the 1984's figure when the reactor was reconstructed. At this GDP level a reactor
power around 3 MW would be appropriate according to the worlwide trend in Fig. 1.

4. NUCLEAR TECHNIQUES DEVELOPED AT THE DALAT NRR
Starting the reactor utilization programme much later than other countries, the most
appropriate approach in our conditions was a creative adaptation of proven nuclear
techniques that are required modest additional investment but also seem to have a good
prospect of customers [5]. The practice shows that the three above requirements are not
always overlapping. Moreover, market demands may change rapidly while manpower
developement is a permanent task and a high priority policy. In view of that the customer
demand criteria can sometimes be relaxed and the techniques were developed almost because
of "learning by doing". The techniques developed and their current status are summarised in
Table 2. Probably almost all techniques suitable for low power reactors were developed with
various degrees of success and sustainability. Only neutron diffraction was not planned in
view of high investment and lack of partners in materials science. Nuclear techniques were
developed through the pathway as follows:
i) acquisition of information and knowledge (e.g. through oversee training, expert
services,...)
ii) imitation;
iii) indigenization including laboratory quality assurance and technology innovation;
iv) products, services or technology transfer to the customers.
In most cases, the lack or inproper quality assurance was the main reason for the
technique not sustainable or even not reaching the customers. And the reason for such a
failure was mainly unadequate investments in R&D and lack of skill or innovative efforts in
technology indigenization.
5. ASSESSMENT OF BENEFITS
During 15 years of reactor operation over 2300 Ci of radioisotopes were delivered
and 45,000 samples were analysed for multielemental compositions. From a pure financial
viewpoint these figures would still be insignificant to justify the investment. However, the
impact of the reactor to the social progress and technological development seems not to be a
matter of pro and cons:
5.1 Nuclear medicine has taken shape with 22 units set up countrywide. In 1984 there were
only 2 nuclear medicine units with 3 rectilinear scanners as the most sophisticated
instruments consuming annually 2 Ci of imported radioisotopes. At present, 7 gamma
cameras, 2 SPECTs and many other instruments are functioning providing 150,000
diagnoses and 1000 treatments annually. Such a substantial progress was nourished by the
domestically produced isotopes which at present share 70% (160 Ci/year) of the domestic
market.
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Table 2 Nuclear techniques developed at the Dalat NRR and their sustainability

No

Technique

Year
establ

Sustainability

In regular use. About 3000-4000 samples/y.
High level of automation expected in 1999
Applied in trace elements analysis for
geochemical and environmental studies
Facilities set-up, but not in routine use.
Lack of reliability
No more customers after 1986, equipment
not in use
Used as complementary to INAA (for B, H,
Gd, Si) with low throughput, <100
samples/y
No customers, further activities to improve
the quality stopped
For nuclear data research [10, 11], neutron
radiography & prompt gamma NAA [12]
Stop, after a trial product, of 13,000 diodes

1

Multielemental INAA [6]

85

2

Radiochemical NAA

87
88

4

Cyclic NAA for short-lived
isotopes
Delayed NAA

5

Prompt gamma NAA [8]

90

6

Neutron radiography [9]

90

7

Filtered neutron beams [10]

90

86

8

Neutron doping of silicon 86
[5]
92 Stop, from radiation protection viewpoint
9 Colouring of gemstones
10 Prod, of radiopharmaceut., 86-90 160 Ci/y, used in 22 hospitals. Substantial
99m
Tc-generators
and
increase required and expected since 1999.
compounds labelled with
Diagnosis: 150,000 patients/y
131 5l
I, Cr,32P... [13,14,15].
Therapy:
10,000 patients/y
99m
11 Kits for labelling with Tc
92 9 kits, -9000 bottles/y
12 Manufacturing of nuclear 91 Supply to 20 nuclear medicine units accross
medicine instruments
the country
I2
13 In-vitro kits labelled with 'I
97 Supply to hospitals expected in 1999
imported
14 Production of Sc & Ir 92 Use in sediment transport studies at harbour
glasses
and
radiotracer
areas [16]. 20 Ci of tracers produced. Scmaterials
glass supplied to Indonesia..
15 Preparation & use of tracers
Used in ground water and dam leakage
92 studies since 1992 [17]
in hydrology
16 Use of radiotracers in
99 Applications started in 1999
secondary oil recovery
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5.2 Advance techniques were able to be developed, e.g. tracer technology applied in
sediment movement mapping, dam leakage investigations and secondary oil recovery
Short-lived radiotracers are used in these experiments taking advantages of locally
produced isotopes. Instrumental neutron activation analysis (INAA) shares a large
amount of demands on trace element analysis (3000 samples/y). Given analytical
capability at hand, the Dalat nuclear research centre has actively engaged in national
environmental management programmes, (see e.g. [7]).
5.3 A number of scientists and technicians were grown up and their skills were gained
through "learning by doing". Notably to mention knowledges acquired through
maintaining the aging reactor with the infrastucture being nearly 40 years old, the
renovation of the reactor control system, the. invention of methods suitable for
radioisotope production for medical uses using low power reactor and the exploitation
of horizontal beam tubes using neutron filters.
5.4 Vietnam may eventually embark on a nuclear power programme in order to get the first
plant operated by the years 2010-2020. The investment made so far to create the DNRR
will be fully justified if its activities will properly matches with the future national
nuclear power programme.
6. THE LOW POWER CONSTRAINT
The low power of the reactor has been a major constraint limiting its practical
applications. While a maximum neutron flux of 2.1 x 1013 n. cm"2.s"' is quite good for NAA
and suitable for producing radiotracers applied in sedimentology, hydrology etc., it is
apparently low for neutron beam experiments and in achieving adequate quantity and quality
of radioisotopes for medical uses.
6.1 Radioisotopes for medical uses
As the nuclear reactor is too far from major cities, the supply of "Mo-99mTc
generators is a unique solution for hospitals using pertechnetate 99mTc in diagnosis without
significant loss of activity. At first, the popular technology based on MEK-extraction of
99mjc from j ^ s p a r e n t "Mo was adapted. But the MEK-extraction generator produced very
low specific activity of 99mTc (below 10 mCi/ml), not suitable for using gamma cameras.
Continuous efforts in research on gel materials and in improvement of generator
performance [13, 15] have resulted in the development of new gel-type chromatographic
generators using TiMo and/or ZrMo as both targets for neutron irradiation and column
packing materials. The performance of the generator (Table 3) satisfies requirements for use
with modern nuclear imaging instruments such as gamma camera and SPECT.
Given the achievement in 99mTc generator technology, the Dalat NRR had succeeded
to secure its role in nuclear medicine in Vietnam. However, the weakness of low reactor
power still remains, especially in satisfying demands in radioisotopes for medical treatment.
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Table 3 The specifications of the Dalat
Weight of zirconium-( ^ l o ) molybdate gel
Total parent nuclide radioactivity
. 99m.
Elution efficiency for yymTc
99m
Concentration of Tc in pertechnetate solution
Elution time
Eluant

99mn
m

Tc generator

20 g (330 mg Mo/g gel)
600 mCi of 99Mo (at delivery)
80%0
50 mCi 99mTc/ml
7 min
0.9% NaCl solution

6.2 Exploitation of neutron beams
Prompt gamma neutron activation analysis (PGNAA) was developed to enhance the
analytical capability of the reactor in terms of elements for which INAA is not suitable. In
encountering difficulties with low thermal neutron flux vs. high gamma and fast neutron
components, single crystal silicon filters were used to produce neutron beams with enhanced
thermal neutrons [8-11] (Table 4). The substantial gain in thermal-to-fast neutrons obtained
with Si-filter allowed to apply PGNAA in many cases as a technique complementary to
INAA. However, the low thermal neutron flux could not make PGNAA becoming viable in
routine use. Counting time for each prompt gamma spectrum usually is not less than 12
hours.
Table 4. Characteristics of the filtered thermal neutron beams at the tangential channel
Filter assemblies
1. No filter
2. 80 mm graphite + 50 mm Pb
3. 80 mm graphite + lOOmmPb
4. No2 + 366 mm Si

§&
n.cm'2 s'1
5.8xl07
1.2xlO7
5.5xl06
3.5xl06

tj> (E>1 MeV)
n. cm'2 s'1
4. 5xlO3
3. 5x104
1.2xlO4
n xlO 1

Rca(Au)
5
12
19.5
77.5

Ig3mma
(R/h)
4
1.8
0.8
0.22

7.PROBLEMS WITH INAA
The Dalat NRR is very suitable for INAA considering its neutron flux, neutron
spectrum characteristics and irradiation capacity (Fig. 2). INAA provides analytical data for
up to 25 -30 elements in 3000 samples/year. To further upgrade the INAA capability,
investments and improvement have been carrying out in three directions, i.e.
i) higher level of automation;
ii) proper QA&QC;
iii) analytical techniques for compositional, not solely elemental characterization.
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These requirements can be best illustrated in air pollution studies in which INAA used
to be applied to provide large data sets of accurate ambient concentrations for the purpose of
pollution sources characterization using receptor modelling techniques [18]. Table 4 shows
characteristics of sources of air particulates less than 2 |j.m collected in downtown Ho Ghi
Minh City [19]. Although INAA is shown robust, some sources revealed by receptor
modelling are deficient of elements-markers making their identification somewhat
unambiguous. Polarography method was applied to incorporate information on Pb, which
used to be a marker of car exhaust. But Pb was found mainly associated with the source No
4 whose nature could not be fully understood due to the lack of other marker elements. Ion
chromatography is currently developed to incorporate information on anions (SO4~, NO:,~,
Cl"...) and cations (NH4 , Na , K ...) which are important markers of air pollution sources
and atmospheric processes.
Table 4 Characteristics of PM-2 sources in downtown Ho Chi Minh City
Source identified

Marker elements found

1. road dust
2. automobile
3. resuspended soil dust
4. Pb-emitting
5. coal burning
6. waste and biomass burning
7. unexplained

Al, Ca, Cr, Cu, Mn, Na, Ti, V
Br, Cl, Zn
Co, Fe, Sc
Pb
As, Se
Sb, K

Impact at
receptor
(ng m-"")
3379 (21%)
2158(11%)
1470 (7.6%)
6371 (33%)
3260(17%)
189(1%)
2577 (13%)

8. CONCLUDING REMARK
NRR is among the biggest R&D investments in less developed countries, hence
adequate cost benefit assessment is rightfully required. For countries like Vietnam, however,
this task is very challenging, as material benefits alone from reactor products (radioisotopes,
analytical services etc.) cannot offset investment in reactor facilities, while the gain in human
and technological development is hard to be measured. The gain will be great if the
indigenization of nuclear techniques are innovative, rather than imitative. That was really an
appropriate approach for overcoming chronic difficulties with fund shortage and for striving
to proper quality assurance for reactor products.
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ABSTRACT
The Advanced Test Reactor (ATR), located at the Idaho National
Engineering and Environmental Laboratory, is the US Department of Energy's
largest and most versatile test reactor. Base programs at ATR are planned well
into the 21 s t century. The ATR and support facilities along with an overview of
current programs will be reviewed, but the main focus of the presentation will be
on the impact that today's economic and regulatory concerns have had on the
operation of this test reactor.
Today's economic and regulatory concerns have demanded more work be
completed at lower cost while increasing the margin of safety. By the beginning
of the 1990s, federal budgets for research generally and particularly for nuclear
research had decreased dramatically. Many national needs continued to require
testing in the ATR; but demanded lower cost, increased efficiency, improved
performance, and an increased margin of safety.
At the same time budgets were decreasing, there was an increase in
regulatory compliance activity. The new standards imposed higher margins of
safety. The new era of greater openness and higher safety standards
complemented research demands to work safer, smarter and more efficiently.
Several changes were made at the ATR to meet the demands of the
sponsors and public. Such changes included some workforce reductions,
securing additional program sponsors, upgrading some facilities, dismantling
other facilities, and implementing new safety programs.
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1. INTRODUCTION
The end of the cold war era brought about significant changes in national
programs. ATR's operating budget was reduced from $62M to $45M in four (4)
years, even though there continued to be a strong need for much of the research
being performed there. This was compounded by the fact that operating the
reactor is a 100% effort, it is not possible to operate just part of the plant. In the
same time period that these significant economic changes occurred, DOE
operations became subject to higher safety standards and an agreement with
the state of Idaho for waste cleanup. The message was clear, do more for less.
Our complex was forced to take a hard look at areas that were less productive
and even financially not justifiable. Maintenance was streamlined and prioritized.
Facility upgrades had to be financially justified and show a return on investment
such that the total costs decreased. Investing in new control systems proved
successful. Modernizing the control system reduced the number of operator's
needed and virtually eliminated unplanned outages due to spurious signals.
DOE provided financial incentives in the operations contract for cost reductions,
operating efficiencies safety, and new program development.
The operating contractor was faced with the challenge to cut costs,
increase efficiency, and improve safety standards all at the same time. Cost
cutting measures included reducing staff through attrition and an early retirement
program. Cost reductions inevitably are demoralizing to employees. Several
new lines of communication were established to explain actions so that changes
could be made with minimal impact to the workforce.

2. NEW SAFETY BASIS
Safety requirements and public expectations have changed significantly
since ATR was first built in the 1960s. Attention to safety has always been a top
priority, but the atmosphere today is one of near zero tolerance for risks at
nuclear facilities. DOE's response to the increased concern for safety was to
require a completely new and upgraded Safety Analysis Report and Technical
Safety Requirements. The TSR/SAR upgrade began in the late 80s and took
many years to complete at a cost of $15M - $20M.
The effort proved to be larger than initially expected. A large team
individuals with diverse backgrounds from all ATR organizations was assembled
and dedicated to the new SAR throughout it's development and implementation.
Personnel included experts from reactor operations, plant engineering,
experiment planning, and reactor safety personnel. Many requirements were
carefully reviewed and updated to today's safety standards. The interactions
among the many requirements were evaluated and often required document
modification to accommodate overlapping concerns.
The new TSR/SAR was approved by DOE in 1996, and implemented in
March 1998. The entire ATR staff was trained on the new SAR prior to
implementation. In order to implement the new SAR, many hundreds of other
documents needed revision. All Experiment Safety Analysis documents were
reissued to show compliance with the new SAR. Standing directives and
maintenance work procedures were revised to assure compliance to the new
-

76 -

JAERI-Conf

99-006

standards. The change was a painful and difficult process, but was completed
without interruption to ATR's operating schedule.
3. BENEFITS FROM THE ATR UFSAR UPGRADE AND IMPLEMENTATION
The primary benefit from the ATR Upgraded Final Safety Analysis Report
(UFSAR) and Technical Specification Requirements (TSR) implementation is the
real risk reduction in the operation of the facility. The risk to the public has
deceased by approximately two orders of magnitude from the standpoint of a
maximum credible accident at the facility. The previous maximum credible
accident for the facility involved a complete core meltdown. Under the new TSR
the maximum credible accident involves only localized fuel damage. The
UFSAR rewrite effort was preceded by a level 3 Probabilistic Risk Assessment
which included a complete facility walkdown and identification of areas where
real risk reduction was possible through increased controls and facility
modifications.
This decrease in risk was achieved by the following modifications to the
facility Safety Limits, and to the Limiting Conditions for Operation (LCO):
•

More restrictive safety limits for the low vessel differential pressure, low inlet
pressure, and lobe power values.

•

Plant Protective System - The LCO for the inlet-pressure subsystem was
revised to increase the minimum inlet and outlet pressures.

•

Inpile tube Draining Limits - The limit on the potential reactivity addition that
results from draining an inpile tube has been reduced.

•

Operation of Emergency Pumps - The emergency procedure to respond to a
loss of flow accident was revised as well as heavy handling operations in the
area over the emergency pumps. Additionally, auto-start capability was
added to the emergency pumps.

•

Power Generation Limits - Additional analysis was performed that now
considers the effective plate power generation rather than the point power
generation and also considers axial power changes. While the lobe power
limits remain essentially unchanged, this new analysis will provide for the
proper control of power peaking.

•

Primary Coolant System (PCS) Leakage Rate - The large-break loss of
coolant accident (LOCA) is shown to be beyond design basis by the addition
of controls on the amount of leakage from the PCS system. Additional limits
regarding leakage during normal operation and prior to start-up and
walkdowns of the PCS are now established. Mitigation of the Loss of Heat
Sink - The additional analysis showed that the coolant temperature needs to
be maintained below 200° F during accident conditions. Controls are
established to ensure that the coolant does not exceed 200° F.

-
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•

Canal Operations - Additional administrative controls are established which
minimize the amount of damage from a crane failure during fuel movements.
All cask movements are now required to be performed over an energy
absorbing pad. Bulkheads are required to be in place in order to isolate
irradiated fuel elements prior to cask handling operations.

•

Irradiated Fuel in the Core during Outages - Additional administrative limits
were established regarding the removal of fuel elements from the core or
specific controls on outage activities to limit the potential for a LOCA.

4. COST SAVINGS AND DEVELOPING NEW BUSINESS
In the early 1990s, DOE's Naval Nuclear Propulsion Program
consolidated their needs for ATR testing. Up to 1994, this program used
pressurized water loops in all nine flux traps. Since that date the base program
has used only five of the loops. Appropriately, emphasis was placed on ATR to
reduce costs and secure other test sponsors and problems. Efficiency and plant
reliability were increased as a result of several ATR upgrades, and the ATR New
Business function was added to INEEL's contractor.
Initially the new business effort focused on contacting numerous potential
new sponsors. Contact was made with organizations worldwide by all means
possible. A series of ATR Users Conferences were held to acquaint the nuclear
industry with ATR's new availability and capabilities. ATR's previous decades of
silence were evident. Few organizations knew that ATR could be used by other
than DOE sponsors. A prevailing perspective was that ATR was old and near its
life's end. Quite the opposite was the case, and it took a few years to overcome
this misperception.
Today approximately 20% of the ATR test space is used by new
sponsors. Isotope production was privatized and the isotope production in ATR
has doubled. New research programs at ATR include fusion materials testing,
mixed oxide fuel testing to support weapons materials disposition, and testing in
reduced enrichment fuels for research reactors. Work at ATR now includes not
only US government programs, but also support for commercial and international
programs.
Transitioning from a single sponsor to multiple sponsors is challenging
and lessons are still being learned about satisfying a wider variety of demands
on the facility and staff. The biggest challenge is establishing new and better
communication lines across the many organizations involved in different
programs. Since ATR has always operated with many different tests in the core,
there has been a reasonable way to accommodate all new sponsors to date.
5. PUBLIC AWARENESS
A key part of ATR's response to increased scrutiny by the public has been
a policy of openness and respect for their concerns. With the cold war behind
us, more information about ATR programs can and has been made available in
both technical and lay communications. A wide array of tour groups regularly
visit the reactor including local citizens, student groups, environmental
organizations, nuclear researchers, commercial interests, and foreign entities.
-
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Even the most minor incidents are reported to and in the press. A video
about the reactor was produced and has been widely distributed. Technical
brochures, a CD, and a web page are maintained. We have noticed this
constant effort to keep the public informed results in positive feedback and often
provides useful dialogue with a wide variety of stakeholders.

6. CONTRACTING MECHANISM
The normal contractual method at national laboratories has long been the
so called M&O (management and operations) contract. Under such a contract, a
private company is responsible for the day to day activities at the laboratory.
The ownership and largest share of the risks are borne by the government.
While this arrangement is a good one for national research and development
efforts, it does not provide a strong incentive for the contractor to operate to best
business practices. The more recent DOE contracts for operating the INEEL
have included incentives to motivate the contractor to operate the laboratory in a
more businesslike fashion. The contractor is also held liable for more of the
risks. Some examples of how this has worked well for ATR include incentives for
increasing reactor operating efficiency, reducing radiation exposure, securing
new business, and decreasing operating costs.
Improvements in plant operations are evident by a variety of measures.
Unplanned reactor scrams have decreased nearly five fold, from double digits to
single digits annually. Operating availability has been near 80%, a good number
for a commercial reactor, let alone a test reactor. Efficiency (actual time
available divided by planned time available) has risen to over 100%. Personnel
exposure to radiation has dropped by more than 50%, providing safety and
productivity do go hand in hand.
As these examples of contract incentives show, both the DOE and the
contractor have benefited by the contract reforms over the last several years.
We recommend such incentives as an effective way to improve business and
operating practices at government facilities. We caution that incentives should
be carefully formed to provide benefit to both parties.
7. CONCLUSION
Today, the nuclear industry must simultaneously meet demands for an
even higher safety standard, increased public concerns for the environment, and
better fiscal efficiencies. In the past decade, experience at INEEL's Advanced
Test Reactor has demonstrated a number of approaches that meet the
challenge. They include a tightening of technical safety requirements and
administrative controls, eliminating unnecessary costs, pursuing additional new
programs, increasing positive interactions with the public, and implementing
contracting mechanisms that provide incentives to meet higher safety and
operating goals. The experience at ATR demonstrates that not only can nuclear
operations meet the demands of today's economic and regulatory environment,
but that doing so can improve safety, reliability, and efficiency.
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Session 4-2

The BR2 Refurbishment Programme : Achievements and Two Years Operation
Feedback
Pol Gubel*1, Jean Dekeyser*2, Edgar Koonen*1 and Jan Van der Auwera*3
*x BR2 Department
* Department Reactor Experiments
Technical Services
2

SCK'CEN, Belgian Nuclear Research Center
Boeretang 200, B-2400 Mol, BELGIUM

ABSTRACT
The BR2 reactor was shutdown end of June 1995 for an extensive refurbishment after
more than 30 years utilization. The beryllium matrix needed to be replaced and the
aluminium vessel inspected for an envisaged 15 year life extension. Other aspects of the
refurbishment programme aimed at the reliability and availability of the installations, safety
of operation and compliance with modern safety standards.
The reactor was started again 'in' April '97 and operated only for three cycles in 1997.
These first irradiation cycles were intended as a demonstration of the safety and reliability
of all components and systems after refurbishment. Also during the extended shutdowns
non-critical refurbishment tasks were allowed to be continued and finalized.
At the request of the Safety Authorities, some modifications and studies are still in
progress without perturbation of the reactor operation.

1. INTRODUCTION
BR2 is a major high flux engineering test reactor, operated by the Belgian Nuclear
Research Center. For more than 30 years, BR2 has been used extensively for many national
and international irradiation programmes aiming at the development, testing and
qualification of nuclear fuels and materials of various designs, project and installations.
The design is optimized for that purpose:
- core with a central vertical 200 mm diameter channel, with all its other channels inclined
to form a hyperboloi'd arrangement around it. This arrangement combines compactness of
the core with easy access at the top and bottom covers;
- a large number of experimental positions. Through loop experiments can be installed
through penetrations in the bottom cover of the vessel;
- very flexible utilization: the core configuration and the mode of operation can be adapted
to experimental experiments;
- an ability to represent the irradiation conditions found in a variety of reactor types and to
execute power transients.
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A beryllium matrix, composed of irregular hallow prisms forming the channels, act as a
moderator. By irradiation, the beryllium channels become brittle and swell. This finally
leads to cracking of the channels by mechanical interaction.
The facility was shutdown a first time in 1979-1980 to have its beryllium matrix
replaced and its reactor vessel inspected.
The second beryllium matrix would have reached its allowed operation period before
end '95. Therefore it was decided to stop operation mid '95 and to proceed with an
extensive refurbishment of the installations, including the unavoidable matrix replacement.
To ensure that all steps in the refurbishment operation are addressed on schedule, a
comprehensive programme was started in 1991. From the start, plant life extension was
considered : maintaining availability and reliability of the whole installation for the 15 year
life extension was set as a major objective. The key issue of the programme were risks
assessments to verify that the safety goals are met and to define backfitting or upgrading
actions, and ageing evaluations and inspections to assess remaining life and to define the
mitigation actions needed. From these studies and inspections resulted the refurbishment
action plan.
2. THE REFURBISHMENT PROGRAMME
The overall refurbishment programme comprised five distinct phases, while the
detailed assessments according to the stated objectives concerned only the second phase.
Briefly, the programme of the other phases is as follows: Phase 1 (started in 1991 and
completed in 1992) identified the critical plant items and systems to be studied in detail in
Phase 2; Phase 3 (from mid-1994 to about mid-1996), addressed the preparatory activities,
i.e., mainly the detailed engineering, the procurement of equipment, the set-up of executive
procedures, and the detailed planning of the next phases; Phase 4 covered the actual
realization of all the refurbishment works as planned during the long shutdown of the
reactor (from mid-1995 to end of March 1997). Phase 5, still under way, completes the
remainder of the refurbishment works which may be deferred until about the year 2000.
Before start-up in April 1997 after the assessment of the seismic vulnerability of the
installations, the Safety Authorities required some additional modifications and
improvements of the installations. Also they required a detailed PSA analysis of the most
important support systems. These two new requirements, and the start of a new project not
foreseen in the original action plan, the installation of a new purification circuit for the
storage channel are the main reasons for this extension.
3. ACHIEVEMENTS
The main aspects of the refurbishment action plan may be divided in three categories :
- modifications, investments,
- inspections,
- maintenance.
3.1 Modifications
Beryllium matrix
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The old beryllium matrix was removed from the reactor vessel between November and
December 1995; the beryllium channels were pre-conditioned in aluminium tubes and
transferred outside the reactor building for storage. The necessary tools and equipments
were prepared in advance. A special attention was also devoted to the fine filtration of the
water inside the reactor vessel during the operations.
The new beryllium matrix was loaded in the vessel between October and November
1996. This "new" matrix was in fact taken from the core mock-up facility BR02. The
reutilization of this matrix necessitated a complete requalification consisting of visual,
dimensional and X ray inspections, modifications of the stainless steel extensions and
assembly trial in a vessel mock-up. Following the results of the inspections, only 8 new
beryllium channels had to be purchased.
Isolation of the containment building
The largest part of the primary circuit is situated outside the containment building. In
case of depressurization, pool water is admitted into the reactor vessel through an assisted
non-return valve. Automatic block valves prevent a containment by-pass in case of a
LOCA outside it. The reliability of these block valves has been upgraded by re-engineering
of the control and actuation systems. Also the closing time of these block valves has been
reduced to < 15 seconds to prevent any release of activity outside the building in
case of a total core melt-down. Similarly a complete reengineering of the control and
actuation system was performed for the ventilation isolation valves of the containment
building after a reliability analysis of these valves and their associated control systems.
The renewal of the process instrumentation
The original pneumatic instrumentation installed at the construction of the reactor was
replaced.. During modernisation, special attention was paid to the reliability and the safety
of operation. Where judged necessary, additional redundancy was introduced. Also a new
fast-acting scram was added as a protection against depressurization incidents. All modified
instrumentation loops have been completely tested during the preoperational non-nuclear
testing campaign of the reactor, before start-up.
The scram lines
A detailed reliability analysis was performed to indicate the sensitive areas, suggest
appropriate hardware modifications, and judge the adequacy of the current test procedure.
Particular attention was given to the identification of the common mode failures and their
quantification. The study of the BR2 scram system by means of fault tree techniques
enabled to improve significantly the reliability of the system with only minor modifications
and to show the consistency of the scram reliability with international standards.
Ergonomy
An ergonomy study was conducted in 1995 with Belgacom. This study led to several
recommendations and the definition of an action plan:
• a new desk for the reactor control room. Its installation was carried out in October 1997;
• an automatic logbook has been designed as a part of the new data acquisition system and
was made operational for the start of the reactor in April 1997;
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• an emergency control panel has been designed and was installed by Belgatom early 1998.
In case of reactor building evacuation, it provides information from inside the reactor
building and allow direct actions on the most important safety systems;
• a new integrated primary temperature regulation has been designed by Belgatom. Its
implementation was realised in 1998.
Industrial safety
The following actions were taken to improve the industrial safety:
- the installation of a new crane handling system with a capacity of 26 tons was installed in
the process building;
- a new fire protection system was put into service in 1997 in the reactor building and the
diesel building. It includes components for both active protection (early detection) and
passive protection (prevention of fire spreading). Moreover, compartmentalization works
and implementation of a fire detection system were commissioned in 1998 for the other
BR2 buildings.
Reliability of the electrical distribution networks
The DC network (110VDC) is used for such applications as signalling, alarms and
actuations. To improve its reliability, the most important boards were equipped with an
extra battery/rectifier unit. These units have been installed in 1997. Commission tests were
performed in 1998. A fourth Diesel engine has been installed and connected. Testing,
operating procedures and training of the personnel are still in progress.
Resistance to earthquake
At the request of the Licensing Authorities, a seismic analysis was performed. The
analysis showed that most of the installation can withstand the reference earthquake of 0.1 g
with a Reg. Guide 1.60 Spectrum.
A few problems were identified : the licensing Authorities required to further analyze and
correct these weak points:
- the primary loop needs implementary horizontal restraints. After analysis, they were
partially installed in 1998. Completion is foreseen in 1999;
- the vehicle aire lock which has insufficient bearing could cause an extra load on the
containment building. A detailed analysis is now underway;
- failure of the ventilation duct bridge could damage the isolation valves of the containment
building. The design of the modifciations needed to separte the isolation valves from the
ventilation duct bridge is foreseen in 1999. Implementation is foreseen in 1999-2000;
- the upper structure of the machine building could collapse under the reference earthquake,
thereby causing the fall of heavy pieces in the storage chanel. As this construction cannot
be made resistant to the reference earthquake, the possible consequences of such an event
were studied and assessed together with the probabilities of various types of earthquakes.
Pressurizing system
The pressurizing system controls the pressure in the primary circuit and the degassing
of the primary cooling water. Both preheater and steams generator have been replaced in
1996, together with their controls and regulation systems.
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Reactor pool bridge
The reactor pool bridge, mounted above the reactor pool and running on wheels along
the parapet, provides a platform for loading and unloading the reactor. The complete drive
installations were renewed; further a precise positioning with lasers and a remote control
system for driving the bridge were installed.
3.2 Inspections
The refurbishment programme included a series of inspections and evaluations required
in the frame of the plant lifetime extension project. Most of these inspections (high and low
voltage distribution networks, corrosion of aluminium structures, buildings, primary heat
exchangers, primary and secondary circuits, ventilation and heating systems ...) were
performed during Phase 2 of the programme. The most important one concerning the
aluminium pressure vessel however, could only be conducted during Phase 4 : indeed the
inner side of the vessel is only accessible after unloading the beryllium matrix. The
prospects for life extension of the aluminium vessel were evaluated well in advance during
Phases 2 and 3 of the refurbishment programme. The life limiting phenomena were fracture
toughness, low cycle fatigue and corrosion.
Representative samples were obtained from the shroud surrounding the vessel. An
important effort was devoted to the determination of thermal and fast fluences and
theoretical fatigue curves were calculated. It was concluded from these studies that the
vessel will remain adequate for the planned 15 years extension period provided the
scheduled in service inspection reveals no unacceptable defects in the vessel wall, in
particular in the beltline welds. An exhaustive visual, ultrasonic and eddy current
inspection was performed by a team of GEC-Alsthom (Germany) in June 1996 on all
accessible parts of the vessel and bolts of the lower reactor cover. Penetrant testing was
applied to all nozzle connections to the covers, welds connecting the inlet tubes to the
nozzles. All examinations were performed in accordance with the ASME XI and V rules.
Compared to the former 1979 in-service inspection, the main conclusion is that there
was no observed degradation. New "indications" (not observed in 1979; different sensors,
higher sensitivity in 1996) were evaluated and found acceptable against the acceptance
criteria; there is also no risk for crack growth.
Also in 1997, a second sampling campaign of the vessel was performed. The objective was
to provide sufficient material to establish a comprehensive and proactive surveillance
programme.
3.3 Maintenance
The most important maintenance tasks were listed in [1].
performed before the start-up in April 1997.

All these tasks were

4. OPERATION EXPERIENCE FEEDBACK
The reactor was started again on April 14, 1997 after a comprehensive non-nuclear and
nuclear testing campaign between February and April.
Only three standard operation cycles of 21 days were foreseen in 1997. These were
intended to demonstrate the safety and reliability of all the components and systems after
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refurbishment. In 1998, the reactor was operated following the normal regime of 5 standard
cycles.
The first two operating cycles of 1997 were perturbed by various causes:
- Failure of electronic devices
Two scrams were experienced during cycle 01/97 due to the failure of new installed
electronic devices. All hundred similar devices installed recently in the frame of the
renewal of the process instrumentation, had to be replaced during the next months
following these incidents.
- Rod drop
Two rod drops were experienced during cycle 01/97. This was attributed to the new
installed fast acting low pressure scram. The noise sensitivity of this new system has been
reduced.
- Loss of coolant
A small loss of coolant (± 1500 1/h) was experienced during start-up of cycle 02/97.
A leak developed along a weld of an instrumentation penetration. The leak developed by
vibration because a support for a thermowell was not replaced after the refurbishment
works. All penetrations and supports around the primary circuit were controlled and
visually inspected.
- Leaking Fuel Elements
High fission product levels in the primary coolant were experienced during cycles 01 and
02 in 1997 and the reactor operation was perturbed.
All leaking elements were identified as fuel elements pre-irradiated before the
refurbishment. Storage time has been identified as a key factor for developing defects
during re-irradiation. A strategy (wet-sipping before loading) has been developed and
applied with success for the next cycles
After fixing these initial problems, a smooth and unperturbed operation was experienced
along the next 6 irradiation cycles (up to end of December 1998) with a 100 % availability.
It is expected that this high reliability level could be maintained during the next coming
years.
5. CONCLUSIONS
An extensive refurbishment of the BR2 reactor has been conducted. It encompassed
various aspects, as replacements, upgradings, inspections, maintenance and studies to
demonstrate and improve the safety and the reliability during the expected future operation.
Various studies and modifications are still underway but should be terminated in the
year 2000.
Although some difficulties and perturbations were experienced at the start-up during
the two first operation cycles, a smooth unperturbed operation was experienced during all
next cycles, demonstrating the safety and reliability of the installations.
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ABSTRACT
The International Nuclear Event Scale (INES) is a means for providing prompt, clear and
consistent information related to nuclear events and facilitating communication between the nuclear
community, the media and the public on such events. This paper describes the INES rating process
for events at testing/research reactors and nuclear fuel processing facilities and experience on the
application of the INES scale in Japan.

1.

INTRODUCTION
[i]

The International Nuclear Event Scale (INES) is a means designed for providing prompt, clear
and consistent information related to nuclear events, that occurred at nuclear power plants and at other
nuclear facilities, and facilitating communication between the nuclear community, the media and the
public on such events. The INES is jointly operated by the IAEA and the OECD/NEA. Nuclear
events reported to the INES Information System from member countries of the IAEA and/or the
OECD/NEA are rated by the "Scale", a consistent safety significance indicator. The scale runs from
level 0, for events with no safety significance, to level 7 for a major accident with widespread health
and environmental consequence. Rating of individual events is carried out according to three criteria
as follows:
• Off-site impact : The rating in terms of this criterion takes account of the actual radiological
impact outside the plant. This criterion covers levels 3 to 7.
• On-site. impact : This criterion covers three aspects, radiological damage, radioactive material
release or transfer to poorly shielded locations on the site, and worker dose. The first aspect,
radiological damage, is defined at levels 4 or 5. For the second aspect, contamination spread is
defined at levels 2 or 3. The third aspect, worker dose, is defined at levels 2 to 4.
• Defense-in-depth degradation : In rating events under this criterion, it is necessary to consider two
factors: 1) the maximum potential consequence that could have occurred if the safety provisions
had failed and 2) the number and reliability of the safety provisions that remained available. This
criterion covers levels 0 to 3.
The INES was introduced in March 1990 for a trial and then, formally adopted in March 1992.
In Japan, the specific event scale, which was referred to the INES design, had been applied for about
two years until the INES was formally introduced in August 1992 .
It should be noted that although the same scale is applied to all nuclear facilities, it is physically
-
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impossible for events involving a large radioactive release to the environment to occur at some types
of facilities because of the low radioactive inventory or the limited amount of energy. For most
testing/research reactors, the highest scale under the defense-in-depth is level 2.
This paper describes the INES rating process and experience on application of ENES to the events
that occurred at testing/research reactors in Japan.
2.

TESTING/RESEARCH REACTORS AND EVENT REPORTING

2.1

Testing/Research Reactors
[3]

There are a total of fifteen testing/research reactors in Japan, as shown in Tables 1 and 2
including demonstrative or prototype power reactor, and eight critical assembly facilities. Of the
testing/research reactors, thirteen are being operated (JRR-2, JRR-3M, JRR-4, NSRR, JMTR, Joyo,
Fugen, Rikkyo, Kinki, MITRR, TTR-1, KUR, and Yayoi) and two are under construction (HTTR and
Monju). It should be noted that Fugen is a demonstrative ATR (advanced thermal reactor) and
Monju is a prototype FBR (fast breeder reactor), both of which are power stations. The other
reactors are served as an experimental and/or irradiation facility. All of the eight critical assembly
facilities are in service. In addition, five reactors have been decommissioned or are under
decommissioning.
There are eight nuclear fuel fabrication facilities (seven operating and one under construction)
and two reprocessing facilities (one operating and the other under construction) in Japan.
Table 1 Testing/Research Reactors in Japan (as of March 1998) [3]
Facility
Name

Licensee

Reactor Type

Thermal
Power (MW)

First
Criticality

10

JRR-2

JAERI

Heavy water moderated and cooled

JRR-3/3M

JAERl

Light water moderated and cooled (Pool)

10/20

Oct. 1960
Sep. 1962
Mar. 1990

JRR-4

JAERI

Light water moderated and cooled (Pool)

3.5

Jan. 1965

NSRR

JAERI

ZrH and light water moderated, light water
cooled (Triga-ACPR)

JMTR

JAERI

Light water moderated and cooled (Tank)

50

Mar. 1968

HTTR*

JAERI

Graphite moderated, He gas cooled

30

Nov. 1998

Joyo

JNC

LMFBR

100

Apr. 1977

Fugen

JNC

Heavy water moderated, light water cooled

557

May 1978

Monju*

JNC

LMFBR

714

Apr. 1994

Rikkyo

Rikkyo Univ.

ZrH moderated, light water cooled (Triga Mk-ll)

0.1

Dec. 1961

Kinki

Kinki Univ.

Light water moderated (Modified Argonaut)

1W

Nov. 1961

MITRR

Musashi Inst.
of Tech

Hydrated zirconium and light water moderated
and cooled (Triga Mk-ll)

0.1

Nov. 1963

TTR-1

Toshiba

Light water moderated and cooled (Pool)

0.1

Mar. 1962

KUR

Kyoto Univ.

Light water moderated and cooled (Tank)

5

Jun. 1964

2kW

Jul. 1972

Univ. of Tokyo
Yayoi
* : under construction

Air cooled, fast neutron
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Critical Assembly Facilities in Japan (as of March 1998) [3]
Reactor Type

Licensee

Thermal Power

First
Criticality

VHTRC

JAERI

Graphite moderated, split core

10W

May 1985

TCA

JAERI

Light water moderated (Tank)

200 W

Aug. 1962

FCA

JAERI

Split core (fast criticality assembly)

2kW

Apr. 1967

STACY

JAERI

Homogeneous and heterogeneous tank type
with uranium and plutonium fuel

200 W

Feb. 1995

TRACY

JAERI

Homogeneous tank type with uranium fuel

steady: 10kW
transient: 5000 MW

Dec. 1995

DCA

JNC

Heavy water moderated

1 kW

Dec. 1969

NCA

Toshiba

Light water moderated (Tank)

200 W

Dec. 1963

Light water/solid moderated (Dual core)

0.1 kW

Aug. 1974

KUCA

Kyoto
Univ.

2.2

Event Reporting
Two competent authorities, the MITI (Ministry of International Trade and Industry) and the STA
(Science and Technology Agency), regulate nuclear facilities in Japan. The MITI is responsible for
commercial nuclear power plants and the STA is for the other facilities that include testing/research
reactors, demonstration/prototype reactors fuel fabrication/reprocessing facilities, hot cell laboratories,
etc. Therefore, events at commercial nuclear power plants shall be reported to the MITI and those at
the other facilities to the STA.
The events to be reported to the competent authorities are classified
into two categories: events reported by law (for example, Law of Regulation of Nuclear Source
Material, Nuclear Fuel Material, and Reactors) and events specified by the notification of the
competent authorities.
3.

INES RATING PROCESS

Basically, both the events reported by law and those reported by notification should be rated
according to the INES scale. However, in actual, only the events reported by law have been rated
because the events reported by the notification had no safety significance and/or no safety relevance.
[4]

Figure 1 indicates the INES rating process for events at nuclear facilities except for commercial
nuclear power plants. The rating process is described below.
(1) When an event to be reported occurs, the licensee should report it immediately to the STA with
initial INES rating attached. The information reported should include the followings: date and
time of occurrence, facility name, event description, (possible) causes of event, off-site and/or onsite radioactive release, worker doses, whether or not the plant safety is under control, discovery
of a deficiency by routine surveillance, etc.
(2) The STA promptly makes provisional rating based on the event report and opens it to the public
through a press release.
(3) The INES national officer in STA reports the event to the IAEA when :
• the event scale determined by the provisional rating is level 2 or higher, or
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• public interest outside Japan calls for a press release (level 1 or 0)
(4) Immediately after the event causes are identified, the STA makes final rating of the event. If
necessary, the STA's final rating is discussed by the Advisory Committee on INES Rating of
Events in Nuclear Facilities Excluding Commercial Nuclear Power Plants (chaired by M.
Nozawa) in the Nuclear Safety Technology Center (NUSTEC). The committee verifies the
STA's final rating from the technical point of view, determines the final rating of the event, and
then provides it to the STA.
(5) The STA makes a press release on the final rating determined by the above step and reports the
final rating to the IAEA.
(6) The STA reports the final rating to the Nuclear Safety Commission of Japan (NSC).

Initial Rating of
Event by
Licensee

notification

Provisional
Rating of Event
by STA
Provisional
Report
\
Final Rating of
Event by STA

II

Final
Report

Press
Release

Verification of Final
Rating by Advisory
Committee in
NUSTEC
«
Determination of
Final Rating

/

w

Figure 1 INES Rating Process in Japan

4.

Nuclear
Safety
Commission

[4]

EXPERIENCE OF INES APPLICATION

4.1

Application to Events in Testing/Research Reactors
Since the formal introduction of INES in August 1992, a total of twenty-one events that occurred
at testing/research reactors as listed in Tables 1 and 2 have been rated using the INES scale. As seen
from Table 3, during the period FY1992-1997, three or four events were evaluated per year and 19
events of these were rated at level 0. The event that occurred at Fugen in 1994 involved no
radioactive consequence and thus, this event was rated as "out-of-scale". The event that occurred at
Monju in 1995 was rated at level 1.
To date, only two events were reported to the IAEA, as follows:
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Unscheduled shutdown due to steam leakage from an outlet pipe of a high pressure turbine, that
occurred at Fugen on February 26, 1993: This event involved neither off-site nor on-site
consequences and hence, was rated at level 0 under the "defense-in-depth degradation" criterion.
Secondary sodium leakage that occurred at Monju on December 8, 1995: This event involved
neither off-site nor on-site consequences and thus, was initially rated at level 0 under the "defensein-depth degradation" criterion. However, this event was upgraded by one level because
procedural inadequacies and safety culture deficiencies were observed in this event. For this
event, the provisional and final ratings were reported to the IAEA on December 21, 1995 and April
1, 1997, respectively.
Table 3 Number of Events Rated (Testing/research reactors)
Fiscal
Year

No. of
Events

1992

3

Level 0 : All events (Fugen, KUR, JMTR)

1993

4

Level 0 : All events (Joyo, JRR-2, Fugen, JMTR)

1994

4

Out-of-scale : 1 event (Fugen : worker's physical injury)

Rating Results (Facility concerned)

Level 0 : 3 events (Fugen, JRR-3, JMTR : the event at Fugen reported to IAEA)
1995

3

Level 0 : 2 events (Monju, KUR)
Level 1 : 1 event (Monju: reported to IAEA)

1996

3

Level 0 : All events (JRR-2, JMTR, FCA)

1997

4

Level 0 : All events (Fugen, JRR-3, JMTR, Monju)

4.2

Application to Events in Other Facilities
The INES rating has been applied to the events that occurred at the other facilities such as fuel
processing facilities. For the event during the period FY1992-1997, the INES rating was applied to
thirteen events.
As shown in Table 4, except for FY1993, one or two events were evaluated using
the INES scale per year. Of these, there are one rated at level 3, one at level 2, one at level 1, five at
level 0, and five at "out-of-scale".
Table 4 Number of Events Rated (Fuel processing facilities)
Fiscal
Year

No. of
_
Events

,,*•.-.
.. ,r- •••»
,,
Rating Results (Facility concerned)
»
\
/
/

1992

1

Out-of-scale (fuel fabrication facility)

1993

6

Out-of-scale : 3 events (two at fuel fabrication facility, one at hot cell lab.)
Level 0 : 2 events (fuel fabrication facility, uranium enrichment facility)
Level 2 : 1 event (reprocessing facility: reported to IAEA)

1994

2

Level 0 : 2 events (reprocessing facility)

1995

1

Level 0 (radwaste storage facility)

1996

2

Out-of-scale : 1 event (fuel fabrication facility)
Level 3 : 1 event (reprocessing facility: reported to IAEA)

1997

1

Level 1 (uranium enrichment experimental facility)
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The event rated at level 3 involved fire and explosion at the bituminization demonstration facility
(for low level rad-waste) of the reprocessing plant on March 11, 1997. This event was basically
rated at level 2 under the "defense-in-depth degradation" criterion because the confinement function
was lost. However, finally, the level was upgraded because the similar event that had previously
occurred was not sufficiently reflected to the plant safety.
The event with level 2 involved
exposure of workers exceeding the legal dose limit. These two events were reported to the IAEA.
4.3

Utilization of INES Information
In order to more widely and efficiently utilize the INES information inside Japan, the JAERI has
been translating the INES reports into Japanese immediately after receiving the individual reports
written in English and published the technical report containing the Japanese version of the INES
reports . The JAERI has been developing a world-wide-web database for the Japanese translation
to promptly provide the INES information to the media and the public. To date, approximately 460
reports, including events reported during a trial period, have been stored in this database.
5.

CONCLUDING REMARKS

This paper describes the INES rating process for events at testing/research reactors and nuclear
fuel processing facilities and experience on the application of the INES scale in Japan. The INES is
a useful means for promptly obtaining the information concerning events at the nuclear facilities in
foreign countries and facilitating a common understanding between the nuclear community, the media
and the public. However, there are some difficulties rating the INES scale of events at
testing/research reactors and nuclear fuel facilities because of insufficient description and/or examples
provided in the INES User's Manual. It is expected that the User's Manual will be refined to resolve
such difficulties by accumulating experience on the INES application to events at testing/research
reactors.
For the nuclear power plant, the IAEA and the OECD/NEA have been jointly operating the
Incident Reporting System (IRS) to feed operating experience back to enhancement of plant safety.
Also, for research reactors, a similar system, so-called IRS-RR, has been proposed for internationally
exchanging event information but has not been sufficiently functioned. Therefore, such a system
should be established to technically utilize event information on research reactors.
References
[1] IAEA : "INES User's Manual," (1992) and "Addendum to the INES User's Manual," (1996).
[2] NSC : "Nuclear Safety White Paper for 1993," (1994) (in Japanese).
[3] NSC : "Nuclear Safety White Paper for 1997," (1998) (in Japanese).
[4] STA : INES Leaflet (in Japanese).
[5] N. Watanabe, et al. : "Compilation of the INES Information : Japanese Translation," JAERIData/Code 98-023, (1998) (in Japanese).
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The First University Research Reactor in India
Prof.G.S.Murty
Director School of Chemistry
Co-ordinator, Low Power Research reactor
Andhra University, Visakapatnam
INDIA 530 003
1. INTRODUCTION
Andhra University, established in the year 1926, is a reputed
educational institution offering teaching and research facilities in various
disciplines of arts, sciences and engineering.
This University pioneered teaching and research in nuclear sciences in the
country by starting the Department of Nuclear Physics in the year 1953.
Subsequently, several disciplines like nuclear chemistry, nuclear geology,
radiation genetics and biology were established. This University is one of the
few Indian Universities that is continuously and actively interacting with the
Department of Atomic Energy (DAE). The Centre for Nuclear Techniques
(CNT) was established in the Year 1982 through the generous grants of the
DAE to cater to the needs of researchers working with radio-isotopes
particularly in the fields of medicine, natural sciences, pharmaceutical
sciences, geology, geophysics etc. A Nuclear Medicine Unit was also
established as a part of this centre at King George Hospital with DAE
assistance. Recently, this centre was provided with a gamma camera by DAE,
which is installed and put to use in nuclear medicine department for the
benefit of the patients. In our constant endeavour to further consolidate and
expand the scope of research and development in nuclear and allied sciences,
Andhra University presented a proposal to the DAE in the year 1993 for
setting up a low power research reactor in (he University campus.
2 OBJECTIVES.
To develop the research reactor Center as a regional research facility
catering to the needs of academic institutions and industrial
organisations of this region of the country.
To encourage interdisciplinary and multidisciplinary research activities
To develop as a regional centre for supplying radioisotopes and
labelled compounds to the user institutions.
To create awareness towards the peaceful uses of atomic energy
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3. PRESENT STATUS:
After thoroughly examining the University proposal through several discussion
meetings between University faculty members and scientists from Bhabha Atomic
Research Centre( BARC), the Board of Research in Nuclear Sciences (BRNS) of the
DAE has agreed to construct and commission the research reactor in the Ninth Plaa
with a budget allotment of Rs 95 millioa The site selection committee appointed by
the Director, BARC, has already selected the site suitable for the location of the
proposed reactor after a detailed evaluation of various sites available in the University
Campus. The site has also been evaluated and cleared by the Atomic Energy
Regulatory Board (AERB).The Government of Andhra Pradesh has agreed to grant
Rs 7.5 million per year to meet the operation and maintenance costs after the reactor
comes into operation.
4.UVIQUENESS OF THE PROJECT:
>
The Low Power Research Reactor proposed to be located at Andhra
University is unique one and first of its kind in India to be located in a University
outside DAE
>
The proposed Research Reactor Centre can function as one of the centres
of
Board of Radiation and Radioisotopes Technology (BRIT) in the eastern
region to cater to the radioisotope needs of the user institutions.

5. SALIENT FEATURES OF THE REACTOR:
> Reactor Type
> Thermal Power
> Thermal Neutron flux

Pool Type with fixed core
100 kW
1 xlOE12 n/cm/sec

> Fuel
> Coolant/Moderator Reflector

Low enriched uranium
Demineralised Water

> Core Cooling
> Ultimate heat sink

Natural Convection
Atmosphere (cooling of pool water
through cooling tower)
Fast acting solid shut -offrods
Confinement Type

> Reactor Shut-down system
> Reactor building
Reactor building Ventilation

:

Closed loop with 20% venting
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6. REACTOR UTILISATION:
The design provides facilitates for utilisation of the reactor in the areas:
•
•
•
•
•
•
•

Neutron beam research
Neutron activation analysis
.Research in Bio-sciences
Small scale isotope production, essentially for research purposes
Neutron radiography for performing non-destructive examinations.
.Testing of nuclear detectors and instruments and
.Training of manpower

7. Action Plan for Academic and Research Programmes
7.1 The schedule for academic programmes for the next four years, while
the reactor is under construction is given in ( Table 2. ) The programme is
drawn to equip the university faculty members from different disciplines and
prepare mem for the utilisation of the reactor by the time it is
commisssioned.
7.2 The academic and research programmes proposed by different departments
of the university are grouped into the following groups
L
ii.
iiL
tv.

Nuclear physics, Solid state physics and Engineering group
Biological Sciences group
Chemistry, Pharmaceutical sciences and medicine group and
Earth sciences group

8. STUDENT TRAINING PROGRAMMES
The reactor utilisation is also aimed at the training of the postgraduate and research students of various departments in the university. In view
of this several constituent departments of the university are designing new
courses and practical training programmes based on the proposed research
reactor.
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9. PROJECT SCHEDULE:
. The reactor, after construction and commissioning by the Bhabha Atomic Research
Centre (BARC) will be handed over to the University for operation and maintenance
and for conducting collaborative research programme. The reactor is expected to be
commissioned during 2001-02. ( Table 1.)

10. THE EXPECTED OUTCOME OF THE PROJECT
•

To create facilities to the vast pool of university scientists and the student
community for conducting the reactor based research and training
programmes.

•

This facility strengthens teaching and research of various disciplines like
physics ,Chemistry, biology, botany, metallurgy, pharmacy etc., through the
proposed programmes

•

The interaction of the university scientists with the facility and the experience
gained will lead subsequently to under take advanced research activities, in
some disciplines, at BARC interacting with advanced versions of Research
Reactors.

•

The facility also acts as a catalyst in this region, in spreading the awareness on
nuclear technology and its peaceful uses, for the benefit of mankind.
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Table 1
LOW POWER RESEARCH REACTOR
PROJECT SCHEDULE
ACTIVITY

1998-1999 1999-2000 2000-2001 2001-2002

Detailed Engineering

**********

Site clearance and development, *****************
Cons true ft on o f infrastructure
Civil Construction

Tendering, placements of orders,
Procurement of materials and
Equipment

i f : * * * * * * * * * * * * * * * * * * * * *

****************************

Inf-tallalion of equipments/
Components, testing and
Commissioning

*********** *

Safely analysis. Safety review
\nd sisw wise regulatory
********************#************#***##*
clesnrnce
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Table 2

Low Power Research Reactor
Andhra University
Time Schedule for Academic Programmes

1998
Entering into M.0.U, establishing
The project office with facilities

1999

2000

2001

*********

Preparation of developmental
Project proposals for submission
to the national funding agencies

*****************************

Building up of central infrastructure
Facilities

***************

Collaborative programmes/Training/
Exchange visits

*****

Seminal s/Works hops/Group wise
Meetings
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * **
Framing of syllabi for the new
Proposed coursed, approvals
from appropriate bodies

******************************

Appointing the reactor operation
Personnel and imparting training

*****************
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Experience on HANARO Power Operation Modes
Kye Hong LEE, Young Ki KIM, Bung Jin JUN and Ji Bok LEE
HANARO Center
E-mail: khlee(a)Jcaeri.re,kr, vkfdm 1 (fpkaeri.re.kr, biiun(d)kaeri.re.kr, iblee&kaeri.re.kr

Korea Atomic Energy Research Institute
150 Dukjin-dong Yusung-gu, Taejon, 305-353, KOREA

ABSTRACT
Through years of operation experience, some of the major operation procedures are modified for
reactor improvement. Continuing operation in spite of pump failure is not favored and has not so
much of merit as to resolve the conflict between the setback and the shutdown due to power mismatch.
Switching to one pump operation from no pump or two pumps operation does not have to be
maintained when this setback to 50% full power with one pump on is given up and the switching
accompanies with a check valve slamming. The one pump operation mode has a role to prevent a
reactivity induced accident with a flow or pressure conditional power level trip. Hence a power level
hand switch is introduced for power level trip against the reactivity induced accident. In order to
reduce the frequent movement of control rod and eventually to mitigate the wearing of stepping screw
in neutron power operation mode, the thermal power operation mode is originally recommended at
steady power. Currently, the thermal power shows an unstable trend and the neutron power operation
mode is selected instead at steady power. The power calibration or the neutron power correction to the
thermal power can be done easily using a control algorithm.

1. INTRODUCTION
The operational mode in HANARO is categorized into four depending on core reactivity, power
level and position of control rod [1]. Shutdown is an operational mode where both shut-off and
control rods are fully inserted. Standby mode is with shut-off rods fully withdrawn and control rods
fully inserted. In start-up mode, the power level is less than 0.1 %FP with shut-off rods fully
withdrawn and control rods partially withdrawn. The power level is above 0.1% full power (FP) in
power operation mode, hi the commissioning stage, no primary pump is on below 0.1 %FP (NPNH;
No Pump and No Heat exchanger mode), only one primary pump is on between 0.1 %FP and 50%FP
(OPOH; One Pump and One Heat exchanger mode) and both primary pumps are on above 50%FP
(TPTH; Two Pump and Two Heat exchanger mode). Apart from this design concept, the setback due
to one primary pump failure and the switching from NPNH to OPOH or from TPTH to OPOH does
not work well. The reason and the modification are described in the following sections.
In the power operation mode, we have two options of operation modes: neutron power operation
mode and thermal power operation mode. During start-up, the thermal power does not show an
accurate reactor power and the neutron power is used instead. The neutron power measured by fission
chambers is, however, affected by control rod position and fuel burnup near them. Furthermore, the
noise induces frequent control rod movements. Hence, the thermal power operation is superior in the
steady state. Described are the current problems in thermal power operation, the method of neutron
power correction using thermal power, and the modification of thermal power measurement.
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2. MODIFICATION ON SETBACK
Pump failure is one of the possible events that can occur during the lifetime of a reactor. In
summer, the high temperature and humidity prevents the secondary cooling system from removing
heat well at full power. In the design stage of HANARO, these two facts were deliberately considered
and the setback mode was introduced as a normal operation. The setback, cutting the reactor power to
half of its full power, is possible even at a primary cooling pump failure because HANARO has two
primary cooling loops. Whenever a process system fails such that the reactor safety is not impaired
but that the full heat load cannot be removed, a setback is imposed. The process system parameter
values that will cause the setback to occur are [2]
1) the primary cooling system flow less than 90% of the flow at the common return line,
2) the secondary cooling system flow less than 60% of the nominal flow,
3) and the heat exchanger inlet temperature on the secondary side greater than 33 °C.
Of course, the operator can invoke a setback by means of a Softswitch at the control CRT at any time.
The obstacle in implementing a setback is a power mismatch, one of the reactor regulating system
(RRS) shutdown parameters. In the failure of reflector tank or piping in the reactor pool, the light
water of the pool mixes into the reflector tank and misleads the neutron flux measurement to the lower
power than the actual power. This accident is bounded by a power mismatch shutdown that is induced
when the difference between a delayed neutron power and thermal power is not less than 3 MW. The
reason for introducing a delayed neutron power is as follows. The neutron power signal changes
almost immediately with a change of the neutron flux while the temperature changes slowly compared
to the neutron flux. Thus, the neutron power signal from the fission chambers is slowed down to
match the dynamics of the measured thermal power through the use of a third order filter expressed by
the transfer function. This behavior was successfully simulated using a two-point reactor kinetics
code [3].
The setback driven either by parameter 1) or 2) mentioned above accompanies the power mismatch
because the thermal power increases due to the increase of the primary coolant temperature or it
decreases due to the decrease of the secondary coolant flow rate. Note that the thermal power is
measured at the secondary side of the heat exchanger. The parameter 2) was removed earlier from the
result of the dynamic test [4] of control algorithm. For parameter 1), the power mismatch may be
avoided by adjusting the time constant in the calculation of delayed neutron power. Such an
adjustment, however, is not recommended because it results in more need of controller block space,
delayed shutdown in the failure of reflector tank or piping, or longer duration in power change waiting
delayed neutron power equal to thermal power in order to avoid power mismatch. Hence, parameter
3) is the only valid one for auto setback.

3. MODIFICATION ON PUMP OPERATION
There are three reasons why HANARO has three modes of pump operation: NPNH, OPOH, and
TPTH. Firstly, the pump is on only when it is required according to the power level. Secondly, the
flow or pressure conditional trip setpoint is required from the reactivity induced accident analysis.
Therefore, we put a reactor protection system (RPS) trip setpoint at 1%FP with no pump on to prevent
the start-up accident, another at 55%FP with one pump on and the other at 115%FP with two pumps
on. Thirdly, we need OPOH mode for the continuing reactor operation with setback even when one of
the primary pumps is failed. Two loops in primary cooling system naturally introduce a check valve
in each loop. The check valve slamming gives significant harm to the system in the transition from
NPNH to OPOH or from TPTH to OPOH.
The power level hand switch is introduce instead of core flow or pressure conditioning when two
pump is turned on from the start-up in order to avoid the check valve slamming [5]. At start-up, the
operator should put the power level hand switch at 1%FP when the neutron power is below 0.1 %FP
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but switch it to 55%FP when the power is between 0.1%FP and 50%FP. Finally, when the power is
above 50%FP, it should be at 115%FP position. If the power level switch position and the current
power mismatches, the alarm annunciates. The half of full power in OPOH mode is not very
demanding in the actual operation and the setback to OPOH mode in a primary pump failure does not
have an attraction any more as described in the previous section. Hence, the two loop system is not
effectively operated as it is intended in the initial design.

4. MODIFICATION ON POWER OPERATION
The reactor power is measured by fission chambers or by the combination of temperatures and flow
rates. The former is called a neutron power and the latter is a thermal power. The measurement of
thermal power is useful in two ways. It is used as a trip setpoint and in a steady state operation mode.
The control absorber rod (CAR) is driven by a stepping motor that has a step size as small as 0.02 mm.
Such a fine step size is considered to be able to maintain a steady power producing less amplitude of
power oscillation. In the meanwhile, the fluctuation of fission chamber induces frequent movement of
CAR. The movement of CAR was measured at steady power and it was 51 steps including 24 steps
upward and 27 steps downward for 60 sec. Therefore, the thermal power operation mode is preferred
at steady state in the design stage. However, the fluctuation in the measurement of flow rate and the
variation of secondary inlet temperature produce unstable thermal power at steady state. Hence, it is
not appropriate to measure the CAR movement in thermal power operation mode at present. Currently
the neutron power operation mode is selected at steady state. In the mean while, the measure to obtain
more stable thermal power should be investigated.
As mentioned before, the current core thermal power (Let's call this a secondary core thermal
power) is obtained by subtracting given pump power and measured bypass thermal power from the
thermal power measured at the secondary side of the heat exchanger. The secondary core thermal
power, however, shows strange peaks from time to time [6]. Sometimes when the amplitude of this
peak is large enough, the reactor is shutdown by high thermal power setpoint. Furthermore, the
secondary core thermal power has about 30 sec of time lag compared to the primary core thermal
power in approaching demand power. This means that the operator should be more careful in power
change with the secondary core thermal power to avoid an unplanned shutdown by power mismatch.
The primary core thermal power is not free from handicap. The temperature measurement device
at core inlet and outlet is categorized as Q class and has an error of 0.2 °C which is very large
compared to 0.025 °C error of RTD in the secondary cooling system [7]. When the temperature
difference between the core inlet and outlet is, for example, 9 °C at 30 MW, the maximum error of 0.4
°C corresponds to 1.3 MW. Considering that the RRS shutdown setpoint is 110%FP, the operation
margin is loosing about half of its value. If the accuracy of the primary core thermal power is
improved, the unnecessary shutdown can be prevented and the duration of power escalation to the full
power will become much shorter, especially in winter. Because the secondary inlet temperature in
winter remains low for a while after power operation until the basin warms up, the thermal power is
relatively high compared to the demand power.
Because we put more credit on thermal power, the neutron power is calibrated to the thermal power
at the steady state in power operation range. The power calibration is more demanding since we are
using neutron power operation mode at the steady full power. For power calibration, normally we
adjust each variable resistor in six signal processors of the neutron measurement system. But this
method is not recommendable during normal reactor operation. Instead, we have a very clever way to
achieve the main goal of power calibration using the thermal power operation mode to calculate the
calibration factor [8]. The calibration factor is defined as the ratio of the thermal power to the delayed
neutron power and calculated only in the thermal power operation mode. It takes about 5 minutes to
wait for filtering the ratio and put it into the memory. Then we switch back to the neutron power
operation mode and the power will change to make the value of calibration factor times neutron power
equal to the demand power.
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5. SUMMARY
The setback due to pump failure is removed from the control algorithm. The transition from no
pump operation mode to one pump operation mode or from one pump operation mode to two pump
operation mode is not preferred due to the check valve slamming. As a result of those facts, the one
primary pump operation is not necessary in normal operation mode. In removing one pump operation
mode, the flow or pressure conditional power level trip setpoint is replaced with the power level hand
switch to prevent the reactivity induced accident. Apart from the initial intention, the thermal power
operation mode is not in use due to its unstable trend and unexpected peaks except it is used for power
calibration using control algorithm during steady state operation. The investigation for the stable
thermal power is in progress.
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Korea Atomic Energy Research Institute
P.O. Box 105, Yusong, Taejeon, 305-600, Korea

ABSTRACT
TRIGA Mark-II, the first research reactor in Korea, has operated since 1962, and the
second one, TRIGA Mark-III since 1972. Both of them had their operation phased out in
1995 due to their lives and operation of the new research reactor, HANARO (High-flux
Advanced Neutron Application Reactor) at the Korea Atomic Energy Institute (KAERI) in
Taejeon.
Decontamination and decommissioning (D&D) project of TRIGA Mark-II and Mark-Ill
was started in January 1997 and will be completed in December 2002.
The first year of the project, work was performed in preparation of the
decommissioning plan, start of the environmental impact assessment and setup licensing
procedure and documentation for the project with cooperation of Korea Institute of
Nuclear Safety (KINS).
Hyundai Engineering Company (HEC) is the main contractor to do design and
licensing documentation for the D&D of both reactors. British Nuclear Fuels pic (BNFL)
is the technical assisting partner of HEC. The decommissioning plan document was
submitted to the Ministry of Science and Technology (MOST) for the decommissioning
license in December 1998, and it expecting to be issued a license in mid 1999.
The goal of this project is to release the reactor site and buildings as an unrestricted
area. This paper summarizes current status and future plan for the D&D project.

1. INTRODUCTION
TRIGA Mark-II, which is the first reactor in Korea (KRR 1) had started to operation in
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1962 and TRIGA Mark-Ill (KRR 2), which is the second, stared to operation in 1972, and
both reactors were shutdown their operation at the end of 1995.
The KRR 1 & 2 had been operated for 34 years and 24 years, respectively.
reactors were utilized for reactor characteristics, material test, texture

Both
study,

radioisotope production, other basic researches by using neutron beams and education
or training for students. The characteristics of KRR 1& 2 are as shown in table 1.
Table 1. Characteristics of KRR 1 & 2
KRR-1

KRR-2

Date of First Criticality

1962. 3. 19.

1972. 5. 10.

Thermal power (kW)

250

2,000

Neutron flux (n/cm2, sec)

1 x 10 i3

7 x 1013
8.5

Moderator

8.5
20
Al
U-ZrHio
ZrH, H2O

Coolant

H2O

H2O

Control rod

B4C

B4C

Items

Fuel
Content of U (w/o)
Enrichment (w/o)
Cladding
Chemical composition

70
304SS
Er-U-ZrHo.e
ZrH, H2O

Meanwhile, KAERI has completely moved from Seoul to Taejeon in 1984. Therefore,
it was required to build a new research reactor at the KAERI site in Taejeon. HANARO
which is a 30MWth class multipurpose research reactor, was begun to be built in 1989
and completed construction in 1995. Because of the operation of HANARO, KRR 1 & 2
had continued their operation until operation of HANARO. Therefore KRR 1 & 2 had
stopped their operation at the end of 1995. The decommissioning plan for KRR 1 & 2
was submitted to the government in 1996. As the submission of the Decommissioning
plan was approved, D&D project started to formulate in 1997.

2. DECOMTAMINATION & DECOMMISSIONING PROJECT
2.1 Decontamination & decommissioning design
As the decommissioning of KRR 1 & 2 are the first nuclear facility to be
decommissioned in Korea, the experiences of advanced countries, IAEA technical reports
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were refereed to formulate the decommissioning plan.
HEC was selected as the D&D design work and BNFL joined as a technical partner of
the HEC. Design work for the D&D began in 1998. Based on the D&D design, the
decommissioning plan and the environment impact assessment report have been
completed and submitted to the MOST for licensing at the end of 1998. Now these
documents are being reviewing at the KINS, who is the regulatory authority in Korea. It
is expected that the permission of the decommissioning plan from the government will
come out in mid 1999. Then D&D work will be started in the latter half of the year 1999
and completed in 2002
While designing, operating experiences and construction drawing of KRR 1 & 2,
radiological survey report were refereed. After pre-design, a hazard and operability
(HAZOP) study checked each step of the work. In the end of 1998 the decommissioning
plan, including environmental impact report was finished. Therefore the inspection for
the authorization of the decommissioning plan in the beginning of 1999 to KINS was
required. It is expected that the authorization of the decommissioning plan will be
completed in the middle of 1999.

2.2 Transport of spent fuel
Enrichment of nuclear fuel used at KRR 1 & 2 are 20% and 70%, respectively (See
table 1). After they stopped their operation, spent fuels were stored at the HANARO
spent fuel pool in Taejeon and the KRR 2 reactor pool in Seoul. Meanwhile, the US
made a spent fuel management policy that US origin spent fuels are return to the US.
The Korean government agreed with the US policy and all spent fuel from KRR 1 & 2
were safely transported to US in the middle of 1998. Therefore, an important step for
decommissioning is completed.

2.3 Preparation work for decommissioning and radiation survey
Preparation works for decommissioning which will be done in 1999 are secure
radiation measuring and analysis equipment, reinstalling hot and cold shower for
decommissioning workers, installing laundry equipment, removing non-radioactive
wastes, and etc. Simultaneously, some liquid wastes treatment facilities such as natural
evaporator, membrane separation facility for laundry and shower waste, slurry separator
and mobile solidification equipment will also be installed.

2.4 Decontamination and decommissioning work
A domestic company for D&D work will be selected through competitive open bid,
after the decommissioning plan is approved by MOST. Practical work will be conducted
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by order, according to the method statement and work procedures that will be prepared
by the contracted company. The first job will be D&D of the KRR 2 reactor hall for
temporary storage of radioactive wastes produced during the D&D work. Containment
will be installed during the removal of radioactive materials of the KRR 1 & 2 reactors,
ventilation system including HEPA filters. Tentative schedule of the D&D project of the
KRR 1& 2 is in fig. 1. A general idea of the D&D work is that all of the radioactive
materials will be decontaminated or dismantled so that the remaining buildings and the
site could be used as an unrestricted area.
Meanwhile, KRR 1 is planned to turn into a science memorial museum after removal
of all radioactive materials.

Year
Activity

1997

1998

1999

2000

2001

2002

2003 ~ 2008

-D&D plan
-D&D design and licensing
doc. Preparation
- Environment assessment
- License
- Spent fuel transportation
-D&D Works
- Site restoration
- Radiation monitoring and
Health safety control
- R & D demonstration
- Waste treatment / package
/ management
- Waste transportation

—

- Reactor hall decontamination / site restitution

Fig. 3 Decommissioning schedule for KRR 1 & 2

2.5 Radioactive wastes treatment
Radioactive wastes produced during D&D work are classified into solid, liquid and
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gaseous. Because of the good condition of the ventilation system in the KRR 2 reactor
hall, most of gaseous wastes will be treated with this system. The temporary
containment system including ventilation are planned to be installed after removal of the
non-radioactive concrete.
All of liquid radioactive wastes are under the free discharge level; such as low or very
low level (less then 106 piCi/cc) with a maximum quantity of 500 m3. However, as there
is no dilution sink to be discharge near the KRR 1 & 2 site, it will be naturally evaporated
because it is under the permissible release level. Such a, natural evaporation facility is
operating at Taejeon site without any environmental risks. The shower or laundry waste
water, which maybe more than the detecting level will treated by using a membrane
separation facility. Then the concentrate will be solidified with asphalt or cement in a
200 liters drum.
Solid wastes, except reactor structures, are low-level radioactive wastes. Medium
level wastes from reactor structures, mainly stainless steel components, will be stored in
a shielding container. The rest of low level solid wastes will be packed in 4m3 ISO
containers and then kept in a temporary storage until a low/medium-level radioactive
waste disposal site is ready. The general flow diagram for liquid wastes is as shown in
figure 2.
Non-contaminated
Waste

Compactable
Solid Waste

t

t

Non-Compactable
Solid Waste

Spent Ion-exchange
Resins

Liquid Waste

I

Membrane
Senaratinn

r

-1

r

200 Liters
Drum

Container
(Large Size)

r

Solidification
(Asphalt or Cement)

Natural
Evaporation

.

Interim Storage
Final Disposal Sit©

Industrial Burial

Fig. 2 Flow diagram of radioactive wastes management
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3. CONCLUSION
Primary radiation survey report for decommissioning design indicates that the
radiation level of KRR 1 8s 2 is not severe, with exception of some stainless steel
component existing in the rotary specimen rack. Classical dismantling tools, except
some special ones, will be enough for completion of the D&D work. As it is in the proven
decontamination and decommissioning work to be done in Korea. KAERI will make
efforts that this is used as a demonstration opportunity for the research and development
of the D&D field in view of the preparation for commercial nuclear power reactor's D&D
in the future of Korea.
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ABSTRACT
Japan Research Reactor No.2(JRR-2), heavy water moderated and cooled tank type research reactor with
maximum thermal power of 10MW, was used over 36 years, and was permanently shut down in December,
1996. Afterward, dismantling report was submitted to the STA, and dismantling was begun in 1997.
Decommissioning of JRR-2 is planned in 11 years from 1997 to 2007, and the program is divided into 4
phases. Phase 1 had already been ended, phase 2 is being executed at present. Reactor body will be removed
in phase 4 by one piece removal or caisson techniques. On reactor building, it is planned to use effectively as
a hot experimental facilities after decommissioning ends. How to treat heavy water and primary cooling
system contaminated by tritium becomes an important problem to lead decommissioning to success because
JRR-2 is heavy water reactor. On heavy water, transportation to foreign country is planned in phase 2. On
primary cooling system, it is planned to remove and dispose the majority in phase 3, and tritium
decontamination with technique established by the proof test is planned before them. As a preparation for
them, various investigation and examination are being advanced at present.

1. INTRODUCTION
Japan Research Reactor No.2(JRR-2) was used over 36 years since critical had been achieved in 1960,
and was permanently shut down in December, 1996. Afterward, dismantling report was submitted to the
Science and Technology Agency(STA) in May, 1997, and dismantling was begun in August in the same
year. Decommissioning of JRR-2 is planned in 11 years by dividing into 4 phase, and phase 2 is being
executed at present in plan to March, 2000.
In this report, decommissioning program of JRR-2 is introduced first. Afterward, treatments of heavy
water and primary cooling system contaminated by tritium which become an important problem to lead
decommissioning of JRR-2 to success is introduced.
2. JRR-2 OUTLINE 1)
JRR-2, based on CP-5 research reactor in Argonne National Laboratory(ANL), USA, was heavy water
moderated and cooled tank type research reactor with maximum thermal power of 10MW. Maximum
thermal neutron flux was 1.3 X 1014 n/cm2>sec. Though enrichment and type of JRR-2 fuel had been
changed several times, the fuel used last was 45wt% enriched uranium cylindrical type.
On utilization facilities, facilities for experimental and irradiation utilities were set up. On experimental
utilization facilities, horizontal experimental tubes and thermal column were set up. The facilities had been
utilized various irradiation experiments, neutron beam experiments and medical irradiation(BNCT) in
recent years. On irradiation utilization facilities, vertical irradiation holes, pneumatic tubes and in-core
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irradiation holes were set up. The facilities had been utilized RI production for industry and medical,
irradiation of reactor fuel and material, production of semiconductor materials(Si doping) and activation
analysis.
JRR-2 achieved critical with 20wt% enriched uranium fuel in 1960, reached rated output 10MW with
90wt% enriched uranium fuel in 1962, and started utilization operation for 10MW in 1965. And then JRR-2
had been used for a wide field on research and development to nuclear power over 36 years. But JRR-2 was
permanently shut down in December, 1996, because the purpose was achieved and it was decided that
BNCT was continued in JRR-4 after remodel. Afterward, dismantling report was submitted to the STA in
May, 1997, and dismantling was begun in August in the same year. JRR-2 schematic figure is shown in Fig.
1.

Thermal Shield Cooling
System

Control Rod
Core Tank

Thermal Coolant
Heat Exchanger

Thermal Shield ^ P J *

Cooling Tower

Secondary Purfip
Primary Coolant Heat Exchanger

Heavy Water
Storage Tank

Secondary Cooling System

Primary Cooling System

Fig. 1 JRR-2 schematic figure
3. DECOMMISSIONING PROGRAM 2>
Decommissioning of JRR-2 is planned in 11 years from 1997 to 2007, and the program is divided into 4
phases. Phase 2 is executed at present. Decommissioning program is shown in Table 1, and concept figure
of each phase is shown in Fig. 2.
Decommissioning is planned according to "Basic Concepts for Assuring Safety in Dismantlement of
Nuclear Facility (On the Occasion of JPDR Dismantlement)" approved by the Nuclear Safety Commission
on December 19,1985, and by referring to knowledge obtained for decommissioning of JPDR and Mutsu.
At phase 1, 2, activities to ensure safety of reactor facilities while decommissioning is executed is mainly
planned, and it will be promptly ended in the first 3 years. Afterward, at phase 3, 4, Large scale dismantling
is planned with spending 4 years in each phases. The outline of each phases is as follows.
Before phase 1 is started, movement of fuel elements from core to spent fuel pool and drain of secondary
coolant were executed as usual maintenance work.
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Table 1 JRR-2 decommissioning program
Fiscal Year

96

97

'98

'99

'00

'01

'02

'03 '04

'05

'06

'07

'08

Decommissioning and Management of Reactor Facilities

Phase

Main Item
V Submission ot Dismantling Report

Permanent Shutdown
and Drain of Coolants

Phase 2

Phase 3

End of Decommlssionira

Removal of Control Rod Drive Mechanism
Drain of Primary and Therms! Shield Coolants
Isolation of Cooling System and
Reactor Confinement

Isolation of Cooling
System and Reactor
Confinement

Removal of Experimental Facilities and
Secondary Cooling System
CD Revaluation of Activity Inventory
® Transportation of Heavy Water to Forelgi Coirtry
Establishment of Decontamination
Tecfrique of Tritiun

Decontamination and
Removal of Cooling
System

Decontamination and Removal
of Cooling System
Evaluation of Reactor Bulking
Contamination

Phase 4

Removal of Reactor

Phase 2: Isolation of Cooling System
and Reactor Confinement

Phase 1: Permanent Shutdown and
Drain of Coolants

Phase 4: Removal of Reactor

Phase 3: Decontamination and
Removal of Cooling System

Fig. 2 Concept figure of JRR-2 decommissioning
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Phase 1 : Permanent Shutdown and Drain of Coolants
In phase 1, permanent shutdown and drain of coolants have already been executed in period from August,
1997 to march, 1998. Permanent shutdown was executed by removing the control rod drive mechanism.
This work was executed as first work of decommissioning. Drain of coolants was executed by draining
primary coolant(heavy water) and thermal shield coolant(light water) from reactor core and cooling system.
Drained heavy water(15m3) was stored in JRR-2 and JRR-3 heavy water storage facilities, and drained
thermal shield water(10m3) was transported to the radioactive disposal facilities and disposed. Detailed
description on treatment of heavy water is shown in chapter 5.
On exposure of worker in phase 1, though collective dose equivalent was estimated as about 90 man*
mSv, actually it could be controlled to 9.2 man * mSv by not approaching high dose points. Internal exposure
by tritium could be also prevented by installation of enough greenhouse and wearing ventilation mask and
so on.
Phase 2 : Isolation of Cooling System and Reactor Confinement
In phase 2, isolation of cooling system and reactor confinement are mainly planned. This phase is planned
in period from November, 1998 to March, 2000, and is being executed at present. Isolation of cooling
system is being executed by cutting off joints of reactor core and primary cooling system in period from
January to March, 1999. Reactor confinement will be executed by sealing open parts of reactor body after
November, 1999 and by March, 2000.
Additionally, In phase 2, on activation activity of reactor body and contamination activity of cooling
systems, revaluation by activity measurements are planned, and samplings for that purpose has already been
executed as first work of phase 2. Removal of experimental facilities and secondary cooling system are also
planned in phase 2, and transportation of possession heavy water to foreign country is also planned.
Phase 3 : Decontamination and Removal of Cooling System
In phase 3, decontamination and removal of cooling system are mainly planned in 4 years from April,
2000 to 2003. Removals and disposals of primary and thermal shield cooling systems will be executed as
decrease of exposure under removal work and radioactive waste is achieved after executing tritium
decontamination of primary cooling system with technique established by the proof test. Detailed
description on treatment of primary cooling system is shown in chapter 5.
Additionally, it is planned to evaluate inventory of tritium contamination of reactor building concrete,
and it is also planned to remove equipment in spent fuel storage facilities. By the way, it is planned to
transport all spent fuels of JRR-2 to DOE-SRS(USA) by the middle of phase 3.
Phase 4 : Removal of Reactor
In phase 4, it is planned to remove reactor body by adopting one piece removal or caisson techniques, and
decommissioning will be ended. This phase is planned in 4 years from 2004 to 2007. Removed reactor body
will be stored in the storage facilities constructed newly in either outside or inside of reactor building. On
reactor building removed reactor body, it is planned to leave, and to use effectively as a hot experimental
facilities after decommissioning ends.
4. DISPOSAL OF RADIOACTIVE WASTE
Because how to treat radioactive waste generated in dismantling becomes an important problem to
achieve ensuring safety under decommissioning, radioactive waste quantities on each dismantling is
estimated with dividing by activity revels and properties.
Radioactive solid waste quantities generated total process of decommissioning is estimated about
1375ton. Reactor body, about 720ton, will be stored in the storage facilities constructed newly as above
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mentioned, other, about 655ton, cooling facilities, experimental and irradiation facilities, reactor building
concrete and so on, are disposed in radioactive disposal facilities inside site.
Radioactive liquid waste quantities is estimated about 1724m3, and main nuclide is tritium. The majority,
about 1650m3, is general waste fluid generated in each dismantling. The one of concentration standard or
less are disposed in JRR-2 , and the one of more than concentration standard are disposed in radioactive
disposal facilities inside site.
Main nuclide of radioactive gas waste is also tritium, and it is released from the stack as it is confirmed
that concentration of nuclides is standard or less.
5. TREATMENTS OF HEAVY WATER AND PRIMARY COOLING SYSTEM
Because JRR-2 is heavy water reactor, possession heavy water is considerably contaminated by tritium,
and the tritium concentration is 4.3 X 107Bq/cm3. It is guessed that primary cooling system is also
contaminated considerably by tritium. Therefore how to treat heavy water and primary cooling system
contaminated by tritium becomes an important problem to lead decommissioning of JRR-2 to success.
Treatments of heavy water and primary cooling system are as follows.
5.1 Heavy Water
Possession heavy water of JRR-2 is 15m3. After it was drained from reactor core and cooling system in
phase 1,10m3 was stored in JRR-2 heavy water storage facilities set up newly by remodeling of tank which
already exists in phase 1, and 5 m3 was stored in JRR-3 heavy water storage facilities which already exists.
As plan for the future, transportation to foreign country is planned in phase 2.
5.2 Primary Cooling System
Primary cooling system consists of stainless steel and aluminum, and total quantity of structure materials
is about 36ton. On the majority(85% of total quantity), removal and disposal are planned in phase 3, and
tritium decontamination for achieving decrease of exposure under removal work and radioactive waste is
necessary before them. Concretely, it is planned in the first half of phase 3 to establish decontamination
technique of tritium contamination by the proof test. Afterward, decontamination of primary cooling system
will be executed by adopting the technique, and removal and disposal will be executed by appropriate
methods.
As a preparation for that, various investigation and examination, for example distribution, chemical
properties and infiltration in metal of tritium contamination, basic technique of decontamination and final
disposal method, is being advanced in phase 2.
(a) Basic Test on Tritium Decontamination
As one of various investigation and examination, basic test on tritium decontamination which use pipe
sampled from primary cooling system is being executed at present. Tritium surface densities of inside
surface in each condition got by executing dry gas ventilation(dry decontamination) and steam gas
ventilation(steam decontamination) to stainless steel pipe got enough wet inside surface by heavy water are
shown in Fig.3. Steam decontamination is a method to decontaminate by isotope exchange of tritium and
hydrogen.
As shown in Fig.3, each Decontamination Factor(DF) were 103 or more in dry decontamination, and 10 or
more in steam decontamination. Quantitative evaluation isn't got in this test because sample number is few.
Tritium surface density(Bq/cm2) in condition got enough wet by heavy water was 104 order, and that in
condition after dry and steam decontamination was 10" order. Therefore, on stainless steel of primary
cooling system, it is guessed that tritium included in adhesion heavy water on inside surface can be
decontaminated by dry decontamination, and tritium included in adsorption heavy water in oxide skin can

- 115 -

JAERI-Conf

99-006

be decontaminated by steam decontamination. Additionally, it was clarified that dry decontamination is
very useful as system decontamination before removal because large DF were got by dry decontamination.
On aluminum of primary cooling system, same basic test is being executed at present. As plan concerned
this test for the future, it is examined to execute investigation on chemical properties of tritium
contamination and additional test to give quantitative evaluation by increase of sample number.

Surface condition
Fig. 3 Tritium surface densities of stainless steel pipe inside surface
in each condition. (D is condition got enough wet by heavy
water. (2) is condition after dry decontamination. (D is
condition after dry and steam decontamination. Temperature
was set 60'C, and humidity in steam decontamination was set
70%. Stainless steel pipe was sampled from primary cooling
system.
6. SUMMARY
(1) Decommissioning of JRR-2 is planned in 11 years from 1997 to 2007, and the program is divided into 4
phases. Phase 1 had already been ended, phase 2 is being executed in plan to March, 2000.
(2) Reactor body will be removed in phase 4 by one piece removal or caisson techniques. On reactor
building, it is planned to use effectively as a hot experimental facilities after decommissioning ends.
(3) How to treat heavy water and primary cooling system contaminated by tritium becomes an important
problem to lead decommissioning to success because JRR-2 is heavy water reactor. On heavy water,
transportation to foreign country is planned in phase 2. On primary cooling system, it is planned to
remove and dispose the majority in phase 3, and tritium decontamination with technique established by
the proof test is planned before them. As a preparation for them, various investigation and examination
are being advanced at present.
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ABSTRACT
Water chemistry of the OAEP spent-fuel pool has been closely monitored without any
pre-treatment for its conductivity, pH, temperature, chloride ion, sulfate ion, nitrate ion,
phosphate ion, silver ion, and copper ion as well as its gamma activity of Cs-137.
Conductivity, pH and temperature were measured using a portable pH and conductivity meter
with built in temperature probe. Chloride ion was monitored by an automatic micro-titrator
with silver nitrate as titrant and platinum indicator electrode. Nitrate, sulfate and phosphate
were analysed by ion-exchange chromatographic method using an anion separator column and
salicylate buffer as eluant. Gamma activity of Cs 137 was measured using a Canberra gamma
spectrometer with HpGe detector. Silver and copper were analysed by ICP-AES technique
within 6 hours after collection. During the study period from March 1996-September 1998, the
conductivity was between 1.25-4.80 uS/cm, pH in the range of 5-8.1, and temperature from
26.4-29.6 degree celcius. Chloride ion was found between 0.1-0.8 ppm. Silver, copper,
nitrate, sulfate and phosphate ions were undetectable. Overall chemical composition of the
water shows that the water is kept in standard condition recommended for safety storage.
However, the presence of gamma activity of Cs-137 (average value of 138 Bq/1) indicates a
slight leak of the spent fuel.

1. INTRODUCTION
It is well recognized that wet storage is the most popular means of interim storage for
spent nuclear fuel. The spent fuel will be kept in water for several years until the activity
decrease and then removed for further permanent storage or for reprocessing. During the
storage in water, the corrosion of the cladding materials occurs. The rate of corrosion of the
cladding depends on the quality of the water in the spent fuel pool as well as their materials
composition(l). At the Office of Atomic Energy for Peace (OAEP), Bangkok, Thailand; the
Thai Research Reactor has been in operation since 1962 using HEU-MTR type fuel elements
and modified into TRIGA type in 1976. It has a 2 MW operating power for thermal POWER.
Thus, few spent fuel elements have been stored in water for quite some time. These elements
were kept in the "away from the reactor" storage pool. The water quality of the pool has been
purified by circulation through the mixed bed ion exchange resin and has been monitored for
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its conductivity and Cs 137 activity periodically. In December 1995, our research group at the
Chemistry Division joined the IAEA research coordinate project and since then has monitored
the chemical parameters of the water in the spent fuel pool to a greater extent.
2. EXPERIMENTAL PART
2.1 The OAEP's spent fuel storage facility
The OAEP's spent fuel pool, constructed in 1977, is a small pool made of
concrete with epoxy lining. The dimension of the pool is 2X4 meters and 5 meters
depth. The pool is located in a separate building adjacent to the reactor building with
physical protection and radiation monitoring equipment. The pool contains reactor-grade
water with the volume of 36 cubic meter. It is also equipped with aluminium storage rack
and a water purification system.
The purification system is composed of a mixed bed ion-exchange resin with the
volume of 20 1 packed in a stainless steel container. Each month, the water is circulated
for about 6 hours or until the conductivity of the water is below 2 (j.S/cm. The flow rate
of the system is about 12.5 liter per minute.
2.2 Equipment
a) A portable conductivity and pH meter (Metter-Toledo, model Checkmate 90)
b) An automatictitrator Metrohm model 686 Titroprocessor and a 665 Dosimat
capable of delivery titrant as accurate as 0.001 ml
c) An ion chromatograph adapted from LDC Analytical HPLC system with dual
pumps and variable wavelength UV/Visible detector and conductivity detector.
d) A gamma spectrometer with HpGe detector (Canberra, model Gr 2018) and MCA
card, (Canberra, model S-100) using Sampo-90 program for data processing.
e) An ICP-AES from Perkin Elmer model Plasma 1000.
2.3 Procedure
At least other wise stated, all reagents used are of analytical grade.
Water in the spent fuel pool was collected at about 3 meters depth using a
submerge pump. The sample location is about 1.5 meters from one of the wall of the
spent fuel storage pool. The water samples were collected every month prior to routine
cleaning up of the water by circulating through the ion-exchange resin. The routine
sampling has started since March 1996 until present. Chemical impurities were
monitored without pre-treatment for several chemical parameters right after sample
collection except for total gamma activity. The parameters monitored are as follow:
A. Conductivity, pH and temperature using a portable conductivity and pH
meter.
B. Chloride ion by micro-titration technique (2) using 0.01 M silver nitrate
solution as titrant. Platinum indicator electrode is used to monitored the potential in
millivolt changes of the system. End points were automatically detected and
calculated for chloride ion concentration.
C.
Nitrate, sulfate and phosphate ions using ion-exchange chromatographic
method. The column used is ION 120, Interaction, suitable for anion separation using
4 mM salicylate buffer at pH 7.8 as eluant at a constant flow rate of 1 ml/min (3).
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D.
Total gamma activity as Cs-137 isotope were monitored using standard
solution as calibrated reference.
E.
Silver, copper and calcium ions using ICP- AES method.
F.
Since the history of the chemistry of the pool shown no significant beta
activity of Sr-90, this parameter was not monitored throughout the research work.

3. RESULTS AND DISCUSSION
The chemical parameters and radioactivity parameters of the basin water between
March 1996 to October 1998 were shown in Table 1 and 2. It is observed that chloride ion
concentrations are in the range of 0.1 -0.2 ppm with few exceptional data points. Nitrate, sulfate,
phosphate, copper and silver ions are found below the detection limit of the instrument, i.e. 1
ppm, for the anions and 0.01 ppm for the cations, since no sample pretreatment has been
performed. The conductivity of the pool's water, the most common parameter to indicate the
quality of the water, are found between 1.2 to 4.8 uS/cm. pH were in the range of 5-8.1 and
temperature from 26.4 to 29.6 degree celcius. This indicates that the water quality of the pool
were closely controlled. The chemical composition of the water shows that the water condition
is kept rather constant and expected to be in an acceptable quality. The presence of the gamma
activity of Cs-137 with the average value of 138 Bq/1 indicates a slight leak of the spent fuel.

4. ACKNOWLEDGEMENT
The research is partially supported by IAEA on the project entitled "Corrosion of
Research Reactor Aluminium Clad Spent-Fuel Storage in Water". The authors wish to thank
all colleagues who have actively participated in the research, and to the Chemistry Division as
well as to the Office of Atomic Energy for Peace for their support to the project.

5. REFERENCES
1. IAEA-TECDOC-1012, Durability of Spent Nuclear Fuels and Facility Component in Wet
Storage, IAEA, Vienna, Austria, 1998.
2. Metrohm Application Bulletin No. 130, Chloride titrations with potentiometric end-point
indication, Metrohm AG, Switzerland.
3. Ion-120 Anion Chromatography Column, Instruction Manual, Interaction, Interaction
Chemicals Inc. U.S.A., 1989.

- 121 -

JAERI-Conf

99-006

Table 1. Chemical Ions Concentration of the 'Water in the Spent Fuel Pool
Date
Cu
Ca
Remark
SO4"2 NO3"1 PO4"3
Ag
cr (ppm)
(ppm) (ppm)
(ppm)
(ppm)
(PPm)
(ppm)
<1
03/13/96
<1
<1
<1
surface
05/13/96

<1

<1

<1

<1

-

07/08/96

<1

<1

<1

<1

-

11/06/96

<1

<1

<1

<1

-

12/19/96

0.20

<1

<1

<1

-

01/28/97

0.14

<1

<1

<1

-

02/18/97

0.55

<1

<1

<1

-

04/03/97

0.21

<1

<1

<1

-

05/02/97

0.17

<1

<1

<1

-

05/23/97

0.81

<1

<1

<1

-

07/09/97

0.16

<1

<1

<1

-

08/07/97

0.14

<1

<1

<1

-

09/08/97

0.15

<1

<1

<1

-

10/07/97

na

<1

<1

<1

-

11/07/97

0.13

<1

<1

<1

-

12/04/97

<0.1

<1

<1

<1

-

01/14/98

0.17

<1

<1

<1

<0.01

02/05/98

<0.1

<1

<1

<1

03/11/98

<0.1

<1

<1

<1

04/01/98

0.14

<1

<1

<1

05/14/98

0.24

<1

<1

<1

06/10/98

0.40

<1

<1

<1

07/07/98

0.32

<1

<1

<1

08/06/98

<0.1

<1

<1

<1

09/03/98

<0.1

<1

<1

<1

-

-

-

surface

-

surface

-

-

3 m depth

-

3 m depth

-

3 m depth

-

-

3 m depth

-

3 m depth

-

3 m depth

-

-

3 m depth

-

3 m depth

-

3 m depth

-

-

3 m depth

-

3 m depth

-

3 m depth

-

3 m depth

-

3 m depth

O.01
<0.01

O.01
<0.01
<0.01

-

3 m depth

-

3 m depth

<.001
<0.01

<.001
<0.01

-

3 m depth

-

3 m depth

<0.01
<.001

<0.01
<.001

-

3 m depth

0.32

3 m depth

<0.01
<.001

<0.01
<.001

0.20

3 m depth

0.23

3 m depth
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Table 2. Chemical Parameters and Total Gamma Activity of Water in the Spent Fuel Pool
Conductivity Temperature
Date
Cs-137
pH
Remark
°C
activity
(iS/cm
(Bq/1)
07/05/93
<2
27
surface
02/13/95

<2

-

-

26

surface

09/27/95

<2

-

-

116

surface

03/13/96

1.46

28.9

6.53

66

surface

05/13/96

1.93

28.9

6.46

107

surface

07/08/96

1.94

28.8

6.07

198

surface

11/06/96

1.69

28.6

8.12

96

3 m depth

12/19/96

3.74

26.4

6.82

80

3 m depth

01/28/97

4.80

27.6

7.08

86

3 m depth

02/18/97

3.26

28.3

5.92

109

3 m depth

04/03/97

3.00

28.8

6.11

137

3 m depth

05/02/97

3.52

28.1

6.19

170

3 m depth

05/23/97

3.52

28.8

6.44

na

3 m depth

07/09/97

1.93

29.2

6.23

143

3 m depth

08/07/97

2.22

29.1

6.38

115

3 m depth

09/08/97

2.36

28.9

6.08

133

3 m depth

10/07/97

2.16

28.1

8.00

139

3 m depth

11/07/97

1.86

28.5

6.89

96

3 m depth

12/04/97

1.83

28.6

7.80

132

3 m depth

01/14/98

2.33

28.7

6.03

163

3 m depth

02/05/98

1.25

28.9

7.66

183

3 m depth

03/11/98

2.59

29.2

6.50

197

3 m depth

04/01/98

2.75

29.4

5.04

181

3 m depth

05/14/98

2.88

29.6

5.29

215

3 m depth

06/10/98

3.28

28.8

5.90

159

3 m depth

07/07/98

4.55

29.0

7.46

164

3 m depth

08/06/98

2.99

29.3

7.08

206

3 m depth

09/03/98

2.51

29.0

6.75

165

3 m depth
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ABSTRACT
HANARO is an open-tank-in-pool type reactor. Pool water is the only shielding to minimize the pool
top radiation level. During the power ascension test of HANARO, the measured pool top radiation level
was higher than the design value because some of the activation products in the coolant reached the pool
surface. In order to suppress this rising coolant, the hot water layer system(HWL) was designed and
installed to maintain 1.2 meter-deep hot water layer whose temperature is 5 °C higher than that of the
underneath pool surface. After the installation of the HWL system, however, the radiation level of the
pool-top did not satisfy the design value. The operation modes of the hot water layer system and the other
systems in the reactor pool, which had an effect on the formation of the hot water layer, were changed to
reduce pool-top radiation level. After the above efforts, the temperature and the radioactivity distribution
in the pool was measured to confirm whether this system blocked the rising coolant. The radiation level
at the pool-top was significantly reduced below one tenth of that before installing the HWL and satisfied
the design value. It was also confirmed by calculation that this hot water layer system would
significantly reduce the release of fission gases to the reactor hall and the environment during the
hypothetical accident as well.

1. INTRODUCTION
HANARO is an open-tank-in-pool type reactor and has up-fiow forced convection cooling system.
The reactor located at the bottom of the pool, consists of four components: the inlet plenum supporting
the reactor tank and distributing inlet coolant, the lower grid plate holding fuel assemblies, the reflector
tank, and the chimney mixing coolant from individual flow tubes and bypass flow. About 90 percent of
primary coolant enters inlet plenum, flows through the flow tubes containing the fuel assemblies in the
core structure and exits through the two outlet nozzles which are mounted at the side wall of the chimney.
And the other 10 percent of the flow is branched to the bottom of the reactor pool.
At the design stage, it was supposed that all the bypass coolant which comes back to the bottom of
the reactor pool, flow into the top of the chimney and suppresses the core coolant in the chimney[l]. But
during the power ascension test, it was found that if the temperature of this bypass water was higher than
that above the chimney top, then it continued rising to the pool surface and pool top radiation became
much higher than the trip set point, 2.5mrad/hr.
To solve the pool top radiation problem, the radiation sources of pool water was analyzed and the
result showed that 24Na and 41Ar were the major sources[2]. 24Na is produced from the aluminum
cladding of fuel by 27Al(n,oc) reaction. In the case of 41Ar, the dissolved argon in the pool water is
activated by the reaction ^Arfa, y) 41Ar. It is released to the atmosphere in the reactor hall from the
surface of the reactor pool. These nuclides dissolve in the pool water and flow up to the pool top by
convection due to the unstable temperature distribution in the pool. Because the pool water is the only
shielding to minimize the pool top radiation level in HANARO, the hot water layer (HWL) system to
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maintain the pool surface water temperature higher than bypass water, was installed. The commissioning
of the HWL system was done and it showed that 1.2 meter thick hot water layer could be successfully
maintained. The pool-top radiation level, however, was not sufficiently reduced even after the operation
of the HWL system. To solve this problem, we made some efforts on the change of parameters which
might affect on the formation of the hot water layer. First of all, the operation mode of the heaters, which
are components of the HWL system, was changed. The original operation mode was that one heater
operated and the other one stood by. But it was changed to operate two heaters. This will help the hot
water layer form quicker and thicker. We also varied the flow rate of the bypass water and changed some
systems such as the hydraulic transfer system because these had an effect on the formation of the stable
hot water layer. After removing the factors that made the hot water layer unstable, the experiments and
analysis were performed to confirm the effectiveness of the HWL system.
This paper presents the description of the HWL system in HANARO, the results of the pool top
radiation during reactor normal operation after installation of the HWL system and the estimated result
of the effectiveness in case of hypothetical accident.

2. DESCRIPTION OF THE HOT WATER LAYER SYSTEM
2.1 Thermal design
The uppermost part of the reactor pool is continuously heated by the system and maintains a hotter
temperature than any part of the pool. In order to determine the necessary power of the heating unit, the
thermal design was performed. We estimated for the assumed depth of the hot water layer region all
possible heat losses by evaporation through the top surface, convection through the top and bottom of
layer, and conduction through the concrete wall. To compensate for the above heat losses, the electric
heater of 30kW was decided to be installed. To maintain the temperature difference of 5°C, nominal
mass flow rate was determined to be 1.44kg/s.

2.2 System function and component
The pool water is withdrawn at the elevation of 83.9m which is 0.6m below the pool surface. The
water, then, enters the pump, the ion exchanger, the heater and returns to the pool at the same elevation
as the extraction. The extraction and exhaust piping are located at the southwest and north side of the
pool. Normal exhaust water temperature is set at 40 °C. The system consists of electric water heaters, ion
exchangers, pumps and connecting pipes. For the uninterrupted operation, 100% load auxiliary system is
installed in parallel. The heating unit consists of five 6kW electric heaters using 440VAC. The
temperature of the water inside the water tank is controlled with a thermostat. The temperature setting
can be accessed by manual digital controller. A self-priming pump of 3HP is used for the system and its
head is 25mWg. The inlet and outlet of the pump are connected with 2 and 1.5inch pipes. Piping is
designed under ANSI B31.1 and the design pressure and temperature are IMpa and 100 °C. To avoid
back flow from the reactor pool in case of pipe rupture, siphon hole of 5mm diameter is prepared at the
elevation of 84m. Outside the pool the pipes are insulated with 40mm thick glass wool. An ion exchanger
will be installed between the heater and pump to purify the water in the hot water layer after the
experiments. The resin is protected by the 18-meshed screen at the top and bottom part of the exchanger.
The differential pressure across the exchanger is monitored for replacement of the resin.

3. The effectiveness of the hot water layer system
After the HWL system was installed, the distributions of temperature and 24Na activity in the pool
were measured[3]and the results are shown in Figure 1. The temperature was measured in the state of
reactor operation and shut down, while the activity was measured in the state of reactor operation only.
All measurements were performed in the four sides and center position of the pool along to depth. As
shown in the figure the HWL system makes 1.5m thick hot water layer below pool surface with
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Pool depth (m)
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Figure 1. The distribution of the temperature and "Tsla activity in the pool
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Figure 2. Pool-top radiation level before and after installing the HWL system
temperature above 40 °C. Beneath the hot water layer, the pool temperature has a uniform distribution
throughout the pool during the reactor shutdown. In case of reactor operation, however, a rapid decrease
of the temperature occurred again near the top of chimney and then pool temperature under the chimney
becomes almost same as bypass water temperature. The water samples were taken at the similar position
as in the temperature measurement to measure 24Na activity of the pool. The 24Na is the major nuclide
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which makes the pool-top radiation high. During the reactor operation the 24Na activity level shows
reverse trend against the pool water temperature. The average activity of 24Na in the hot water layer is
about 12 Bq/cc, which corresponds to 1/30 of the bottom region activity. It was confirmed from these
measurements that most of the bypass water flows downward into the chimney, but little portion is going
up to the pool-top.
Figure 2 shows examples of the operation data of the pool-top radiation level. One was measured in
the power ascension test period at 20MW without the HWL system, the other was measured during the
normal operation at 20MW. These data were monitored by pool-top radiation monitoring system
mounted around the pool surface. The pool top radiation level increases after start up and saturates after
about one day. The radiation level was very high in the range of 13mrad/hr to 25mrad/hr before the
HWL system was installed. These values were much higher than reactor trip set point. And there were
many peaks during reactor operation. These peaks occurred when the bypass water temperature is higher
than that of chimney top. In this case, the reactor operator made bypass water temperature low by
controlling the secondary cooling system. After the HWL system was installed, the pool surface radiation
level was maintained in the range of 1.2mrad/hr to 1.7mrad/hr. The HWL system usually starts before
reactor start up and operates all the time during reactor operation and stop one day after reactor shut
down. The hot water layer plays an important role that the upper region of the chimney top maintains
higher temperature than bypass water and prevents the activated bypass water from rising to the surface.

4. The effectiveness of hot water layer system under the hypothetical accident.
The reactor pool radiation level under the hypothetical accident condition was estimated by a simple
calculation. For this purpose it was assumed that the whole fission products contained in a 36-element
fuel bundle are spread uniformly over the primary cooling loop at a moment of fuel failure. ORIGEN2,
isotope generation and depletion code [4], was used to estimate the total and individual activities of all
fission products within the failed fuel bundle after 180 MWD's burnup, and these values are used as
initial inventory of calculation. Total activity emitted from a failed bundle is 5.09 x 106 Ci including
about 40 % of very short lived (less than few seconds) nuclides and about 15 % of fission gases such as
krypton, xenon, and iodine. For the convenience of this calculation it was also assumed that the reactor
pool is divided into three regions; primary cooling loop (Region-1), reactor pool under the hot water
layer (Region-2) and hot water layer (Region-3), and that radioactive nuclides are exchanged only
through the boundaries between the two neighboring regions, and nuclide number density(i.e. pool
activity) is independent of the position within a region. According to this assumption, the changes of
number density of each fission product in each region are;
1
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where «, , Ms : number density of a specific nuclide and total pool water mass of Region-/,
nrb : the mixing rate of pool water between Region-1 and Region-2,
mx : the mixing rate of pool water between Region-2 and Region-3,
X

: decay constant of a specific nuclide,
k

n\ , X : number density and decay constant of the parent nuclide k in i-th Region
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These equations are easily solved by the finite difference method. The total mass of water in each
region isM, = 16100 kg,M2= 221000 kg, andM 3 = 106000 kg respectively. And mb is taken as 40 kg/s
which is corresponding to the flow rate of bypass water. The mixing rate between Region-2 and Region3 (mx) is determined as 0.067 kg/s by comparing the saturated pool-top radiation levels of the normal
operation with and without hot water layer. In the former study[5], the pool-top radiation level
concerning only 24Na was calculated using above equations and parameters, and compared with the
actual measured value according to elapsed time after reactor startup. The result showed well agreement
each other. This calculation based on hypothetical accident would give rather conservative result because
some factors are ignored, which make the pool-top radiation level high such as catch of fission products
by purification system or stagnation of fission gases inside primary cooling loop. Actually it is found that
the bulk of small bubbles which come out of the flow tubes do not float but flow through the outlet
nozzles.
Figure 3 shows the activity in each region depending on time. Within half an hour, nuclides with
relatively short lives decay out, after then the specific activities in Region-1 and Region-2 become to
equal and decay with very long lifetime. If the hot water layer does not exist, the pool-top radiation
would have the same trend as Region-2 and the radiation level would be about 70 % of Region-2
considering the mass of water in each region. Eventually after very long time elapsed the whole pool
water will have the same specific activity, the hot water layer can delay the increase of pool-top radiation
and reduce the release of fission gas to reactor hall and environment.
l.E+03

•Primary c o o l i n g loop
-

- - Under HWL
In HWL

l.E-06
l.E-07
Time(hour)

Figure 3. Specific activity in the pool and primary cooling loop after accident

5. CONCLUSION
The pool-top radiation level was high in HANARO due to the floating of the highly activated bypass
water to the pool-top, which was not considered at the design stage. Although the radiation level at the
pool-top was higher than the design value, the occupational exposure was negligible because the
operational personnel stay at the pool-top for a short time and the radiation level is the values at 1.5m
below the pool-top floor. But it was necessary to reduce the radiation level below the design value,
2.5mrad/hr, which had been determined on the basis of ALARA(As Low As Reasonably Achievable)
philosophy. The hot water layer system in HANARO maintains the temperature of the pool surface
water higher than the bypass water temperature and prevents bypass water from rising to the pool-top. It
was confirmed by experiments and analysis that the HWL system drops the pool-top radiation level. The

- 128 -

JAERI-Conf

99-006

results of the accident analysis based on a fuel assembly failure show that the hot water layer reduces the
release of the radioactive gas and particle out of pool surface. To reduce the pool-top radiation level
further, the bypass flow rate was recently changed and then the pool-top radiation level maintains below
lmrad/hr. The ion-exchanger for the purpose of removing the radioactive nuclides has been added the
HWL system and has started operation from this year. The pool-top radiation monitoring system will
indicate the radiation level lower than lmrad/hr.
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ABSTRACT
The ASME strainers have been newly installed at the suction side of each reactor coolant pump to
get rid of the foreign materials which may damage the pump impeller or interfere with the coolant path
of fuel flow tube or primary plate type heat exchanger. The strainer was designed in accordance with
ASME SEC. Ill, DFV. 1, ND and the structural integrity was verified by seismic analysis. The screen
was designed in accordance with the effective void area from the result of flow analysis for T-type
strainer. After installation of the strainer, it was confirmed through the field test that the flow
characteristics of primary cooling system were not adversely affected. The pressure loss coefficient
was calculated by Darcy equation using the pressure difference through each strainer and the flow rate
measured during the strainer performance test. And these are useful data to predict flow variations by
the pressure difference

1. INTRODUCTION
The ASME strainers have been newly installed at the suction side of each reactor coolant pump to
get rid of the foreign materials which may damage the pump impeller, and/ or interfere with coolant
path of fuel flow tube or plate type primary heat exchanger.
The seismic analysis and design were performed for T-type strainer in accordance with ASME,
Section III. Since, unfortunately, there is no requirement for the strainer in ASME, the strainer body
was analyzed according to ND-3500, valve design. Flanged joints connected to PCS piping were
designed according to ND-3658.3. And the criteria of the cover flange was governed by the Appendix
XI. The results of the seismic analysis and design fully satisfies the structural acceptance criteria of the
ASME, Section III. Accordingly the structural integrity of the strainer body and flanges has been
proved. Flow analysis for T connector was performed to determine the effective void area of screen. It
was found that the circulation (vortex) appeared in branch, at 284 mm from the center of T connector
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run-side. Accordingly the effective void area was limited to 284 mm of branch from the center and the
strainer was manufactured to maintain 100 % or above the effective void ratio for cross section area.
After installation of the strainer, it was confirmed through the field test that the flow characteristics of
primary cooling system were not adversely affected.

2. SCREEN DESIGN OF ASME STRAINER
2.1 Design Requirements
The strainer should be designed in accordance with ASME Sec. Ill, ND Components. The strainer
is located at the upstream of each pump. The screen should catch the foreign debris bigger than 1.2
mm-diameter. The structural integrity of screen should be maintained against the back flow after one
pump trip. The effective void area should be larger than the inner cross section area of run-side pipe to
minimize the pressure difference through strainer. The type of screen cross section is recommended to
W-type to maximize the effective void area and to meet 780 kg/s of primary coolant after passing
through the 14" strainer. T-type strainer is recommended instead of Y-type to install it within the
limited space.
2.2 Flow Analysis of T connector
Flow analysis of T connector has been done to find effective void area of T-type strainer. It was
analyzed with the boundaries of 0.8 m of upstream and 0.5 m of downstream from the center of T
connector, and 0.7 m of branch from the center of the run side. The cross section of screen was
assumed as porous flat plate to meet the total void area of W-type screen. The k-epsilon model of renormalized group [1] was used as the turbulent model, and the number of 3-dimensional shell was
8690. The adaptive time step was used to calculate the transient, and the results were concerned as
steady state. The results of steady state and 3-dimensional flow analysis are shown on Fig. 1.

2.OOOOE+OI
I.6667E-I-01
1.3333E+OI
l.OOOOE+Ol
6.6667E4-OO
3.3333E+OO
O.OOOOE-4-OO

Figure 1. Flow velocity contour of T-type strainer
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The velocity was increased at the run-side and gradually decreased to the branch-side of strainer.
The circulation (vortex) appeared in branch, at 284 mm from the center of T connector run-side.
Accordingly the effective void area was limited to 284 mm of branch from the center.
2.2 Screen Design
The screen holder was manufactured with W-type plate with porous holes of 8 mm-diameter, 10 mmpitch and 60 degree zigzag layout to maintain 100 % or above the effective void ratio for cross section
area. The void ratio of 60-degree zigzag screen holder was calculated by equation (1) as below [2].
(1)

Where, N: the void ratio of 60-degree zigzag arrangement.
d: porous hole diameter
p: pitch
The calculated void ratio of screen holder was 58.5 %. The total void ratio was 37.6 %, when the
screen of eighteen (18) mesh-per-inch (64.7 % of void ratio) was inserted between two screen holders
to catch the foreign debris bigger than 1.2 mm-diameter which is related to the coolant path of fuel
channel or plate type primary heat exchanger. And the effective void area was 105 % of the cross
section of 14-inch standard weight pipe, then screen and screen holders were fixed to each other by
spot welding to maintain the integrity of screen against back flow after pump trip. Fig. 2 shows the
outline of T-type ASME strainer. The orientation of strainer should be 60 degree clockwise to
maintain the space to blow off any particle to be screened.
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Figure 2. The outline of T-type ASME strainer

3. SEISMIC ANALYSIS AND DESIGN OF ASME STRAINER
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3.1 Mode Frequency Analysis
The strainer to be analyzed is 14-inch (0.438 inch thickness) T-type with ANSI class 150 rating
manufactured from SA403 WP304L. Both the mode frequency analysis and the equivalent static
seismic analysis of the strainer were carried out using the finite element computer program, ANSYS.
Element type SHELL63 was used to construct the finite element model of the strainer that contains
1258 nodes. Mode frequency analysis was performed to evaluate the natural frequency and its mode
shape. The fundamental natural frequency of the strainer is 71.7 Hz. Since all natural frequencies are
greater than 33 Hz, thus justifying the use of the equivalent static analysis, the strainer assembly is
classified as rigid component. Therefore the equivalent static seismic analysis is applicable.
3.2 Equivalent Static Seismic Analysis
The equivalent static analysis is a quasi-static approach that may be used to evaluate the seismic
loads for relatively simple systems. The seismic loads used in this analysis are 6.75g's (1.5*4.5g) in
each of the horizontal direction respectively and 7.75g's (1.5*4.5g+lg) in the vertical direction as
specified in the required input motion (RIM) [4] that a line-mounted device shall withstand and still
perform its required function. These are applied simultaneously throughout the strainer. This is a more
conservative loading case than applying the load at the center of gravity of the strainer assembly.
For the conservative design, the safe shutdown earthquake (SSE) was classified into the Service
Level C and the allowable stress limits of Service Level A prescribed in Table ND-3521-1 was applied
to Service Level C loading [3]. The maximum normal stress at a point is defined as the absolutely
largest one of the three principal stresses at the point. From the results of the stress analysis, the
maximum normal stress was occurred at the area in the vicinity of the branch connection. The
maximum normal stresses of Service Level C are 14.8 ksi for membrane and 20.4 ksi for membrane
plus bending. Therefore these stress results satisfied the allowable stress limits of Service Level A,
15.6 ksi (1.0S) for membrane and 23.3 ksi (1.5S) for membrane plus bending respectively.
3.3 Flanged joint
Flanged joints connected to primary cooling system piping were analyzed and designed in
compliance with the rule of ND-3658.3 in piping design [3]. These rules are limited to apply only to
flanged joints using flanges, bolting and gaskets as specified in ANSI B16.5, and using bolting
material having an allowable value not less than 20 ksi at 100 °F. Member moments for inlet and outlet
flanges of the strainer were obtained by the equivalent static analysis. Acceptance criteria in ND3658.3 are Equations (12) and (13) for Design and Service Level A and B and Equation (17) for
Service Level C. The results of design and analysis satisfied these acceptance criteria.
3.4 Cover Flange
The cover flange located at the lower part was qualified by the Appendix XI [3] of the ASME code,
Section III. Basic flanges design parameters, bolt areas, flange moments and flange stresses for design
condition and for gasket seating condition were calculated. The flange stress results satisfied the
design acceptance criteria given in (a) through (f) of Appendix XI-3250.
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4. PERFORMANCE TEST OF ASME STRAINER
After installation of the strainer, the field test was performed. The fuels were fully loaded and the
Primary Coolant Purification System was normally operated. And two primary cooling pumps were
running with a bypass valve (core bypass flow control valve as below) fully closed. The pump flow
was controlled with twenty percent (20 %) step increment in opening of the bypass valve. And the
flow was measured, by a field flow meter installed in common discharge line, five (5) times with tenseconds interval after the flow was stabilized. Field pressure indicators installed in upstream and
downstream of each strainer representatively measured the pressure differences through strainer per
the variation of pump flow. The coolant flow rate after installation of ASME strainer is listed in Table
1 per opening of the bypass valve.
Table 1. Reactor coolant flow rate after ASME strainer installation.
40
738

60
715

80
709

100
708

Bypass flow, kg/s

20
746
19

34

74

86

88

Total flow, kg/s

765

772

789

795

796

HV37 opening, %
Core flow, kg/s

After installation of strainer, total flow rate met the design flow rate, 780 kg/s when the bypass
valve was opened above 60 % of the opening. The core flow and the bypass flow rate met each design
flow rate, 703 kg/s and 77kg/s when the bypass valve was opened above about 60 % of the opening.
When one reactor coolant pump was operated, the pressure differences through strainer were measured
to verify the characteristics of each strainer. Dimensionless pressure loss coefficient, k, was calculated
by Darcy equation [4] using the pressure difference through strainer and the flow rate measured during
the strainer performance test.

k=

dP

Where, dP: pressure difference,
v: flow velocity, mis
g: gravity acceleration,

(2)

mAq
mis1

Fig. 3 shows the pressure loss coefficient for each strainer according to the Reynolds Number
which was calculated from the flow rate measured during the strainer performance test as shown in
Reference [5]. The average pressure loss coefficient was representatively indicated 2.2 for YS-01 used
in #1 loop and 1.9 for YS-02 used in #2 loop. The pressure loss coefficient of YS-01 was bigger than
that of YS-02, and the pressure loss of YS-01 was higher than that of YS-02 for 5 kPag. The pressure
difference was ignored because of one percent (1 %) of the discharge pressure of pump. The reason
why the pressure difference of YS-01 was the difference of hole mismatch due to W-type bending of
the two screen holders.
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Figure 3. Pressure loss coefficient of T type strainer

5. CONCLUSIONS
Based on the results of the seismic analysis and the field performance test of T-type ASME
strainer, the following conclusions are made:
1) The results of the seismic analysis and design fully satisfied the structural acceptance criteria of
ASME Section III. Accordingly the structural integrity of strainer body and flanges has been proven.
2) The screen was designed in accordance with the effective void area resulted in flow analysis for
T type strainer. After installation of the strainer, it was confirmed through the field test that the flow
characteristics of primary cooling system were not adversely affected.
3) The pressure loss coefficient was calculated by Darcy equation using the pressure difference of
strainer and the flow rate measured during the strainer performance test. And these are useful data to
predict flow variations by the pressure difference.
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ABSTRACT
Japan Research Reactor No.4 (JRR-4) had been operated using HEU (93% enriched uranium
aluminum alloy type) fuels from 1965 to 1996. According to the Reduced Enrichment on Research and
Test Reactors program in JAERI, JRR-4 was converted from HEU to LEU (20% enriched uranium
silicon aluminum dispersion type) fuel in July, 1998. Neutronic analysis and thermal-hydraulic designs
were carried out and uranium density of LEU fuel was decided as 3.8 g/cm3 (HEU with 0.66 g/cm3). As
for this core conversion the same performance was achieved without changing of structure, size and
number of fuels in the core. Furthermore, the refurbishment of the reactor and renewal of utilization
facilities was carried out as the modification works of JRR-4. Full power was achieved on
September, 1998. Reactor characteristics behaved very well as originally predicted.

1. INTRODUCTION
JRR-4 had been used for wide utilization such as shielding experiments of nuclear ship, reactor
physical experiment, nuclear material and fuel irradiation, radioisotope production, silicon
transmutation doping, reactor training. The total time of the operation using HEU fuel is 29,377 hrs, and
the total thermal power is 58,706 MWh.
The fuel conversion and modification works of JRR-4 were decided in 1995. In order to licensing
review by Japanese authority, neutronic and thermal-hydraulic design and safety evaluation was carried
out. This safety review was examined by Japanese government from 1995 to 1996. After the licenses
issued in September 1996, the modification works were started in October 1996. The fuel conversion
and modification works consist of four jobs as follows. The schedule for modification of JRR-4 is
shown in Figure 1.
a) Core conversion of from HEU to LEU fuel
b) Reinforcement of reactor building : JRR-4 reactor building was constructed in 1963. The
refurbishment of the reactor building was included seismic reinforcing of walls and pillars,
renewal of roof, large ceiling crane, ventilation system and so on.
c) Reactor system renewal : Reactor systems such as reactor control and protection system,
control rod driving mechanism, fuel failure monitoring system, reactor pool gates, siphon- 139 -
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breaking valves, reactor operation supporting system, etc. were renewed for increasing safety
requirement and were improved for aging.
d) Upgrading of utilization systems : The new medical irradiation facility for BNCT was installed
in JRR-4, because of the JRR-2 shut down permanently in 1996, and mission of BNCT was
transferred to JRR-4. Furthermore new prompt gamma-ray analysis system was installed in the
reactor pool. Neutron activation analysis system was upgraded for short-lived nuclides and the
diameter of large irradiation hole was scaled up from 4 to 5.5 inches in order to larger silicon
transmutation doping.

1995

1996

1997

1998

Reactor Operation with HEU fu sis

Periodical Inspection

Design & Safety Evaluation

Pre-use-insj ection
Modification Work:

Licensing Review

Fuels Fabrication

Delivery
Critical Approach
Measu ement of Reactor Characteristics
Reactor Operation with I F.I I

Figure 1. Schedule for Modification of JRR-4
2. REDUED ENRICHMENT PROGRAM OF JRR-4
Core conversion activities of the JRR-4 from HEU fuel to LEU fuel were begun in 1980's. At
first design and safety evaluation for the core conversion with LEU UAlx-Al dispersion fuel was carried
out as a part of the JAERI's RERTR program. The two experimental fuel elements of full size for the
demonstration of safety review were produced by CERCA in 1984. The uranium density of these fuel
elements was 2.2 g/cm3. In order to compensate the decrease of enrichment, the uranium-235 contents
of element was increased 221.4 g/element. Because of required uranium loadings, fuel meat thickness
and number of fuel plates were increased from 0.05 to 0.089 cm and from 15 to 16 plates, respectively.
Consequently, the coolant channel thickness was decreased from 0.41 to 0.335 cm. One of experimental
fuel elements was irradiated until 50% burn up in JRR-2 and confirmed to be no problem by post
irradiation experiments, and another one was irradiated up to 20% burn up in order to investigate
neutronic characteristics in JRR-4 from 1984 to 1988. However, this program was interrupted because
the seismic reliability of the rector building and performance of a containment in the hypothetical
accident, etc. had to be improved.
In 1991, since it was expected that stock of HEU fuels was only five years, new design and
evaluation for core conversion with LEU silicide fuel were started. The core conversion program of
JRR-41 should satisfy the requirements as follows.
a) The core configuration should not be changed.
b) The neutron flux in the utilization facilities should be almost maintained it at the HEU fuel
core.
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As the results of neutronic and thermal-hydraulic evaluation, it was shown that the conversion to
use LEU silicide fuel without any major design change of core and size of fuel element satisfied above
requirements.
3. DESIGN AND SPECIFICATION OF FUEL ELEMENT

The configuration of reactor core after modification works is shown in Figure 2. The core
consists of 20 fuel elements with 4 by 5 array, graphite and aluminum reflectors, borated stainless steel
control rods, neutron source and irradiation pipes. These are arranged on the grid plate with 8 by 8 array
of 8.1 square lattice pitch.
: Fuel Element
: Reflector Element
: Neutron Source
: Irradiation Pipe
i : Control and Backup Rod

C4

C3

X X

V XVI

mum
IC5

\XV
Figure 2.

C 1 - C 4 : Shim Safety Rod

X

>:x

C5

: Regulating Rod

Bl - B 2 : Backup Safety Rod

J R R - 4 Core C o n f i g u r a t i o n

From the result of parameter calculation for core characteristic evaluation, the uranium density
using 19.75% enriched uranium was decided as 3.8 g/cm3 (HEU- 0.66 g/cm3) for inner fuel plate and 1.9
g/cm3 (0.33 g/cm3) for outer plate. The nominal uranium-235 content per element was changed from
166g to 204 g. In addition an average burn-up per element was increased from 20% to 50% in order to
reduce the fuel cycle cost. It is expected that annual fuel element consumption decreases from five to
tree or four elements.
All external dimension of fuel element are the same entirely. Each element consist of 13 inner
and two outer fuel plates with a handle and a guide plug. The fuel meat is 0.50 mm thick by 6.54 cm
wide by 60 cm long. The nominal thickness of cladding and coolant channel are 0.38 mm and 4.1 mm,
respectively. The fuel plates are formed a flatted profile and located between two side plates by rollswaging. The fuel element dimensions are 8.0 cm by 8.0 cm by 1.025 m. Table 1 shows the main
specifications of the LEU fuel element compared with HEU fuel element and UAlx-Al experimental
fuel element. The sketch of the LEU fuel element is shown in Figure 3.
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Table 1. Specifications of LEU silicide fuel in comparison with HEU fuel and LEU experimental fuel
Item

LEU silicide fuel

HEU fuel

Material of fuel meat
Enrichment
(%)
U-235 content per inner plate (g)
U-235 content per outer plate (g)
U-235 content per element (g)
Uranium density per inner plate(g/cm3)
Uranium density per outer plate(g/cm3)
Number of fuel plate per element
Thickness of fuel core (mm)
Width of fuel core (mm)
Length of fuel core (mm)
Thickness of cladding (mm)
Thickness of fuel plate (mm)
Width of fuel plate (mm)
Size of fuel element (mm)
Coolant channel thickness (mm)
Coolant flow area per element (mm)
Number of channel per element (mm)
Maximum burn-up
(%)

U3Si2-Al
19.75
14.56
7.28
204
3.8
1.9
15
0.5
65.4
600
0.38
1.26
74.5
80X80X1,025
4.1
40.41
14
50

U-Al Alloy
93
11.86
5.91
166
0.66
0.33
15
0.5
65.4
600
0.38
1.26
74.5
80X80X1,025
4.1
40.41
14
20

1,025mm

1.26mm ^

Aluminum Cladding
Fuel Meat

Figure 3. Sketch of the JRR-4 LEU fuel element
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LEU experimental
fuel
UAU-A1
19.75
14.76
7.38
221.4
2.2
1.1
16
0.89
65.4
600
0.38
1.65
74.5
80X80X1,025
3.35
35.38
15
20
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The specifications of the JRR-4 LEU silicide fuel except for the form and dimension is mainly
based on the specifications of the JMTR LEU silicide fuel. The thermal power of the JRR-4 is 3.5 MW
and lower power compared with 50 MW of the JMTR. Because of the differences in core life time,
limiting condition of cladding corrosion in the JRR-4 fuel is severe in comparison to the JMTR fuel.
Therefore, inspection criteria of minimum cladding thickness was decided 0.25 mm (JMTR- 0.20 mm)
for inner plate and 0.30 mm for outer plate. Since the uranium density is lower than the JMTR (4.8
g/cm3), this criteria became possible.
4. FABRICATION AND INSPECTION
The contract of the fuel production was done with BWXT in August 1996. Detailed design for
LEU silicide fuel was approved by STA(Science and Technology Agency of the Japanese Government)
in October 1996. Fabrication of the fuel was started at the beginning of 1997, and was completed in
February 1998. The 35 LEU fuel elements were transported from BWXT in USA for JAERI, were
received at the JRR-4 in June 1998.
The following inspection was performed by fabricator, JAERI and STA. The inspectors of JAERI
visited BWXT three times - at the stage of blister inspection, fuel plate and final element inspection. The
blister inspection of pre-use-inspection by STA was carried out at BWXT in USA, and the others were
examined after the delivery in Japan.
Uranium Metal: Enrichment and Impurities Inspection
Silicon-Metal: Purity and Impurities Inspection
U3Si2 Powder : Enrichment, Silicon content, Particle size, Crystalline constituent, Impurities
Inspection
Aluminum Powder : Particle size, Impurities Inspection
Structural Materials : Material Inspection
Fuel Plates: Uranium-235 content, Void content, Blister, Ultrasonic, Radiography ( Core location
& Stray particle), Uranium distribution, Dimensional, Surface/Alpha contamination,
Visual, Cladding & Fuel core thickness (Destructive evaluation), Tensile and
Microstructure Inspection
Fuel Element : Pull test (Roll swaging part), Dimensional, Water gap, Surface contamination,
Visual, Uranium-235 content and Weighing Inspection
5. PERFORMANCE TESTS
The LEU fuel fabrication and modification works were completed until June 1998, the first
criticality of the core using LEU silicide fuel was achieved on July 1998. After that, the performance
tests were carried out until September 1998. Measurements of physical characteristic that were control
rod calibration, measurement of excess reactivity and shut down margin, measurement of neutron flux,
measurement of reactivity coefficients, and so on have been made and compared with predicted values
of calculation. The measured results agreed well with predicted characteristic. The characteristics of the
utilization facilities showed nearly same characteristic in comparison with HEU core. It was showed as
following table 2.
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Table 2. Results of Performance Tests of JRR-4 LEU Core
Measured values
Calculated values
Items

12

12

Total control rod worth of the full core (% Ak/k)

17.0

19.2

One rod stuck margin (% Ak/k)

2.68

2.58

Excess reactivity of the full core (% A k/k)

10.1

Number of fuels of minimum critical core (elements)

Core temperature reactivity coefficients (% Ak/k)
Maximum thermal flux of irradiation pipe (n/cm2 * s)

10.2
3

1.88 X1O
6.0 X1013

2.77 X10"2
7.0 X10 13 *

* (Measured value of HEU core)
6. CONCLUSION
Our project was achieved in all in the successful. The core was converted to LEU silicide fuel.
The reactor building was reinforced and had the sufficient earthquake resistance and confinement. The
safety system, instrumentation and control system were renewed and safety, more stable operation of the
reactor became a reality. The performance of irradiation facilities were improved. Now, JRR-4 is
operating four days in every week for joint-use operation since January 1999.
Finally, we wish to thank all of member of concerning with the JRR-4 Modification Project.
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ABSTRACT
A work on the Japan Research Reactor No.4 (JRR-4) core modification from highenriched fuels to low-enriched ones was started in 1996 and completed in May 1998. As a
part of the work, Operation Supporting System (OSS) was adopted for the purpose of
reducing load of operator, preventing operator's error and supplying operation data to users.
As the result of adopting this system, integrated monitoring, automation of part of
reactor operation and data management were realized. In addition, the cooling control system
was compacted.

1. INTRODUCTION
JRR-4 is a light water moderated and cooled, graphite reflected, pool-type reactor
with the thermal output of 3500kW. In February 1996, a work on core modification from
high-enriched fuels to low-enriched ones was started and completed in May 1998. As a part of
the work, Operation Supporting System (OSS) was adopted for the purpose of reducing load
of operator, preventing operator's error and supplying operation data to users.
OSS consists mainly of a workstation (WS) and two computers ( U XL and Personal
Computer : PC). WS is used for collection of operation data, HXL for cooling system
control and PC for operators' support. All of the program applications used in WS and these
computers are designed to make sure of high flexibility for the demands on modification from
operators and new operation modes.
In this paper, configuration and characteristics of JRR-4 Operation Supporting
System are described.
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2. CONFIGURATION
Hardware configuration of OSS is shown in Fig.l. OSS consists mainly of WS, U
XL and PC.
U XL is an industrial computer for monitoring and control. The reliability of fl XL
has been proved from longtime and widely use in process control. It is used as monitoring and
control of the cooling control system in JRR-4. All data of the cooling control system is
collected into fl XL through the RL bus, while some digital signals are output.
WS collects data such as nuclear instrumentation, and it stores and manages all data
in OSS. Data from nuclear instrumentation are collected in WS through the VXI bus. The
VXI bus is excellent in the high-speed measurement and noise-proof property. It is suitable
for processing the data on such as the nuclear instrumentation
PC is a DOS/V machine generally used. In OSS, PC is a display for the operator
support. Operation data are read from WS by using NFS (Network File System), and they are
displayed. And the display signal is sent to reactor power indicator by using RS-485.
These machines are connected Ethernet, and the data are shared among them.
analog signal
Startup Ch.
Uner-N Ch.
Safety Ch.
Log-N/Period Ch.
FFD monitor
Liquid monitor
Magnet Voltage
Fast Scram

Cooling system
control/monitoring
/KL(CRT2)|««

send data

50

cen

Data collection/processing,

InDut data
Coolant flow rate
Coolant temperature
Water level
Electro conductivity, pH
Pump pressure
Valve situation
Pump/Fan current
Radiation signal
Contact signal

Workstation
M XL Control
digital signal

Rod position
FC detector position
FC scalar
Power demand
Range signal
Contact signal

_T

read data

equipment operation signal
Valve open/close
Pump start/stop
Secondary Fan start/stop

Data display
Manual Control

PC (CRT 1)

Alarm signal

RS485

BCD for graphic panel

Reactor power indicator
Test signal

Ethernet

Fig.l Configuration of JRR-4 Operation Supporting System
3. COOLING SYSTEM CONTROL and MONITORING
For the purpose of digital controlling and compacting the cooling control system,
At XL is adopted in OSS. P-Xh has been used for a long time as an industrial control
computer, and it is the equipment with the high reliability. So, it is suitable for control of the
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nuclear reactor. The data are usually processed in 1 second period. This is a sufficient period
in order to process the slow-changing parameter, such as the coolant temperature in JRR-4.
And, the fast-changing parameter, such as coolant flow rate in JRR-4, is processed in 0.2
second period. Therefore, reactor safety is ensured, because alarm signal is output
immediately when the reactor becomes in an abnormal status. In addition, U XL calculates
such data as thermal output, using analog input data. The main data of fl XL are shown in
Table 1.
Table 1 Main Data of
Primary/Secondary coolant temperature, Primary/Secondary
coolant flow rate, Core-tank water level, Pool water level,
Analog input data
Electric conductivity, pH, Pump pressure, Valve situation,
Motor current and so on.
Valve situation signal (opening/closing or full-open/close),
Pump start/stop signal, Alarm signal, Scram signal,
Digital input data
Selective switch ( U XL/manual control) signal
Thermal output, Temperature gradient,
Calculated data
Flow rate moving average
The II XL data can be displayed on the screen (CRT2). Data are generally displayed
at the meter type. In addition, these are also displayed at the trend graphs with time scale of
160 minutes, 72 hours or 196 hours. By adjusting operation mode, data that are necessary for
the operation are placed on the screen. The U- XL data are saved as a text file in 4 seconds
period by the application program which is programmed with BASIC language. Then, this
data file is sent to WS by using FTP (File Transfer Protocol) in 4 seconds period.
Beside signals of alarm, graphic panel and operation are output from ti XL. The
main output data from II XL are shown in Table 2.
Table 2 Main Output from

UXL
Thermal output high, Flow rate low,
alarm signal
Temperature high, Pump pressure,
Core-tank water level low, Pool water level low
BCD signal for graphic panel Temperature, Flow rate, Water level
equipment operation signal
Valve open/close, Pump start/stop, Fan start/stop
Primary coolant temperature, Primary coolant flow
test signal
rate, Core-tank water level, Pool water level

The data are usually output in 1 second period as well as in case of input data. But
the alarm signals are output in 0.2 second period in order to ensure the quick response for
safety. And, I±XL application programs are designed so that sub alarm is output with
warning messages on CRT and warning sound before alarm signal occurs. So, the operator is
able to deal early with abnormal state. In addition, many alarm relays were not needed to use
since Digital Control System (DCS) were realized adopting tt XL. And the cooling control
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system was compacted.
The sequence control is executed in some automatic controls of making the
automatic formation of cooling circuit and setting the constant flow rate (8m3/minute).
Using the test signals from MXL, checks for states before startup, alarms and
scrams are effectively executed in the reactor operating system. The pre-startup check can be
finished earlier than one in the past system.
4. DATA COLLECTION and PROCESSING
A data collection and processing system in WS with VXI bus is made for collection
of fast-changing data (for example: from nuclear instrumentation) and for supply of data to
the user. The VXI bus is on extended VME bus, which widely used in industrial data
measurement, and excellent in high-speed measurement and noise-proof property. It is
suitable for processing data of the nuclear instrumentation. Besides, the system is expansive
to meet the number of process data increases in future. The main data of WS is shown in
Table 3.
Table 3 Main Data of WS
analog input signal Start-up Ch, Liner-N Ch, Safety Ch, Log-N/Period Ch, FFD monitor,
Liquid monitor, Magnet Voltage, Fast Scram Signal
digital input signal Rod position, FC detector position, FC scalar, Power demand,
Range signal, Contact signal
Average reactor power, Nominal reactor power, Reactivity,
calculated data
Signal deviation
The application program is programmed in C language (ANSI) and SICL. Data are
collected in 0.1 second period and saved as a binary file. This is a proper period in order to
process data of the nuclear instrumentation. This WS data and cooling control system data
sent to WS from U XL (detailed data shown in Table. 1 and Table.3) are integrated and saved
for a data file in 1 second period by the another application program. These data files are
utilized to the operation support or the data supply. WS works as the NFS (Network File
System) server so these data files are supplied to PC and user. Besides, when abnormality in
the reactor is occurred, the data concerning of the abnormal occurrence are referred in detail
by these data files and are useful to early find the cause of the abnormality.
5. DATA DISPLAY
From the high generality of computer and easiness of hardware upgrade, a personal
computer (PC) is adopted as a data display computer (CRT1) in OSS. An operation data file is
read from WS in the 0.1 second period for displaying the fast-changing parameters. Operator
can select and observe the necessary data for all operation.
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The types for data display are round meter, bar graph and digital display. These data
are renewed automatically in 0.2 second period. Some data, such as from power, safety and
Lin-N channels, are possible to display trend graph with recorder type renewed in 1 second
period.
Operating System (OS) of PC is Windows NT. Application programs of PC are
programmed in the Visual BASIC. Therefore, it is possible that PC is manipulated in a similar
way of Windows95/98. So, training of the operator is not almost needed before using this PC
(CRT1).
Operating record list is made and saved as an Excel file. The operating record list,
which the operator has made once, can be made at the same format with MS Excel. The
operation data are recorded manually or automatically. In automatic record mode, first, the
data are recorded after 5 minutes when reactor power arrives at 20W (first criticality). Next,
the data are recorded after 10 minutes in case of reactor power arrives at any power. Finally,
the data are recorded in 1 hour period when reactor power is kept constant.
The numerical value of reactor power is taken in effective digit of two by the
application program, and is displayed on reactor power indicator installed at the three places
in JRR-4. This reactor power is given by two methods, manual input or automatic calculated
at PC. It is sent to indicators by using RS-485.
6. COUNTERMEASURE in ABNORMAL STATE of OSS
At present, it is impossible to prove the verification of OSS hardware and software
completely. Therefore, assuming the case when abnormality of OSS happens, OSS is designed
as follows.
By the selective switch, control of the cooling control system can be changed by l±
XL control or by manual control, as shown in Fig.l. The M XL control is quitted in the
abnormal case, and reactor operation is possible to be done by manual control. P.XL is
designed so that it outputs not scram signal but alarm signal. Scram signal, which is more
important than alarm signal, is output at the hardwired system regardless of //XL. So,
dangerous state is avoided without relating to the condition of p. XL.
WS and PC are designed so that they do not completely control the reactor. So, these
have no possibility to cause the reactor malfunctions by WS or PC. The meters necessary to
operate reactor are installed at the operation console (Fig.2). Therefore, it would be possible
to operate the nuclear reactor when OSS could not be used.
Like the above, OSS has been designed so that the safety of the nuclear reactor
would be ensured even if malfunction or inoperative action was caused by some computers.
Therefore, reactor operation is possible to be continued any time.
The alternative machine can always been prepared for immediate change of the
hardware when machine became abnormal with its hardware.
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Fig.2 JRR-4 Operation Console

7. CONCLUSION
JRR-4 Operation Supporting System realized reducing load of operator, data
management (operation data and operation record list) and improvement of reliability for
reactor operation (preventing operator's error). And the following efficient operation became
possible.
- Compact system by Digital Control System (DCS)
- Centralized management of the cooling control system
- Automation of part of reactor operation for cooling control system
- Data management, storage and supply
- Integrated monitoring with CRT display
OSS has high reliability, because it consists of WS, computers and the other
equipment, which are used at industrial field for a long time. Problems of hardware and
software, for example AC.2000 problem, are surely solved by the manufacturer and upgrade
of OSS is easy to adopt operator's needs. In addition, OSS has high flexibility, because its
program applications can be upgraded easily.
Now, JRR-4 Operation Supporting System has been using satisfactorily and will
become more widely use in future.
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ABSTRACT
In order to achieve the safe core cooling during normal operation and upset conditions, HANARO
adopted an upward forced convection cooling system with dual containment arrangements instead of
the forced downward flow system popularly used in the majority of forced convection cooling
research reactors. This kind of upward flow system was selected by comparing the relative merits of
upward and downward flow systems from various points of view such as safety, performance,
maintenance. However, several operational matters which were not regarded as serious at design
come out during operation. In this paper are presented the design and operational experiences on the
unique cooling features of HANARO.

1. INTRODUCTION
HANARO(High-Flux Advanced Neutron Application Reactor)[l] is a light water cooled, heavy
water reflected, open-chimney-in-pool type research reactor with maximum thermal power of 30MW.
For the safe core cooling during normal operation and transients, an upward forced convection cooling
system and double containment concept against uncovering the core with specially designed flap
valves were adopted in HANARO, while the downward flow system is used in the majority of forced
convection cooling research reactors.
Secondary
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Reactor

HX2

Pool

Check Valve
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Bypass Rovl Control Valve
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System

Figure 1. A Schematic diagram of HANARO Primary Cooling System
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The primary cooling system(PCS) of HANARO is shown schematically in Figure 1. At normal
operation, the core heat is removed by forced convection through two pumps and two heat exchangers.
90% of total PCS flow from the core exit meet the 10% downward bypass flow at the lower part of
chimney and flow to the pumps through the chimney nozzles. The main function of the bypass flow is
to prevent the core flow containing the activated N16 and other radioisotopes from escaping out of
chimney to the pool. During reactor shutdown, the decay heat is removed by the natural circulation
through primary cooling system along with the same path as the forced convection flow or by a
gravity driven recirculating flow via flap valves inside the pool. In case of loss of pool water accidents,
the core uncoverage is prohibited by the layout of PCS pipes and the flap valves.
Upward flow system as in HANARO has some advantages from the view points of safety,
maintenance and economics, while some disadvantages such as difficulties in fuel handling and test
equipment design were found from the viewpoint of utilization. This paper describes the operational
experiences on the unique cooling features of HANARO which were thought to be profitable at design.

2. DESIGN OF COOLING SYSTEM
The reactor cooling system must be designed to provide adequate cooling to the fuel under normal
and conceivable upset conditions. Hence, where possible, HANARO was designed so that the safety
of the reactor relied on the inherent passive safety features [2].
2.1 Upward Forced Convection Flow System
HANARO adopted the upward flow system considering the following relative merits compared
with those in a downward flow system. In particular, upflow cooling system can have several benefits
from the safety point of view.
(a) For upflow system, the smooth and safe transition from the forced convection cooling to natural
circulation is achieved, since the flow reversal is avoided during the transition from forced to natural
convection. With the downflow system, reactor safety must be demonstrated with regard to flow
stagnation during transition from the forced downward flow to upflow natural circulation, which
usually requires cares on the cooling system design.
(b) The possibility of flow blockage is extremely low due to high coolant velocity even though the
reactor tank is open. In HANARO, a strainer was additionally installed at the upstream of each pump
to collect debris and foreign materials, and consequently, to prevent the damage of pumps and the
insufficient cooling of the fuel and heat exchangers.
(c) Upflow system can offer stronger coolant flow and therefore superior heat transfer potential. High
power density of research reactor usually requires high flow velocity through the core, resulting in
large pressure losses. However, maintaining this large pressure differential in down flow system is not
easy due to pool head limitation, and it reduces a safety margin owing to relative low pressure in the
core.
(d) It is relatively easy to manage the radioactivity above pool top because a small fraction of the
primary coolant flows into the pool and most of core exit flow is recirculated.
2.2 Flap Valves and Layout of Primary Piping
If the natural circulation flow through the heat exchangers become unavailable, the core cooling
can be maintained by the thermosyphoning flow along the recirculation flow path composed of the
core, chimney, pool, flap valve and lower plenum. The flap valves located on the core inlet line near
the inlet plenum provide significant contribution to the reactor safety because they are an important
components for the establishment of such pool natural circulation. Hence it was designed to be closed
during the coastdown of PCS flow and the natural circulation through the PCS loop for obtaining
maximum core flow. This led to a special requirement that the valve should start to open when the
pressure difference across the flapper is less than 100 kPa[3].
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One of safety concerns in a pool type reactor is a LOCA accident due to rupture either of PCS
pipes or experimental beam tubes. To prevent the core from uncovering and to enable the continuous
removal of decay heat through natural circulation even in these cases, a double containment
arrangement was applied to HANARO in such a way that there is no piping penetration to the pool
liner below chimney holes whose elevation is higher than that of core top and a swing check valve
type was selected as flap valve.

3. EXPERIENCES AND ISSUES RELATED TO THE COOLING SYSTEM
3.1 Confirmation of Cooling Capability
The core heat removal during normal operation and transients through the cooling system and the
flap valves as designed was confirmed by the following experiments, and also by 3 years operations
after that.
(a) The heat removal capability test showed through measuring various T/H parameters that the core
thermal power was properly removed by the primary and secondary cooling systems and the cooling
components were performed as designed[4].
(b) The natural circulation experiments were conducted at various decay power levels to confirm the
cooling capability and the flow characteristics of the natural convection in HANARO. The flow rates
and temperatures at various locations of the primary and secondary loops were measured at each
power level. The temperature distributions in the chimney and the pool were also measured. Through
tests, the flow paths of the natural circulation and the cooling capability of decay power were
confirmed as designed[5].
(c) The loss of electric power tests were also performed at various power levels in order to investigate
the integral behaviors of system and components and the cooling characteristics when the electric
power was lost unexpectedly. From the experiments, were confirmed proper actions of system and
components such as each class of power supply, reactor trip by CARs(Control Absorber Rods) and
SORs(Shut-off Rods), the establishment of natural circulation through PCS and via flap valves by
decay heat, etc[6].
3.2 Behaviors of Flap Valves
The state of flap valves which are very important component for the establishment of pool natural
circulation was continuously observed with an under-water video camera during the natural circulation
tests. In the test it was found that a flap valve was slightly opened as soon as the PCS pumps were
completely stopped although the valve did not meet the open condition yet. Thus, the loop and the
pool water natural circulation are simultaneously established regardless of SCS conditions. To obtain
the maximum natural circulation core flow, the flap valve was designed to open only when the
secondary flow was unavailable. The pool water recirculation flow rate was estimated as about 25% of
total natural circulation flow rate in this case[7]. However, the core decay heat was effectively
removed and could have safety margin sufficiently. Nevertheless, one thing to be thought is that the
flap valve was designed so ideally to be operated under very sensitive pressure conditions, when
considering the variation of pool water conditions along with four seasons and the uncertainty of the
calculation for the special requirement. And it should be frequently observed whether it can function
properly for long term use.
3.3 Suppression of Core Jet and Pool Surface Radiation
Experiment was performed to confirm the suppression of the coolant escaping the core by the
bypass flow[8]. It was verified from the test that there was no upward flowing of activated core exit
coolant to the pool surface. Nevertheless, the radiation level at the pool surface was much higher than
that calculated at design. The reason was that the practical behavior of bypass flow in the pool was
different from the expected. In the design, the near surface pool water above chimney was assumed
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not to be mixed with the activated bypass flow. The rise of bypass flow to near pool surface was also
confirmed by reestimating through the detailed 3-D calculation. Hence, to reduce the pool surface
radiation, the hot water layer system was installed together with other necessary measures which were
found to have effect on the pool water distribution. The details can be found in reference 9 presented at
this symposium. From the experience, if the behavior of bypass flow rising slowly in the pool outside
the reactor is exactly predicted and reasonably treated, it seems relatively easy to manage the shortlived radionuclides because most of core exit flow is recirculated. And it was found in operation that
bypass flow of 5% of total PCS flow can give its function to suppress the core jet.
3.4 Design and Handling of Fuel and Irradiation Equipment
For upflow system, the fuel assembly should be ensured to be locked in the core structure against
the high coolant velocity. It made procedures to load and withdraw a fuel assembly relatively
complicated, and the design of fuel handling tool well, which consequently result in a precaution
during handling a fuel tool in the core. The location of control rod drive mechanism over the core is
other reason to make fuel works hard in HANARO. At the end of 1997, raising up of a dummy
assembly took place when turning on PCS pumps for confirming properly latching of fuels after fuel
loading work. Difficulty in checking complete latching of fuel was pointed out as one of reasons for
being ejected from the core, and the fuel handling procedures were revised reflecting the event. After
that, much attention should be given to fuel loading to prevent such an event due to complex fuel
handling tool and procedures. And the fuel handling tool is also under improvement to ensure proper
fuel latching.
Other disadvantage of upward flow system was realized in fuel and irradiation test equipment
design against flow induced vibration owing to high coolant velocity. In HANARO, fuel irradiation
test using with the instrumented bundle has been performed to widen the fuel performance data.
During the irradiation, the vibration of the guide tube of the instrumented bundle was observed though
it was supported by the robot arm attached to the pool liner. Thus, extra support has been prepared and
the test will be resumed. The support will be used for the instrumented capsule test and radioisotope
production rigs of on-power loading and unloading.
In summary, much care is required for every fuel loading or equipment installation in the core as
well as designs of latching system, a fuel assembly and test equipment against flow induced vibration.
Some additional features such as a robot arm to support irradiation test equipment are also needed.
3.5 Others
Sometimes a flow blockage due to foreign materials can cause local fuel failure. Although workers
above the pool are always careful about dropping a foreign material to block the flow channel, it can
not be avoided completely. During HANARO operation, several times dropping of materials were
happened to the pool but not inside core, and it was instantly recognized and removed. We expect that
it is very difficult for a foreign material to be introduced without knowing it and to lodge itself to
continuously block the flow channel overcoming the high upward flow velocity from the core even it
dropped over the fuel. And actually there was no flow blockage during operation.

4. CONCLUDING REMARKS
Operation experiences on the cooling method in HANARO were presented. From the various
points of view such as safety, performance and maintenance, the upward forced convection cooling
system adopted in HANARO may have several relative merits when comparing those of downward
flow system. The performance of cooling system with a passive feature was satisfactory for normal
and transient conditions as designed, especially in the safety aspect. On the other hand, some
disadvantages expected but believed not so serious at design appeared during operation. They are
difficulties in fuel handling and test facility design against flow induced vibration owing to high
coolant velocity. Much attention is required for every fuel loading or equipment installation in the core,
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which are frequently done in the research reactor. Therefore, the selection of core cooling method,
forced upflow or downflow system, is not unanimous, and it is difficult to say which system is more
favorable. The selection depends on the judgement of each country which plans to construct the
research reactor in future.
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ABSTRACT
The reactor pool water temperature increasing by the decay heat was estimated by calculation. The
reactor pool water temperature was calculated by increased enthalpy that was estimated by the reactor
decay heat, the heat released from the reactor biological shielding concrete, reactor pool water surface,
the heat conduction from the canal and the core inlet piping. These results of calculation were
compared with the past measured data. As the results of estimation, after the JRR-3M shutdown, the
calculated reactor pool temperature first increased sharply. This is because the decay heat was the
major contribution. And then, rate of increased reactor pool temperature decreased. This is because the
ratio of heat released from reactor biological shielding concrete and core inlet piping to the decay heat
increased. Besides, the calculated reactor pool water temperature agreed with the past measured data
in consequence of correcting the decay heat and the released heat. The corrected coefficient kx of
decay heat was 0.74 - 0.80. And the corrected coefficient k2 of heat released from the reactor
biological shielding concrete was 3.5-4.5.

1. INTRODUCTION
JRR-3M is a light water moderated and cooled, beryllium and heavy water reflected pool type
research reactor using low enriched uranium (LEU) plate-type fuels. Its thermal power is 20MW. One
operation cycle consists of 26 days continuous operation. After shutdown, reactor core is cooled by
natural circulation for two or three days. The reactor pool water temperature increased slowly due to
the reactor decay heat during the natural circulation cooling. The reactor core is needed to be cooled
by forced circulation so as to maintain the reactor pool water temperature less than managed
temperature of 43 °C. Therefore, it is important for operation management to predict when reactor
pool water temperature reaches the managed temperature. So, the reactor pool water temperature after
a shutdown was calculated from heat balance around the reactor pool.

2. REACTOR POOL WATER TEMPERATURE AFTER REACTOR SHUTDOWN
Fig. 1 shows general change in the reactor pool water temperature, the canal water temperature, the
reactor inlet water temperature, the reactor outlet water temperature and the reactor power. These data
were measured after JRR-3M shutdown on March 20, 1998.
Reactor power decreased sharply for eight minutes till the control rods were inserted perfectly after
reactor shutdown by the core cooling operation. At the same time, the core inlet and outlet
temperatures decreased sharply. After that, these temperatures reached 16.5 °C through small
fluctuations linked with the operation of secondary circuit fans. After a natural circulation valve
(NCV) was opened, the core inlet temperature reached 23.5 °C at about 300 minutes by the decay heat
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after the NCV was opened, and then increased constantly. Beside, after the NCV was opened, the core
outlet temperature increased slowly as compared with the core inlet temperature. The reactor pool
water temperature decreased slowly after reactor shutdown and decreased sharply and reached 22 °C
after one hour since the core cooling was over. After that, it increased with the core inlet temperature.
The reason why the reactor pool temperature delayed decreasing for about one hour after the core
cooling stopping was that a sensor of the reactor pool temperature was located far from the core.
Therefore a few hours were necessary to equilibrate the reactor pool temperature with mean reactor
pool temperature.
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Fig. 1. Water temperature change in the reactor pool, the canal, the core inlet and the core outlet
3. CALCURATION OF REACTOR POOL WATER TEMPERATURE
3.1 HEAT BI-ANCE AROUND THE REACTOR POOL
As shown in Fig. 2, a decay heat from the core and released heats from the structures, water
surface and the core inlet piping were made target of estimation during this calculation of the reactor
pool water temperature changing after shutdown. This calculation considers that the structures, which
release heats of reactor pool to the reactor room, are the reactor biological shielding concrete made of
heavy concrete and normal concrete and the reactor pool gate no. 1, which separates the reactor pool
from the canal. The released heats from the water surface are considered heats from.the reactor pool
and the canal and the released heat from the core inlet piping is considered about a piping made of
stainless steel in the canal. The core outlet piping is not considered because the core outlet temperature
hardly changes after the NCV is opened as shown Fig. 1. These estimated heats are shown in Table 1.

Reactor Pool
Gate No.1

Reactor Biological
Shielding Concrete
Canal
Reactor Pool
Fig. 2. Heat transfer around the reactor pool
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Table 1. Contents of estimated heats in this calculation
The decay heat from the core
The released heat from the reactor pool shielding body to the reactor room
The released heat from reactor pool water surface to the reactor room
The released heat from the pool gate no. 1 to the canal
The released heat from the canal water surface to the reactor room
The released heat from the core inlet piping to the canal

3.2 EQUATIONS OF ESTIMATED HEATS
In the reactor, which has great thermal power such as JRR-3M, the /?ray and the ^ray are released
and decay heat is generated along with fission product collapse. It is impossible to ignore the decay
heat in comparison with reactor thermal power. The decay heat is estimated by Shure's equation,
which was used in the JRR-3M design. The generated amount of decay heat ft during differential
time dt is shown in Eq. (1).

V0283Vr.

(1)

The reactor pool consists mainly of the shielding body made of heavy concrete and normal
concrete, and upper section of the reactor pool is covered with the upper shielding cover made of soft
steel. The released heat ft from the shielding body to the reactor room is estimated by using Eq. (2).
And the released heat ft from the reactor pool water surface to the reactor room is estimated by using
Eq. (3).

Q2=Ab-Kb-(Tp-T0)-dt.

(2)

ft=

(3)

The reactor pool gate No. 1, which is made of the stainless steel boards and the soft steel, separates
the reactor pool from the canal. The released heat ft from the reactor pool gate No. 1 to the canal is
estimated by using Eq. (4).

Q^An-K^iJf-Teydt.

(4)

The released heat ft from the canal water surface to the reactor room was estimated by using Eq.
(5).
(5)
As shown in Fig. 2, the core inlet temperature was increased close to the reactor pool temperature
changing after a NCV was opened. The core inlet temperature is measured in the primary cooling
system piping, which passes through the canal, and the sensor measuring the core inlet temperature is
located on the side of the canal. Therefore it is possible to consider that water in the core inlet piping is
almost same as the reactor pool water. The released heat ft from the core inlet piping to the canal is
estimated by using Eq. (6), which is gotten from a cylindrical heat conduction equation.

R,

cccR0

3.3 CALCULATION OF THE REACTER POOL WATER TEMPERATURE CHANGING
The changing of the reactor pool water temperature is calculated by estimating amounts of
enthalpy increasing in the reactor pool water from the decay heat and released heats. The infinitesimal
temperature changing dTp of the reactor pool water during the differential time dt is estimated by using
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Eq. (7).
(7)
As shown in the above equation, a corrected coefficient kx is multiplied by the decay heat Qx
because the decay heat Qu which applies to infinity time operation case, is overestimated as compared
with the actual decay heat. And the released heat Q2 from the reactor biological shielding concrete is
underestimated because the released heat from the sleeves of the vertical irradiation holes and the
released heat to the subpool of the cold neutron source (CNS) system are not estimated in this
calculation. Therefore, a corrected coefficient k2 is multiplied by the released heat Q2.
As same as the reactor pool water temperature estimation, the infinitesimal temperature changing
dTc of the canal water during the differential time dt is estimated by using Eq. (8).
_

dT

(8)

In this calculation, measured water temperatures in the reactor pool and the canal when the reactor
pool temperature begins to increase stably are given as the initial conditions.
4. RESULT OF CALCULATION
4.1 COMPARISON BETWEEN RESULTS OF CALCULATION AND MEASURMENTS
The result of this calculation for the reactor pool water temperature was corresponded to the
measured reactor pool water temperature by using certain corrected coefficient of kx and k2. Giving the
mean thermal power of 19.4 MW on the reactor stable operation, the reactor pool water temperature of
27.8 °C, the canal water temperature of 33.3 °C and the reactor room temperature of 20.0 °C to Eq. (9)
as the initial conditions on the R3-10-03 cycle, the corrected coefficients kx and k2 were gotten by
corresponding this calculation to the measured reactor pool water temperature. Comparison between
this result of calculation and the measured data for the reactor pool water temperature and the canal
water temperature are shown in Fig. 3. When kx is 0.77 and k2 is 3.5, the result of calculation agree
closely with the measurement for the reactor pool temperature. Although the canal water temperature
changing also corresponded to the measured temperature changing on the first half of the result of
calculation, O6 was estimated so high that the result of calculation for the canal water temperature was
higher than the measured temperature in the latter half of the result of calculation.
42

-

40

P

38

£

36

TO 34
Q.

32

E
a>

30

j>—

*-*«—iai

•J

•

• ~"

f~

28
26

Measured reactor pool temp.
Measured canal temp.
Calculated reactor pool temp.
Calculated canal temp.

I

I

1

I

I

I

720

I

1

I

I

'

L

1440

2160

I

'

l

l

'

2880

'

E
3600

Time after shutdown (min)
Fig. 3. Comparison between the results of calculation and the measured data
4.2 DECISION OF CORRECTED COEFFICIENTS
In the same way as R3-10-03 cycle, the corrected coefficients kx and k2 were found on R3-09-07,
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R3-10-01 and R3-10-02 cycle as shown in Table 2. The corrected coefficient kx of decay heat was 0.74
- 0.80. And the corrected coefficient k2 of heat released from the reactor biological shielding concrete
was 3.5 - 4.5. It is difficult for these coefficients to get constant values over all cycles. In the JRR-3M,
it is necessary to maintain the reactor pool water temperature less than 43 °C because of keeping well
strength of the reactor pool shielding body. Therefore, it is important to estimate the reactor pool water
temperature conservatively. As shown in Table 2, it is desirable for kx to give more than 0.80, which
overestimates on the decay heat, and for k2to give less than 3.5, which underestimates the released
heat from the reactor biological shielding concrete in this calculations. Since the measured data of four
cycles were too few to decide the corrected coefficients common to the JRR-3M operation cycles.
Consequently, it will be planned to compare the calculation with measured data based on seven years
operation.
Table 2. The corrected coefficients kx and k2 on each cycles
Cycle name
Corrected
R3-10-02
R3-10-03
coefficient
R3-09-07
R3-10-01
0.76
0.74
0.77
0.80
*i
4.5
4.3
3.5
4.0
4.3 CONSIDERATION ABOUT HEAT BALANCE AROUND THE REACTOR POOL
The ratio of the released heats from the reactor pool k2Q2, Qi, QA, Q& and combined released heat
krQi^Qi^Q^-Qe to the decay heat kxQx is shown in Fig. 4. Among the released heat from the reactor
pool to the reactor room, the amount of the released heat k2Q2 from the reactor biological shielding
concrete was highest, the second was the released heat Q3 from the reactor pool water surface except
the first stages after the reactor shutdown, and then the third was the released heat Q6 from the core
inlet piping except the first stages after the reactor shutdown. This Q6 had negative value in the first
stage because the reactor pool water temperature was lower than the canal water temperature. The
released heat Q4 from the reactor pool gate No. 1 was a little to the decay heat kxQx. Beside, the amount
of combined released heat k2Q2+Q^+Qt+Qe was increased from 7 % in the first stages of this
calculation to 81 % at 3600 minutes after a shutdown. Therefore, the reactor pool water temperature
changing phenomenon was influenced by the decay heat, which had 93 % to all heat balances, in the
first stages of this calculation. After that, the rate of temperature changing in the reactor pool water
was decreased slowly, due to decrease of the decay heat and relative increase of the released heats k2O2,
Q3 and Q6, from the reactor biological shielding concrete and so on. Finally, it is considered that the
reactor pool water temperature is decreased, because the released heats from the reactor pool exceed
the decay heat.

720

1440

2160

2880

3600

Time after shutdown (min)
Fig. 4. The percentage changing of the each released heats to the decay heat
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5. CONCLUDING REMARKS
The reactor pool water temperature was estimated from the reactor decay heat and the heat
released from the reactor biological shielding concrete, reactor pool water surface and the core inlet
piping. The concluding remarks in this study are shown as follows.
1) The reactor pool water temperature increased because the decay heat was dominant in the first
stages after the reactor shutdown. And the temperature changing rate of reactor pool water
decreased slowly, due to decrease of the decay heat and relative increase of the released heats
from the reactor biological shielding concrete and so on.
2) Among the released heat from the reactor pool to the reactor room, the amount of the released
heat k2Q2 from the reactor biological shielding concrete was highest, the second was the
released heat Q3 from the reactor pool water surface except the first stages after the reactor
shutdown, and then the third was the released heat Q6 from the core inlet piping.
3) The corrected coefficient £,for the decay heat was 0.74 - 0.80 and k2 for the released heat Q2
was 3.5 - 4.5 as the results of comparison with the measured data on four cycles.
4) As conservative estimating, it is desirable for the corrected coefficient £, to give more than
0.80 and for the corrected coefficient k2to give less than 3.5 in this calculations, hi the future,
these corrected coefficients will be decided as the peculiar coefficients of JRR-3M in
comparison with the measured data based on seven years:
NOMENCLATURE
A : Area of heat transfer (m2)
Cp : Specific heat at constant pressure (J/kgK)
K : Coefficient of over heat transmission (W/m2K)
T : Temperature (°C)
To : Temperature in the reactor room (°C)
Pa : Partial pressure of vapor in the reactor the room (mmH20)
Pw : Saturated vapor pressure of air (mmH20)
Po : Mean thermal power (W)
Q : Amount of heat (W)
Rj : Inner radius of the core inlet piping (m)
Ro : Outer radius of the core inlet piping (m)
V : Volume (m3)
hfs : Latent heat of evaporation (J/kg)
/ : Length of the core inlet piping (m)
v : Velocity over the water surface (mis)
a : Heat transfer coefficient (W/m2K)
X : Thermal conductivity (W/m2)
p : Density of water (kg/m3)
(Subscripts)
b : Reactor biological shielding concrete
rg : Reactor pool gate No. 1
pi : Core inlet piping
su2: Water surface of the canal

c : Canal
p : Reactor pool
sul: Water surface of the reactor pool
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Design and Operation Experience of TRACY
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Abstract
To realize the dynamic behaviors at a criticality accident is an essential issue for not only
rational design of fissile material handling facilities but also safety management of the facilities.
The Transient Experiment Critical Facility (TRACY) had been constructed at the Nuclear Fuel
Cycle Safety Engineering Research Facility (NUCEF) in JAERI. The purpose of TRACY is to
obtain experimental data necessary to evaluate potential hazard of a criticality accident
postulated in safety assessments of a reprocessing plant.
TRACY's first transient operation using low enriched (10%) uranium nitrate solution fuel
went on July 30 1996 and 118 operations including 51 transient operations are recorded since
the first critical achievement. TRACY carries out intensive experimental researches on nuclearthermal-hydraulic dynamic behavior and on investigation of migration amount of radioactive
nuclei in solution fuel to gas phase.

1. Introduction
In the safety assessment in the design of a reprocessing plant, the evaluation of a postulated
criticality accident is required as one of the design basis accidents (DBA). Of the criticality
accidents occurred so far, the halves have occurred at facilities handling nuclear fissile materials
in form of solution, namely reprocessing plants or recovery plants. There are some data reported
on supercritical experiments using high enriched uranium nitrite solution fuel carried out at
CRAC(1) and SILINE(2> in France, and at KEWB(3) in USA, while reported are scarcity data on
low enriched uranium nitrate solution. Even though it is evaluated that the risk of criticality
accidents at the plant could be considerably small compared to that at reactors, it is said that a
criticality accident at the plants might burden heavy hazard to not only plant workers but also
public. To realize the dynamic behaviors at a criticality accident is an essential issue for not only
rational design of fissile material handling facilities but also safety management of the facilities.
TRACY had been constructed in order to understand the nuclear-thermal-hydraulic
dynamics at a criticality accident with low enriched uranium nitrite solution and provide data to
evaluate the containment capability of radioactive nuclei. Its construction started in June 1987
and the first critical was achieved on December 20, 1995. After the licensing function and
performance test, a series of experiments was started and up to present 118 operations are
recorded without any major malfunctions. During the period, the annual maintenance and
inspections were taken twice.

2. Design and Facilities
The major design specification of TRACY was specified by taking account consideration
of 1) assurance of the basic safety function, 2) size of bygone criticality accidents and 3)
postulated events such as a reactivity accident and fuel handling accident. Under such accidents,
it is required that no failures and damages of the plant happen and no remarkable radiation
exposure is given to public.
The basic concept of TRACY is that fewer kinetic devices such as a motor should be used
from a viewpoint of maintenance, because TRACY uses solution fuel. On the bases of this
concept, a special design was adapted in the safety rod drive in which the safety rod being lifted
by vacuum force. In advance of the detail design of TRACY, the mockup tests on the core tank
and the safety rod were undertaken to clarify having the sufficient strength for hydrogen gas
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explosion postulated in the design and proper lifting/dropping time from/into the core.
Experience from the mockup test was reflected in the design.
Figure 1 shows the diagram of TRACY. The core tank made of stainless steel is of
cylindrical shape whose diameter and height are 50 cm and 200 cm, respectively. The wall of
the core tank is 1 cm thick. On the top of the core tank, safety rods, contact-type level gauge and
transient rod are installed for emergency shutdown, measurement of solution fuel level height
and addition of reactivity. Accuracy of the contact-type level gauge is ±0.2 mm, which
corresponds to about ±0.007% A k/k. The transient rod for addition of reactivity is driven in the
guide tube in the core tank. Maximum addition reactivity is 3 dollars.

Slow Fee
Pump

Dump Tank

Fig. 1 Diagram of TRACY
Neutron detectors of different types associated with high speed electronics are placed at
horizontal positions 1 m apart from the core tank and on the ceiling of the reactor room about 10
m apart from the top of the core tank. They cover whole power range up to 10 GW from neutron
source level. Figure 2 shows the arrangement of neutron detectors.
Thermocouples of 0.5mm diameter are placed at different vertical positions in the core tank.
Their time response is about 0.5 seconds. The pressure gauge of strain type, whose time
response is 10 kHz, is also placed on the side-wall of the core tank. Their specifications are also
shown in Table 2. Solution fuel is fed into the core through the pipe at the bottom of the core
from the dump tank in the basement. The specifications of TRACY and neutron detectors are
listed in Table 1 and Table 2.
TRACY has two operation modes, the static and the transient. The static operation mode is
used to obtain the data necessary for the affirmation of safe transient operations. The insertion
reactivity, temperature reactivity coefficient and kinetic parameters affecting strongly to
transient behaviors at the power excursion are measured. Neutron detectors located at different
positions are also calibrated changing power level in this mode.
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Arrangement of Neutron Detector

Table 1 Specification of TRACY
Maximum Power
Maximum Energy
Fuel

Reflector
Core

Maximum excess
reactivity
Reactivity insertion
Maximum pressure

Table 2

Static Operation Mode:
lOkW
Transient Operation Mode: 5GW
32MJ/Experiment
Uranyl Nitrate Solution (10wt% 235U enrichment)
Uranium Concentration: <500 gU/liter
Acid molarity: <5 mol/liter
Initial Temperature: <40 °C
None or Water
Shape: Cylindrical
Inner Diameter: 7.6cm
Outer diameter: 50cm
Static Operation Mode: 0.8$
Transient Operation Mode: 3$
Transient rod withdrawal or fuel solution feed
0.88MPa

Specification of Neutron Detector
Number

Model

Range

Accuracy

2

B-10

Logch

2

CIC

Linear ch
Safety ch
Transient Log ch
Transient Linear ch

2
2
2
1

CIC
CIC
FC
FC

l~2xl0 5 cps
(_300~oo~2sec)
O~2xlO 4 W
(-300~°o~2sec)
2xl0" 2 ~2xl0 4 W
0~2xl0 4 W
0~40MW.sec
10kW~10GW
(-1msec "- 1msec)
0~1.5MPa

0.1 decade
1.5%FS
0.1 decade
1.5%FS
3~1%FS
3%FS
3%FS
0.1 decade
1.5%FS
1.5%FS

Neutron detector
Start-up ch

Pressure Gauge
1
PG
Thermocouple
1
TC
0~150°C
Process unit
Experiment unit
10
0~150°C
TC
B-10:B-10 counter
CIC :Gamma-ray compensated ionization chamber
FC :Fission chamber
PG :Strain gauge type
TC :Thermocouple
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For simulation of power excursions with various conditions, there are three reactivity
addition patterns in the transient operation mode, 1) reactivity step addition by the transient rod,
2) reactivity ramp addition by the transient rod and 3) reactivity ramp addition by feed of
solution fuel. In the reactivity step addition mode, the reactivity can be added within 0.1
seconds by withdrawal of the transient rod, while reactivity addition speed is variable in the
reactivity ramp addition mode by adjusting the speed of withdrawal of the transient rod or feed
of solution fuel.
One of the unique features of TRACY, as shown in Fig. 1, is the isolated off gas ventilation
line. This line whose flow rate is about 300 ^/min has three purposes:
1) To lead generated radiolytic hydrogen gas into the dilution tank to dilute for prevention of
hydrogen explosion.
2) To hold generated radioactive noble gas of short-lived in the line by circulating until the
activity decreases less than the release level.
3) To trap generated radioactive iodine in the iodine adsorber by circulating and to deduce the
amount of the release.
Essential another feature is that the fuel treatment system like a miniature reprocessing plant is
installed around the reactor rooms. The system consists of the dissolution process, adjustment
process, separation process and recovery process. It can provide solution fuel necessary for
critical experiments. The schematic of the fuel treatment system is shown in Fig. 3.
Critical Facilities
STACY, TRACY
t

>r
Adjustment
Process
Dissolution
Process
>

Dilution
Mixing
Concentration
>

Oxid efuel
sto rage

T

Solution storage
Pu solution storage
U solution storage

Feed material
UO2, MOX

Separation
Process
<—

Purification by
PUREX

U
Process
Acid recovery
Solvent
regeneration

{}

Fuel Treatment System

Liquid waste

Fig.3

Schematic of Fuel Treatment System

3. Operation experiences
After the completion of TRACY in June 1994, a series of cold test using nitric acid
solution was carried out to examine whether equipment and components or their combined
systems are completely installed in accordance with their specifications. In this function test,
necessity of several modifications and adjustments was felt on gaskets used at the connecting
part of the solution pipes and on the level switches in the various pots. In the term of these
activities, low enriched (10%) uranium nitrite solution fuel for operations was fabricated
dissolving 12% and 1.5% UO2 pellets, and adjusting uranium and nitric acid concentration in
solution fuel.
TRACY went the first critical on December 20, 1995 and followed by characteristics tests
in the static operations up to 10 kW. In these operations, shutdown margin and excessive
reactivity etc. were examined. The reactivity worth of the transient rod was measured by a
solution fuel level reactivity method and the pulsed neutron method, and found to be 1.8$. The
reactor power was obtained through the gamma-ray analysis of specific radioactive nuclei such
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as 143Ce, 140Ba, 140La, 103Ru, 95Zr and "Mo. The neutron detectors were also calibrated with the
obtained reactor powers at different power levels.
First power excursion operation, adding 0.8$ in reactivity step addition, was initiated using
the transient rod with small reactivity worth on June 25, 1996. With careful confirmation and
estimation, the addition reactivity was incremented up to 1.8$. After these operations, TRACY
got the operation license on November 1, 1996. While a series of power excursion operations
were carried out in accordance with the experiment schedule up to 1.8$ of addition reactivity,
the new transient rod having larger reactivity worth was fabricated in order to make power
excursion operations with addition reactivity of 3$. Power excursion operations using the new
transient rod started from March 1997 and up to present total operation is recorded 118 runs
without any major troubles.
Figure 4 and 5 show the trends of typical power excursion initiated by the reactivity step
and ramp addition, respectively. On the reactivity step addition, the peak power of the first burst
increases proportionally with the addition reactivity, while on the reactivity ramp addition, it
corresponds to effective reactivity addition rate. Clear power oscillations are observed in the
reactivity ramp addition. The oscillation repeats until the added reactivity is compensated by the
negative reactivity due to temperature rise of solution fuel. Pressure pulses are also observed in
the range of larger than 1.5$ in only reactivity step addition.

10

o
a.

0
0.1
Time from start of Transient rod withdrawal(second)

Fig.4

Typical Power Excursion initiated by reactivity step addition

1.0E+08
Peak power 24MW

1.0E+07
»

Ramp feed operation
Reactivity insertion:2.62$
Reactivity insertion rate.)8 t/s

1.0E+06
1.0E+05
I.OE+04
0.0

50.0

100.0

150.0

Time (second)

Fig.5

Typical Power Excursion initiated by reactivity ramped addition

In order to evaluate radiation exposure at a criticality accident, the trial measurement of
radiation levels around the core tank was started using TLD and alanine detectors for gamma
rays and neutrons. TLD seems impractical to high neutron radiation fields. Further
measurements and evaluations are envisaged.
As for maintenance activity, the annual maintenance and inspection were carried out twice
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so far. About 4 months were devoted to each annual maintenance and inspection. The radiation
level ambient the core tank and the isolated off-gas ventilation circulation line increases
gradually as operation run increases. Development of cleanup devices becomes essential for
reduction of not only the ambient radiation level in the reactor room but also radiation exposure
of the personnel.
4. Future program
In early FY1999, we carry out the annual maintenance and inspection requiring 4 months
and plan to obtain the license in the July. During this period, a visualization system will be
installed inside the core tank in order to observe fluidic dynamics on the surface of solution fuel
at the power excursion. The system consists of an optical fiber scope and a video camera system.
Then the experiments with variety of reactivity addition will be performed using the bare or
water reflected core. We will continue the measurements of the radiation dose surrounding the
core tank.
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ABSTRACT
The first-loading core of the High Temperature Engineering Test Reactor (HTTR) consists of 150
fuel assemblies. An HTTR fuel assembly is so-called a pin-in-block type of hexagonal graphite block.
A fuel rod consists of a graphite sleeve and of 14 fuel compacts. In a fuel compact, about 13,000
TRISO coated fuel particles are dispersed densely. The coated fuel particle is TRISO (Tri-isotoropic)
type with four coating layers. The fuel kernel is low-enriched (average 6wt%) UO2. The fabrication of
the first-loading fuel started from June 1995. A total of 4,770 fuel rods were successfully produced
and transferred to the reactor building of the HTTR. Finally, in the reactor building, the fuel rods were
inserted to the graphite blocks to form fuel assemblies. On December 1997, 150 fuel assemblies were
completely formed and were stored in new fuel storage cells. The cells were filled with helium gas to
keep the fuel blocks in dry condition. Fabrication technology of the HTTR fuel was established
through a lot of R&D activities and fabrication experiences of irradiation examination samples spread
over about 30 years. High quality and production efficiency of fuel were achieved by the development
of the fuel kernel process using the vibration dropping technology, the continuous 4-layer coating
process and optimization of the compaction conditions. In the safety design of HTGR fuel, it is
important to retain fission products within the coated fuel particles so that their release to the primary
coolant may not exceed an acceptable level. From this point of view, as-fabricated failure fraction is
important. In the specification, SiC-failure and exposed uranium fractions were determined to be less
than 1.5x10° and 1 5x 10"*, respectively. The quality of the first loading fuel fully satisfied the design
specifications for the fuel. The fuel compacts contained almost no through-coatings failed particles
and few SiC-defective particles. Average through-coatings and SiC defective fractions were 2x10"* and
8xl0' 5 respectively. In parallel with the fabrication of the first-loading fuel, JAERI carried out integrity
confirmation tests of the fuel. The tests were (1) independent as-fabricated SiC defective fraction
measurement, (2) acceleration irradiation test and (3) high-temperature heat up test of irradiated fuel
compact. Through the tests, integrity of the first-loading fuel of the HTTR was finally confirmed.

1. INTRODUCTION
The first-loading core of the HTTR consists of 150 fuel assemblies. As shown in Fig. 1, an HTTR
fuel assembly is so-called a pin-in-block type of hexagonal graphite block containing 31 or 33 fuel
rods. A fuel rod consists of a graphite sleeve and of 14 fuel compacts. In a fuel compact, about 13,000
TRISO coated fuel particles (CFPs) are dispersed densely. The fuel kernel is low-enriched (average
6wt%) UO, with 600(.im of diameter. CFP is a microsphere of fuel kernel with TRISO coatings which
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consist of a low-density, porous pyrolytic carbon (PyC) buffer layer adjacent to the spherical fuel
kernel, followed by an isotropic PyC layer, a SiC layer and a final (outer) PyC layer. The CFPs are
incorporated with graphite powder and phenol binder to form a fuel compact. A fuel rod is composed
of a graphite sleeve and fuel compacts. The fuel rods are inserted to bore holes in a hexagonal graphite
block. Helium coolant flows annular holes between the outside of fuel rods and the boreholes.
The fabrication of the first-loading fuel started June 1995. A total of 66,780 fuel compacts,
corresponding to 4,770 fuel rods, were successfully produced through the fuel kernel, CFP and fuel
compact processes. The fuel rods were transferred to the reactor building of the HTTR. Finally, in the
reactor building, the fuel rods were inserted to the graphite blocks to form fuel assemblies. On
December 1997, 150 fuel assemblies were completely formed and were stored in new fuel storage
cells. Fabrication technology for the fuel was established through a lot of R&D activities and
fabrication experiences of irradiation samples over about 30 years0"21. However, since this was the first
mass-production of the HTGR fuel in Japan, we experienced some technical problems during the
fabrication.
In parallel with the fabrication of the first-loading fuel, JAERI carried out integrity confirmation
tests of the fuel. The tests were independent as-fabricated SiC defective fraction measurement,
acceleration irradiation test and high-temperature heatup test of irradiated fuel compact. This report
describes (1) characteristics of as-fabricated fuel, (2) the topics obtained by the first mass-production
experiences and (3) result of the integrity confirmation tests.

2. PERFORMANCE REQUIREMENTS AND DESIGN OF THE HTTR FUEL
In the fuel safety design of HTGRs, it is important to retain fission products within the CFPs so that
their release to the primary coolant may not exceed an acceptable level0'. From this point of view, the
basic design criteria for the fuel are to minimize the failure fraction of as-fabricated fuel coating layers
and to avoid, in principle, significant additional failures during operation. To meet the latter criterion,
the fuel temperature is limited below 1495°C during normal operation conditions and below 1600°C
during anticipated operational occurrences, and the fuel burnup is limited 33GWd/t based on the
results of irradiation test.
One of the most important specifications is the thickness of coating layers because the irradiation
performance of the coated fuel particle strongly depends on the coating layer thickness. The failure by
kernel migration depends on thickness of buffer and IPyC layers together with fuel temperature and
fuel temperature gradient'2-3'. The failure by Pd-SiC interaction depends on kernel diameter, buffer,
IPyC and SiC layer thickness together with fuel temperature and burnup(2i5). Since we have discussed
small additional failure fraction, not only average value but also deviation of coating layer thickness is
important. An another important characteristic of as-fabricated fuel is failure fraction. In the
specification, SiC-failure and exposed uranium fractions were determined. Based on the safety
requirement of the HTTR and the fabrication experiences, the criteria for the SiC-failure fraction and
the exposed uranium fraction were determined to be less than 1.5x10° and 1.5x10"*, respectively.

3. FABRICATION EXPERIENCES
3.1 Coated fuel particle
A total of 900kg of UO2 kernels were fabricated in a gel-precipitation process by a vibration
dropping technique. The coating layers were deposited on the kernels in a CVD process using a
fluidized coater. The buffer and high density PyC coating layers were derived from C2H2 and C3H6,
respectively, and the SiC layer from CH,SiClj (MTS). The coating was carried out by optimizing the
mode of the particle fluidization and by developing the process without unloading and loading of the
particles at intermediate coating process'6'.
Figure 2 shows measured dimensions and distributions of as-fabricated CFPs. The thickness of the
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coating layers was measured by optical microscopy. The fabrication data showed that the deviations of
thickness of the PyC layers and the SiC layer were small, however, the deviation of the buffer layer
thickness was relatively large. Since the internal pressure strongly depends on the free volume in the
buffer layer, an evaluation was carried out to confirm the coating layer intactness during operation.
The calculated failure probabilities by so-called pressure vessel failure are also shown in Fig. 2 as a
function of the buffer layer thickness(7). In the calculation, irradiation temperature, burnup and fast
neutron fluence were assumed to be the maximum irradiation condition in the HTTR core. The intact
particle fails significantly when buffer layer is thinner than 30um. Therefore, it is concluded that the
buffer layer was fabricated to prevent pressure vessel failure even considering its deviation of
thickness.

3.2 Fuel Compact
The fuel compacts are produced by warm-pressing of the CFPs with graphite powder. In the first
step, the coated fuel particles are overcoated by resinated graphite powder with alcohol. The aim of the
overcoating is to avoid direct contact with neighboring particles in the fuel compact. Then, the
overcoated particles are warm-pressed by metal dies to form annular green fuel compacts. The final
step of the compaction process is the heat-treatment of the green fuel compacts. The fabrication
process was modified to reduce the defective particle fraction during the compaction process before
fabrication of the first-loading fuel. The compaction process was improved by optimizing the
combination of the pressing temperature and the pressing speed of the overcoated particles to avoid
the direct contact with neighboring particles in the fuel compact'61.
The free uranium fractions of the fuel compacts were measured by the deconsolidation followed by
the acid leaching on four fuel compacts for each fuel compact fabrication lot. The SiC-failure fractions
of the fuel compacts were measured by the burn/leach method<9) for six fuel compacts in each fuel
compact fabrication lot. Since there are about 13,000 coated fuel particles in a fuel compact, one
through-coatings failed particle corresponds to 8.0xl0'5 in the acid leaching measurement. Asfabricated fuel compacts contained almost no through-coatings failed particles and few SiC-defective
particles. Average through-coatings and SiC defective fractions were 2x10"* and 8xl0"5 respectively.
In the beginning of fabrication, unexpected large SiC-failure fractions were observed. Then, we
analyzed relations between the measured SiC-failure fractions and fabrication parameters, such as
coating layer thickness, overcoat layer thickness, pressing speed, etc. Finally, we found the following
reasons which increased the SiC-failure fractions.
(a) Decrease of SiC layer thickness 00
Figure 3 shows relation between the SiC layer thickness and the SiC-failure fraction in the
beginning of fabrication. The SiC-failure fractions increased when the SiC-layer thickness decreased.
Since the CFP with thinner SiC layer is mechanically weaker, the SiC layers of contacted CFPs were
considered to be failed. The SiC layer decreased although coating time and flow rate of deposition gas
(MTS) was controlled during coating process. We found that the decrease of the SiC layer thickness
occurred because filter of MTS evaporator was partly choked. It caused decrease of concentration of
MTS gas gradually during continuous operation of the coater which we had never experienced. Finally,
from the viewpoint of the SiC-failure reduction, we checked the SiC layer thickness before the
compaction process. After that, no significant increase of the SiC-failure fraction was observed.
(b) Odd-shaped overcoated particle 00
We found that there were odd-shaped overcoated particles in which two or three CFPs were
included. The odd-shaped overcoated fraction was about 10"4. We considered that the CFPs in oddshaped particle failed during compaction process because they could not keep enough distance each
other. In order to examine this assumption, compaction test was carried out. The result is shown in Fig.
4. In the test, the fraction of odd-shaped overcoated particles was changed from 0 to 30-vol%. The
result showed that the SiC-failure fraction increased with fraction of odd-shaped overcoated particle.
Then, the odd-shaped overcoated particles were removed in the fabrication process.
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4. INTEGRITY CONFIRMATION TESTS
4.1 Independent as-fabricated SiC defective fraction measurement
Since the as-fabricated SiC-failed particle does not have the mechanically strongest coating layer,
SiC, the as-fabricated SiC-failed particle is predicted to be resulted in the through-coatings failed
particle by internal pressure during operation02'. From this point of view, as-fabricated failure fraction
is important. The independent as-fabricated SiC defective fraction was measured by the burn/leach
method. Both failure fractions agreed within 95% confidence limit.
4.2 Acceleration irradiation test
As-fabricated coated fuel particles are irradiated in the Japan Materials Testing Reactor to confirm
irradiation performance of the first-loading fuel. Irradiation performance of the fuel is monitored by
fractional release of fission gases, (R/B). Finally, burnup will reach about 6%FIMA which is higher
than 3.6% FIMA of the maximum burnup in the HTTR core. As shown in Fig. 5, fractional releases of
88
Kr are sufficiently smaller than corresponding alarm and scram levels during the HTTR operation.

4 3 High-temperature heatup test of irradiated fuel compact
In order to confirm 1600°C criterion, heatup test of irradiated fuel compact was carried out. The
fuel compact was fabricated by the similar method band was irradiated in the 15th OGL-1 up to about
4%FIMA. No coated fuel particle failure was observed after 30 hours heating in 1600°C.

5. CONCLUSIONS
The first loading fuel was successfully fabricated. The quality assurance data showed that coating
layer thickness was enough to prevent irradiation-induced failure even considering their deviation of
thickness. Average through-coatings and SiC defective fractions were as good as 2x10"'' and 8xI0 5
respectively although unexpected large SiC-failure fractions were observed in the beginning of
fabrication. In parallel with the fabrication, integrity of the first-loading fuel of the HTTR was finally
confirmed through the integrity confirmation.
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Abstract

The Japan Materials Testing Reactor (JMTR) is the largest scale materials testing reactor with thermal
power of 50 MW and power density of 500 kW/Z in Japan. JMTR as a multi-purpose reactor has been
contributing to research and development on nuclear field with a wide variety of irradiation for
performing engineering tests and safety research on fuel and component for light water reactor as well as
fast breeder reactor, high temperature gas-cooled reactor etc., for research and development on blanket
material for fusion reactor, for fundamental research, and for radio-isotope (RI) production.
The driver nuclear fuel used in JMTR is aluminum based MTR type fuel. According to the Reduced
Enrichment for Research and Test Reactors (RERTR) Program, the JMTR fuel elements had been converted
from 93 % high enriched uranium (HEU) fuel to 45 % medium enriched uranium (MEU) fuel in 1986, and
then to 20 % low enriched uranium (LEU) fuel in 1994.
The cumulative operation cycles until March 1999 reached to 127 cycles since the first criticality in
1968. JMTR has used 1,628 HEU, 688 MEU and 308 LEU fuel elements for these operation cycles. After
these spent fuel elements were cooled in the JMTR water canal more than one year after discharged from
the JMTR core, they had been transported to reprocessing plants in Europe, and then to plants in USA in
order to extract the uranium remaining in the spent fuel. The JMTR spent fuel transportation for
reprocessing had been continued until the end of 1988.
However, USA had ceased spent fuel reprocessing in 1989, while USDOE committed to prepare an
environmental review of the impacts of accepting spent fuels from foreign research reactors. After that,
USDOE decided to implement a new acceptance policy in 1996, the spent fuel transportation from JMTR
to Savannah River Site was commenced in 1997. It was the first transportation not only in Japan but in
Asia also. Until resuming the transportation, the spent fuel elements stored in JMTR amounted to 922 in
number, and the longest storage term was about 11 years.
As mentioned above, JMTR have used 2,624 fuel elements (about 50,000 fuel plates) until March 1999,
and the longest storage term in the canal water reached to 11 years. Despite such conditions, all fuel
elements have shown enough integrity without any failure.
1. Introduction

The Japan Materials Testing Reactor (JMTR) established in Oarai Research Establishment of Japan
Atomic Energy Research Institute (JAERI) is the largest scale materials testing reactor in Japan. The fuel
elements used in JMTR are aluminum based MTR type consisting of flat fuel plates. According to the
Reduced Enrichment for Research and Test Reactors (RERTR) Program, the JMTR fuel elements had been
converted from 93 % high enriched uranium fuel (HEU, alloy type) to 45 % medium enriched uranium
fuel (MEU, aluminide type) in 1986, and then to 20 % low enriched uranium fuel (LEU, silicide type) in
1994. The development of LEU fuel elements, fuel management and spent fuel transportation in JMTR are
introduced in this paper.
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2. General Description of JMTR

JMTR is a light water moderated and cooled
tank in-pool type reactor with thermal power of 50
MW, power density of 500 kW/I and maximum
thermal and fast neutron flux of 4.0xl018
n/m2»sec. JMTR as a multi-purpose testing reactor
has been contributing to research and
development on nuclear field with a wide variety
of irradiation for performing engineering test and
safety research on fuel and component for light
water reactor as well as fast breeder reactor, high
temperature gas-cooled reactor etc., for research
and development on blanket material for fusion
reactor, for fundamental research, and for radioisotope (RI) production. The cumulative operation
cycles and thermal power since the first criticality
in 1968 until March 1999 reached to 127 cycles and
about 122,500 MWd respectively.
The JMTR core is separated into four regions
by the beryllium frame functioning as structural
support, as reflector and as irradiation space. The
core is loaded with the 22 standard fuel elements
and 5 fuel followers coupled with each control
rod. In order to avoid local boiling of the primary
coolant on the surface of the fuel plate, the coolant
is pressurized at about 1.5 MPa, and flows among
the coolant channels at 10 m/sec. The JMTR core
arrangement is shown in Figure 1. The
engineering data of JMTR are listed in Table 1.

M Standard Fuel Element
ED Control Rod with Fuel Follower
H Beryllium Reflector Element
I I Aluminum Reflector Element
LJ Hydraulic Rabbit Irradiation Facility
Shroud Irradiation Facility
™ Gamma Ray Shield Plate

Figure 1 JMTR Core Arrangement

Table 1 Engineering Data of JMTR
Thermal Power (kW)
Excess Reactivity (%Ak/k)
Thermal Neutron Flux (< 0.683 eV, n/m 2 »sec)
Fast neutron Flux (> 1 MeV, n/nr»sec)

50,000 (50 MW)
15 (Max)

Power Density (kW/7)
Primary Coolant

500
49 (Max)
about 56 (Max)

Inlet Temperature (°C)
Outlet Temperature (DC)
Flow Rate (m 3 /h)
Pressure (MPa)

4.0x1018 (Max)
4.0x1018 (Max)

about 6,000
about 1.5

3. Fuel Elements in JMTR

The driver nuclear fuel used in JMTR is aluminum based MTR type, 1,200 mm long and 76.2 mm
square, consisting of flat fuel plates. According to the RERTR Program, the JMTR fuel elements had been
converted from 93 % HEU fuel to 45 % MEU fuel in 1986, and then to 20 % LEU fuel in 1994. The standard
LEU fuel elements consist of 19 fuel plates and 18 cadmium wires as burnable absorber. The LEU fuel
plate, 1.27 mm thick, 70.8 mm wide and 778 mm long, consists of a layer of uranium-silicon alloy
dispersed in aluminum matrix covered with aluminum plates.
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In order to extend reactor operation days per
cycle, uranium235 content increased to 410 g per
LEU fuel element, and cadmium wires as burnable
absorber are attached in grooves of side plates. To
adopt the cadmium wires has made it possible to
suppress initial excess reactivity and to obtain less
variation of neutron flux during operation. Until
March 1999, JMTR has used 1,628 HEU fuel
elements (29,810 plates), 688 MEU fuel elements
(12,652 plates) and 308 LEU fuel elements (5,552
plates), 2,624 fuel elements (48,014 plates) in all. In
using and storing these fuel elements, there has
been no fuel failure with fission products (FP)
release. The specifications and the outline of LEU
fuel elements are shown in Table 2 and Figure 2.

Comb
Fuel Meat
Fuel PI ate
Burnable
Absorber wire

Table 2 Specifications of LEU Fuel elements
Length (mm)
Cross Section (mm)
Number of Plate
Plate Thickness
Plate Length (mm)
Cladding Thickness (mm)
Side Plates Material
Weight (kg)
235
U Density (g/cm3)
Amount of 235U
Fuel Meat Material

1,200
76.2 x 76.2

Side Plate

19

1.27
778

Adaptor

0.36 (min) (A1100)
A6061-T6
about 7
4.8

Figure 2 Outline of LEU Fuel elements

410

U3Si2-Al dispersion alloy

4. Fuel Management

After the fresh fuel elements are accepted from foreign fuel fabricators, they are stored in the racks of
JMTR fresh fuel storage until loading to the JMTR core. The spent fuel elements are stored and cooled in
the storage racks in the JMTR water canal more than one year after discharged from the reactor core. The
canal water is circulated by the pool-canal circulating system consisting of pumps, heat exchangers and
the purification system. The purification system is composed of filters and ion exchangers, it maintains the
canal water purity at a high level in the range of pH 5.5 to 7.0, electric conductivity of 2 uS/cm or below
and temperature of 35°C or below to avoid the corrosion of the spent fuel elements.

5. Spent Fuel Transportation
5.1 Transportation for Reprocessing

The JMTR spent fuel elements had been transported to reprocessing plants in Europe, and then to
plants in USA in order to extract the uranium remaining in the fuel until the end of 1988. In the first
transportation, the spent fuel elements leased from US Atomic Energy Commission (USAE) were sent
back to Idaho Chemical Processing Plant (ICPP). The spent fuel elements purchased were transported to
Dounreay Reprocessing Plant in England from the second to the 4th time, to Marcoule Reprocessing Plant
in France from the 5th to the 7th time. After that, the contract for reprocessing was made with US
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Department of Energy (USDOE), the spent fuel elements were transported to Savannah River
Reprocessing Plant (SRP) or ICPP from the 8th to the 18th time. In these transportations for reprocessing,
1,547 HEU fuel elements had been transported by two lead-shield casks made by National lead Co. Ltd. in
USA or two carbon-steel casks hired from British Nuclear Fuels pic. (BNFL) in 1972 to 1973. However,
USA had ceased spent nuclear fuel reprocessing in January 1989, while USDOE committed to prepare an
environmental review of the impacts of accepting spent fuels from foreign research reactors (FRR).
Therefore, the spent fuel elements were unavoidable to storage in the canal until the resumption of
transportation in about eight and half years. The past records of spent fuel transportation for reprocessing
are listed in Table 3.
Table 3 Past Records of Spent Fuel Transportation for Reprocessing
Transportation
1st
2nd
5th

-

8th
12th
15th

-

4th
7th
11th
14th
18th

Transport Data
March 1971
July 1971 July 1972
Sep. 1974
Dec. 1973 May 1978 Nov. 1981
July 1983
Oct. 1985

-

Dec. 1984
Nov. 1988

Reprocessing Site

Country

ICPP
Dounreay
Marcoule

USA
England

Number of Fuel
40
323
303
324

France
USA
USA
USA

SRP
ICPP
SRP

243
314
Total

1,547

5.2 Transportation for Storage

USDOE announced a new acceptance policy; Off-Site Fuels Policy (OSFP) in July 1993,
Environmental Impact Statement (EIS) for the acceptance of spent fuel under National Environmental
Policy Act (NEPA) in February 1996. After that, Record of Decision (ROD) was announced in May 1996, it
was decided to implement of the acceptance of FRR spent fuel used enriched uranium of USA origin for
13 years from then. JAERI made the contract'11 for acceptance of spent fuel at the Savannah River Site
(SRS) with USDOE in February 1997. The fuel elements for research and testing reactor in Japan as subject
of OSFP are listed in Table 4.
Table 4 Fuel Elements for Research and Testing Reactor as subject of OSFP
Registration No.

Reactor

Fuel Type
Plate

Fuel Enrichment (%)
45
20

09

JMTR

36
37

JMTRC
JRR-4

Plate
Plate

93
93

45
-

38
39

KUKA

Plate

93

KUR

Plate

93

45
-

40
54

UTR kinki
JRR-2

Plate

90

-

Plate

70
71

JRR-3M
TTR-1

Plate

93
-

45
-

Plate

-

-

93

20
20
20
20

In advance of the spent fuel transportation, the visual inspection of fuel elements and sipping tests of
transport casks with spent fuel elements were implemented by two Westinghouse Savannah River
Company (WSRC) inspectors dispatched by SRS under the contract. All fuel elements were confirmed
their integrity and permitted to accept by USDOE. The spent fuel transportation from JMTR to SRS was
commenced in June 5, 1997. 60 HEU spent fuel elements loaded into two new stainless-steel casks (JMS87Y-18.5T type) were shipped to England first. After they arrived in England, they were temporally stored
at a site in England, and then they were transported by another ship with other spent fuels in Europe.
They arrived at SRS on August 15 without any accident.

- 180-

JAERI-Conf

Approx. 1900 mm

Fin

99-006

It was the first transportation not only in
Japan but in Asia also. Until resuming the
transportation, the spent fuel elements stored in
JMTR amounted to 922 in number, and the longest
storage term was about 11 years.
Following the first transportation, 21 HEU
fuel and 90 MEU fuel elements loaded into four
casks were shipped to SRS in July 1998. They were
shipped on the same route as the first
transportation. All HEU spent fuel elements in
JMTR had been transported in these two
transportations. The outline of the spent fuel
transport cask (JMS-87Y-18.5T type) is shown in
Figure 3.

Bottom
Shock Absorber

Figure 3 Outline of Spent Fuel Transport Cask

6. Conclusion

(1) The JMTR fuel elements had been converted from HEU fuel elements to MEU fuel elements and MEU
fuel elements to LEU fuel elements according to the RERTR Program.
(2) 2,624 fuel elements have been used until March 1999. All fuel elements have revealed good integrity
without any fuel failure with FP release.
(3) 1,547 HEU spent fuel elements were shipped to Europe and USA for reprocessing in until 1988.
(4) Until resuming the transportation, the spent fuel elements stored in JMTR amounted to 922 in number,
and the longest storage term was about 11 years.
(5) According to OSFP, JMTR resumed the spent fuel transportation to USA in June 1997, the
transportation of HEU spent fuel elements had been completed and that for MEU spent fuel elements
has been commenced from the second transportation for storage.
(6) Now, it is planned that the JMTR spent fuel elements will be transported to USDOE by using four
casks a year until 2008.
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ABSTRACT
In the research reactor of JAERI, the Neutron Activation Analysis (NAA) has been utilized as a
major part of an irradiation usage. To utilize NAA, research participants are always

required to learn

necessary technique. Therefore, we started to examine a support system that will enable to carry out
INAA easily even by beginners.

The system is composed of irradiation device, gamma-ray

spectrometer and data analyzing instruments. The element concentration is calculated by using
KAYZERO/SOLCOI(1) software with the ko standardization method(2X3). In this paper, we review on a
construction of this INAA support system in JRR-3M of JAERI.

INTRODUCTION
For joint use of JRR-3M, INAA support system is applied to the PN-3 facility. This system was
automates the operating procedure of irradiation, measurements, analysis, etc. as much as possible,
and it would enable to use INAA conveniently even by beginners. As an analysis method, the ko
method which does not require individual standard reference material is applied in order to obtain the
fixed quantity of the elements easily.
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INAA SUPPORT SYSTEM
1. Irradiation facility
JRR-3M is a light water moderated and cooled swimming pool type reactor, operating with
maximum thermal power of 20MW.

The reactor is operated on 5weeks/lcycle, with about 26

continuous days at full power operation followed by 9 days for maintenance and refueling. There are a
lot of experimental facilities in JRR-3M, as shown in Figure 1, involving 9 vertical holes installed for
irradiation usage in the core and heavy water tank region and 9 horizontal tubes for neutron beam
experiments. The PN-3 facility for the irradiation of INAA is installed in the D2O tank region.
1.1 Irradiation hole
The PN-3 facility provides well-thermalized neutrons with <I>th=2xl013(n/cm2 s), ^>plxlO9(n/cm2s),
Rcd=300. Homogeneity of the thermal flux in the facility is less than 1%. An irradiation rabbit for the
PN-3 facility, which is made of polyethylene, has the dimension of 17mm diam. and 30mm long. The
specifications of the irradiation hole are shown in Table 1.
1.2 Irradiation device
The irradiation device is composed of PN-3 irradiation tube, automatic rabbit loader, remover,
solenoid valve and control equipment using sequencer, etc. The device has 3 operating modes; the
automatic, semiautomatic and manual modes. The automatic operation can control a series of
processes from irradiation to measurement at preset sample conditions.

This mode suites to the

process for a group of samples at the same conditions. The semiautomatic operation is used when
conditions to be carried out for each sample are different individually. The manual mode is used only
to operate by some skilled operators, particularly for the recovery when minor troubles occur in the
device. The PN-3 facility allows the irradiation times of 3s up to 1200s. For short-lived nuclides, the
sample in the rabbit must be off from the core within about 7s, followed by quickly measuring with
the sample encapsulated. If necessary, it is also possible to repeatedly irradiate the same sample. On
processing, necessary information can be collected, e.g. irradiation start date/time, irradiation finish
time, exposure time, measurement start date/time, output of neutron detector, etc. PN-3 irradiation
device is shown in Photo 1.

2. Measuring system
2.1 Gamma-ray spectroscopy system
The system has 2 Gamma-ray spectrometers; one for short-lived nuclide and the other for normal
measurements. The former spectrometer for short-lived is for immediate measurement after irradiation.
For the later case, samples are measured by replacing from the rabbit into polyethylene bag,
subsequently setting them on the shelf. Especially, it has been composed of the Gamma-ray
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spectrometer using DSP(digital signal processor) that is latest measurement equipment in proportion
to the measurement of high count rate such as short-lived nuclide. The block diagram of the Gammaray spectroscopy system is shown in Figure 2.
2.2 Automatic sample changer
The automatic sample changer is composed of leads shield (10cm), 5 axis arm robot, controllers,
sequencers, gravimeters for liquid nitrogen, etc. Up to 100 samples can be set into the changer. The
changer has random sample accessibility and allows placing the sample at a measurement position.
The sample-to-detector distance (0mm-300mm) is variable at 10mm intervals. Photograph of the
automatic sample changer is shown in Photo 2.
2.3 Gamma-ray spectrum analysis software
Software GENIE-2000(4) for the spectrum analysis is a commercially available package running on
personal computers under Microsoft Windows NT/95. Multi-user environment by ETHENET is
available, enabling the data analysis and monitor through the network.

3. Data analysis system
The data analysis system is calculated for quantitative analysis by kg method or relative method,
after the analysis sample is measured. Irradiation and measurement data necessary for the data
analysis can be automatically received from INAA support system. As an analysis method of INAA, it
is carried out based on the convenient and accurately procedure of the ko method. In this system, it is
analyzed using evaluated marketing software SAMPO-90(5), KAYZERO/SOLCOI. Flowchart of
INAA support system is shown in Figure 3.

3.1 Peak analysis
The peak analysis needs SAMPO-90 spectral format and analytical result used in the
KAYZERO/SOLCOI. Therefore it is used after conversion of the gamma-ray spectrum into the type
of data, which can be read in KAYZERO/SOLCOI. And, conversion software in proportion to several
kinds binary file is prepared in order to convert the gamma-ray spectrum type.
3.2 Calibration of the Ge detector by SOLCOI
The SOLCOI determines effective solid angles and coincidence correction factors. Since accuracy
of a detector is indispensable for kg method, a detector must be accurately calibrated beforehand for
general users.
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3.3 Calculation of the reactor parameter
The reactor parameter is a coefficient for correcting neutron spectrum of reactor, and it is shown in
the thermal-to-epithermal neutron flux ratio, f and the slope of 1/E distribution, a. These parameters (f,
a) must be also measured beforehand for general users.
3.4 Analysis
KAYZERO software, which performs qualitative/quantitative analysis based on the kO method in
this system, provides a list of concentrations and/or detection limits of all measurable elements.
However, there are some difficulties in transporting analysis results automatically to KAYZERO from
INAA support system, which runs under DOS. As a solution of this problem, original software, which
will perform analysis automatically by ko method, will be prepared.
3.5 Analytical database
Analytical databases are that it accumulates data such as analysis condition, result of analysis,
gamma-ray spectrum got by this system. And does the data base construction which faces every
analysis sample.

It will be improved in order to conjugate as a reference for deciding beginners or

analysis conditions of the inexperience sample, etc.

FURTHER DEVELOPMENT
It is understood that the improvement of INAA support system based on the kg method is
convenient instruments for the NAA users. An attempt to apply the support system to the PN-3
facility in JRR-3M of JAERI has been made at present, and its application for JRR-4 will be done in
future. Further development and improvement of this system will be proceeded in order to utilize
NAA more conveniently and accurately.
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Table 1 Specification of PN-3 facility
^"""••ss^Position
Item^>\s>>

Bottom

oth

1.9x1013

Of

6.0x10 9
300

Red
Irradiation
time

Middle

1x1012
108
700 ~

max. 20 min.

Irradiation
tube size

4>20 mm

Irradiation rabbit
<

(unit: mm)

30

Material: Polyethylene
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Standard fuel element
Control rod with follower fuel
Vertical irradiation hole
Horizontal experimental hole

PN-3
irradiation hole
1G

2G

RG-4

Heavy water tank
3G
Beryllium
reflectors

7R
4G

Fig.l JRR-3M Reactor core and utilization facility
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Canberra
HV

DATA
PREAMP
POWER

,PREAMP
POWER

HV

MONITOR
ENERGY

HVMH

Oscilloscope

Ge Detector
Ethernet

Network

-

Canberra
Software: Genie-2000
(Measurement and
y-ray peak analysis)

Fig.2 Y"raY Spectroscopy System
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Specification

•i;.;.--.:.;..™™-

# Easy operation
# Operation by
auto/semi-auto/manual mode
# Monitoring of operation condition
and process data
# Repeatedly irradiation
# Interlock by dose rate
® Quick measurement
for short-live nuclide
® etc.

Photo 1 PN-3 irradiation device
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Specifications
•Measurement method : Random Access
•Sample number : 100 sample (max.)
©Thickness of Shield : Pb 100mm (low B.G.)
Cu 5mm
•Shielding door : Manual / Automatic door
•Measurable distance : 0 - 300 mm
• Sample plate size :
Manual: 200 mm x 200 mm x 3 mm
Auto : 100 mm x 100 mm x 3 mm
•Robot: 5 degrees of freedom
Repeatability : +/- 0.05 mm
•Others
- Balances for liquid N2 level
- Adjustable of Ge Det height
- Controls: Sequencer
- Communication: RS-232C

Photo 2 Automatic sample changer
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Data input for
sample,irradiation
and measurement

I

Irradiation
PN-3 irradiation
facility

Other Y-ray
spectrum data

Y-ray measurement /
analysis software

Genie-2000

Automatic
sample changer
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ABSTRACT
In-reactor and real-time measurements of changes of material properties (in-situ studies) are
arousing strong concerns in variety of engineering and scientific fields. Examples are; 1)
applications of functional components and systems in radiation environments, such as post
irradiation examinations, radioactive waste management, decommissioning, and space missions,
2) developments of nuclear fusion reactors, 3) advanced dosimetry of nuclear fission reactors, 4)
understanding of fundamental processes of radiation effects in materials. To carry out in-situ
studies, sophisticated radiation techniques, detailed on-line measurements, flexible operation
mode of a reactor, etc.. arc needed, which will be difficult to realize in large and high flux
reactors. Dynamic changes of material property have been studied in Japan Materials Testing
reactor (JMTR) in a decade and various interesting results were obtained. Examples are change of
electrical conductivity of ceramic insulators, changes of optical properties in optical ceramics.
The paper describes examples of staictures of developed irradiation capsules for the in-situ
studies and some experimental results concerning dynamic radiation effects which will enlighten
understanding radiation effects in materials and which also reveal new possibility of developing
radiation-resistant functional materials for application in the fields mentioned above.

I.

INTRODUCTION

It can not be denied that small and low-flux test/experimental reactors (research reactor) are
losing their attractiveness as nuclear fission technologies are getting matured. Many of currently
operating test and experimental reactors are thought to become old-fashioned in a very near future
from this point of view. This pessimistic view mainly stems from demands in tests and studies of
heavily accumulated radiation effects in the case of materials-related researches. In case of test
and development of materials and fuels, more and more fluencc of neutron is demanded and highflux test reactors and large-scale power-generating reactors are expected to play important roles
there. A fast neutron flux larger than 10'sn/nrs is needed and it is strongly anticipated that a total
fast and thermal neutron fluence will exceed an order of 1025n/nr in a practical duration, typically
in one year. However, there is the other important aspect in the radiation effects in materials. It is
so-called dynamic radiation effects, namely phenomena where properties of materials will change
dynamically during irradiation. Most of dynamic radiation effects are related with electronic
excitation processes and they have been studied in X- and gamma-rays and electron-beams
radiation fields. Recent studies, however, arc revealing important roles of atomic displacement
effects in dynamic radiation effects. Thus, neutron-associating radiation fields are highlighted as
good radiation fields, offering possible revaluation of research reactors.
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To study dynamic radiation effects, real-time in-situ measurements of changes of materials
properties (in-situ studies) are needed. For in-situ studies, small research reactors have several
advantages over large and high flux reactors. The former can offer easier access to radiation
sources for installation of complicated and sophisticated measuring systems, and flexible
operation modes for studying effects of radiation parameters such as temperatures and a dose rate.
Also in many cases, dynamic radiation effects can be detected at lower radiation dose-rate level
and a high accumulation dose, whose realization will be difficult in small research reactors, will
not necessarily needed. Recently, in-situ studies of radiation effects on materials are arousing
strong concerns in variety of engineering and scientific fields. Examples are;
1. For applications of functional components and systems, in radiation environments, such as
post irradiation examinations, radioactive waste management, decommissioning, and
space missions.
2. For developments of nuclear fusion reactors.
3. For advanced dosimetry of nuclear fission reactors.
4. For understanding of fundamental processes of radiation effects in materials.
Dynamic changes of material property have been studied in Japan Materials Testing reactor
(JMTR) in Oarai Establishment of Japan Atomic Energy Research Institute in a decade and
various interesting results were obtained. Examples are changes of electrical conductivity of
ceramic insulators, changes of optical properties, such as radioluminescence. and radiationinduced optical absorption in optical ceramics.
The present paper describe measuring systems for the in-situ studies in JMTR with examples
of structures of prototype irradiation capsules. Some experimental results will be shown
concerning dynamic radiation
effects which will enlighten
S U S or Teflon Tube
understanding radiation effects in
V"
Connecting Box
materials and also reveal new
possibility of developing radiationresistant functional materials for
application in the fields mentioned
above.
Instrument Cable/

II. EXPERIMENTAL SETUP
FOR IN-SITU
MEASUREMENTS IN JMTR

Primary Pressure Boundary lor
Irradiation Experiment

The JMTR is a light-water
cooled thermal-reactor with a
pressure vessel, whose maximum
power is 50MW thermal [1]. The
maximum flux of fast (E>lMeV)
and thermal(E< 0.683eV)
neutrons was 2xl0 18 and 3xlO18
n/m2s. respectively. The maximum
gamma-ray dose rate (the
electronic excitation dose rate) is
1.2xl0"Gy/s for iron. Materials
irradiation is carried out using
capsules with auxiliary facilities
Figure 1 Schematic structure of the present measuring
for controlling radiation
system
for in-situ studies in the JMTR [2]
parameters such as temperatures

- 196 -

JAERI-Conf

99-006

and for in-situ measurements. Figure. 1 shows a schematic structure of the present measuring
system in the JMTR [2]. The system is composed of a capsule(irradiation rig), a protection tube,
a connecting box. a temperature and gas control system and measuring instruments. The capsule
itself composes the primary pressure boundary and the assembly of the capsule, the protection
tube and the connecting box form another pressure boundary as a quasi irradiation-shroud system.
The quasi irradiation-shroud except for the capsule is filled with a 1.3atm helium gas. The
capsule can be evacuated down to about 10-4Pa and is usually filled with a 0.1-1.3 atm helium
gas. Electrical instrumenting cables (MI(mincral insulating)-cables) and optical fibers run through
the boundaries between the capsule and the protection tube and at the connecting box. An
electrical insulation of specimens from surroundings is better than 10GQ, when the reactor is not
under operation at room temperature. The typical electrical resistance of the electrical measuring
cables between specimens and the measuring instruments are 200Q for nickel leads and 10Q for
copper ones. Usually, an Inconel-sheath and a nickel-center-lead Mi-cables are used for their
reliability at higher temperature irradiation. The insulator in the Mi-cables is fine-powder
magnesia (MgO). Concerning the optical fibers, l.OOmmcf) OH(oxyhydrate)-doped or
undoped(specially purified) silica core fibers are used for their good optical transmissibility and
good resistance to the radiation damage.
Figure 2 shows schematic structures of a subcapsule for the electrical and optical
measurements [3J. Optical fibers are shrouded in stainless-steel tubes and are introduced into the
capsule to specimens. Optical absorption and luminescence of irradiated specimens as well as the
electrical conductivity are studied during the JMTR irradiation.
•piled liber

Figure 2 Structures of capsule for in-situ electrical and optical measurements in JMTR

III. EXAMPLES OF OBSERVED DYNAMIC RADIATION EFFECTS
Figure 3 shows the electrical conductance of 0.7m long and 2.3mm<J> magnesia insulated MIcablcs at 575K as a function of the JMTR reactor power after it was irradiated to a fast neutron
fluence of 1.5xl0:'*n/m::[4]. The Mi-cable was not terminated in the irradiation region. During the
irradiation, the DC voltage of -300V was continuously applied to the center lead. The
conductance was linearly dependent on the reactor power, which is denoted as a radiation induced
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conductivity (RIC) [5]. The electrical conductance(o) of ceramic insulators under the irradiation
will be described as follows with the radiation induced conductivity, the RIC;
o = of, +RIC = a n + K.Pd
(1)
d = around unity
(2),
where
RIC = Radiation induced conductivity,
K = Constant of proportionality,
P = Ionizing dose rate.
Figure 3 gives a value of about 1.1 for d and 6.5xl0'°S for a0 at 575K. The evaluated a,, is about
the same as that before the irradiation. When a phenomenon called radiation induced electrical
degradation (RIED) [6] takes place, the o 0 would be expected to increase. In the present system,
2.3mm<|> Mi-cables are usually used as power leads and finer but dual sheathed TRIAX cables
are used for measuring leads where the electrical potential is nearly equal to the ground potential.
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Figure 3 Electrical conductance of ceramic insulator in Mi-cable as a function of JMTR reactor
power. Examples of radiation induced conductivity (RIC).
Interaction of materials with radiation would sometimes cause electrical redistribution among
different kinds of materials. Fig. 4 shows an electrical current generated between the center lead
and the sheath of the magnesia insulated Mi-cables under the JMTR irradiation [7]. The negative
voltage of magnitude of about 10V was generated in the center lead. Results showed that the
observed radiation induced electromotive force (RIEMF) was current driven [7], Under the JMTR
irradiation of 5xl017n/nrs fast neutron and 6xlO3Gy/s ionizing dose rate, the electrical current of
about 20-50nA was generated in the Mi-cables of 0.7m long. Depending on the resistance of
electrical insulation of the Mi-cables, the voltage would change, assuming that the observed
RIEMF is current-driven. Origin of the observed RIEMF was not clear yet but it sometimes
affected the electrical measurements in reactors. The RIEMF of the order of IO^IA was observed
in High Flux Isotope Reactor in Oak Ridge National Laboratory in a Japan/US collaboration
called JUPITER. The RIEMF is considered to have materials dependence. The preliminary
results showed that a Mi-cable with a nickel-center-lead had the smaller RIEMF than that with a
copper-center-lead, when their sheath material was Inconel. Also, shielding of conductive
materials from surroundings would decrease the RIEMF
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Figure 4 Observed radiation induced electro-motive force (RIEMF) in Mi-cable under JMTR
irradiation
The radioluminescence from the sapphire is far stronger. Fig. 5 shows the detected
radiolumincscence from the sapphire under the JMTR irradiation [9]. The luminescence peaks
observed were a peak at 420nm, which would be the peak reported as the F-center peak, one at
690nm. which would be Cr3t impurity peak, and one at 860nm, whose origin was not identified
yet but can be speculated as one of impurity peaks. A broad luminescence band in the wavelength
range of 700-1300nm was also observed, whose origin was not identified yet. radioluminescence
from a fused silica (SiO2) core optical fiber was also observed [10]. A broad optical radiation

400

600

800

1000

1200

Wavelength (nm)
Figure 5 Observed luminescence from sapphire under JMTR irradiation
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band in the wavelength range longer than 350nm and the narrow luminescence peaked at
about350nm and 450nm were observed. A sharp peak whose intensity is proportional to the
ionizing dose rate was also observed at 1270nm[10], which did not show thermal quench
(decrease of emission efficiency of radioluminescence with rise of temperature). The broad
optical radiation was concluded as the Cerenkov-radiation, which has no temperature dependence
and no distinct dependence on an impurity content and a fabrication process of the optical fibers.
Its intensity is inversely proportional to square of the wavelength [10], In the meantime, the
luminescence peak at 450nm was found to have dependence on the microstructures of the fiber.
The ionizing irradiation grew the 450nm peak, in the meantime, it did not grow the Cerenkov
radiation, naturally.
The intensity of radioluminescence of silica optical fiber has weak temperature dependence.
Especially, the Cerenkov radiation and the luminescence peak at 1270nm were found to have notempcrature-dependence. In the meantime, the intensities of many of radioluminescence peaks in
other ceramic materials showed strong temperature dependence and their efficiency of optical
radiation decreased abruptly with increase of temperature. So, it is desirable to carry out the
optical measurements at lower temperatures. Also, thermally induced optical radiation including
the black-body radiation would interfere the optical measurements at longer wavelength range.
An undoped silica fiber was found to be less luminous than doped fibers such as the OH-doped
fibers.

IV. CONCLUSION
A system for measuring dynamic property changes of ceramics was developed for the JMTR
irradiation. Using the system, electrical and optical properties of ceramics were examined in-situ
under the reactor irradiation. Irradiation correlated phenomena which would disturb the
measurements were identified and some countermeasures were devised. Further understanding of
the interaction of materials with radiation fields would be needed to improve the measuring
system.
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ABSTRACT
In-pile creep tests were performed using newly developed technology with in-situ
measurement of elongation under different neutron spectra in addition to post-irradiation creep
tests. Irradiation creep behavior of SUS304 at 55O1C depends on a neutron spectrum. Irradiation
creep deformation under a high thermal neutron flux condition is enhanced more than that under a
thermal neutron shield condition and creep deformation of post-irradiation creep.

1.INTRODUCTION
Effects of irradiation should be taken into consideration to use materials under neutron
irradiation. In particular, it is often necessary to measure behavior of materials directly under
irradiation. Irradiation creep tests have been performed for materials used under severe neutron
irradiation. Simple in-pile creep tests using a pressurized tube technique were mostly employed as
irradiation creep tests. We can't obtain detailed information on creep deformation process by this
method because elongation of the creep specimen is not measured using an in-situ technique under
irradiation. In contrast, uni-axial creep tests with in-situ measurement under irradiation can provide
detailed and accurate information of creep deformation.
Many irradiation creep tests of stainless steels using a pressurized tube technique were
performed at high temperatures above 600T^ or temperatures below400*0. The former was for
study on fuel cladding tubes of fast breeder reactors'" and the latter was for that on materials of
nuclear fusion reactors'2'. There were a few data at a medium temperature range under high
stresses. It is considered that irradiation creep properties are influenced by neutron spectrum, flux
and fluence, irradiation temperature and stress. Although effects of displacement per atom, dpa and
helium produced by irradiation have been discussed, direct relationship between irradiation creep
and a neutron spectrum has not been studied. For this reason, we made a plan shown in Fig.l to
clarify effects of a neutron spectrum on creep properties. In this paper, we present results of in-pile
uni-axial creep under different
neutron spectra and of post-irradiation creep after normal
irradiation for SUS304 in addition to technology development for irradiation creep tests under
different neutron spectra in JMTR(Japan Materials Testing Reactor).
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Post irradiation creep

In-pile creep

High thermal j
neutron flux
Creep of
unirradiated
material

High thermal
neutron flux

Normal
irradiation
Thermal neutron
shield

Thermal neutron
shield

Fig. 1 Total plan of study on in-pile and post-irradiation creep.
2. EXPERIMENTAL PROCEDURE
2.1 Material and specimen
The tested material is SUS304 for reactor internals of fast breeder reactors. Table 1 shows the
chemical composition of SUS304. Creep strength of this material was high because small amount of
nitrogen and phosphorus were added. Plates of SUS304 with a thickness of 40 mm were heated at
1050*0 for 12 min and followed by water cooling for solution treatment. Specimens for
unirradiated creep tests were 6 mm in diameter and 30 mm in gauge length. Small specimens with
2 mm in diameter and 10 mm in gauge length were used in post-irradiation and in-pile creep tests.
2.2 Irradiation and creep test conditions
Table 2 shows rough aim condition of irradiation. The condition of (3)94M-3A in Table 2 is
a simulated neutron spectrum which reactor internals of fast breeder reactor are exposed to.
Cadmium was used to shield thermal neutrons. Damage of about 2 dpa and helium production of 3
appm were aimed in normal irradiation of (1)93M-33A for post-irradiation creep. In conditions of
(2) 94M-2A and (3)94M-3A for irradiation creep, damage of 2 dpa and helium productions of 16
appm and 1 appm were expected, respectively when irradiation in JMTR would be continued to 8
Table 1 Chemical ccomposition of tested alloy, SUS304 (mass%)

c

Si

Mn P

S

Cu

Ni

0.047 0.54 0.78 0 .024 0.003 0.09

Nb

Cr

9.08 18.52 0.02

V

N

0.08 0.034

B

Co

0.05 0.0002

Table 2 Aim condition of irradiation
Capsule name

Fluence(n/cm2)
Fast neutron Thermal neutron
(>lMeV)
(<0.683eV)

Damage
(dpa)

Helium
production
(appm)

(1)93M-33A, Post-irradiation creep
(Normal irradiation)

lxlO 2 1

2xlO 2 1

1.7

3

(2)94M-2A, In-pile creep (8cycles)
(High thermal neutron flux)

1x1021

4xlO 2 1

2

16

(3)94M-3A, In-pile creep (8cycles)
(Thermal neutron shield)

lxlO 21

2x1019

2

1

-

202 -

JAERI-Conf

99-006

cycles. Table 3 shows dpa and helium production calculated in the basis of analysis of fluence
monitor wires in 93M-33A and 94M-2A capsules. Values of 93M-33A are in agreement with aimed
ones in Table 2. Values of 94M-2A are small compared with aimed ones because irradiation of
94M-2A capsule was finished in 1 cycle.
Table 3 Estimated values of dpa and helium production
Capsule name
(1)93M-33A
Post-irradiation creep

Damage
(dpa)
2.19

(2)94M-2A
2
In-pile creep (242.9h) 5.62xl0(Upper specimen)
In-pile creep (42.8h) 1.67xl0-2
(Lower specimen)

Helium
production
(appm)
2.93

Vaccum pipe

J

0.64

Bellows

0.21
Spring

Fig. 2 shows schematic diagram of an
irradiation creep capsule, 94M-2A. Different
levels of stress can be loaded on two creep
specimens in terms of bellows pressured by
helium gas. Elongation of each creep
specimen is measured using linear variable
differential transformer. High thermal neutron
flux can be obtained by use of graphite in this
capsule.
Thermal
neutron
shield
is
accomplished by use of cadmium instead of
graphite. Temperature of the specimen is
measured using a thermocouple on gauge
length portion of the specimen, and controlled
at 5 5 0 t using the electric heater installed in
the capsule. Fig.3 shows temperature history
of 94M-2A capsule. The temperature of the
specimen was normally controlled at 550 ±
1*C and at 5 5 ( ^ 3 * 0 even in case of large
temperature
fluctuation
produced
by
irradiation of other special capsules.
Creep tests of the unirradiated material
were performed at 5 5 0 ^ under seven stress
levels between 245 to 353 MPa. Irradiation
temperatures of specimens for post-irradiation
creep ranged between 485 and 542*0. Postirradiation creep tests were performed at 55O"C
under four stress levels of 216 to 284 MPa. Inpile creep tests under a neutron spectrum with
high thermal neutron flux were performed at
55O"C under two stress levels of 245 MPa and
284 MPa. Under a thermal neutron shield

-

Load rod

J

Linear variable
differential
transformer

Specimen

Graphite
Electric heater
/

Helium gas tube
Outer
container
ft!

i Fluence monitor
I Thermocouple

Fig.2 Schematic diagram of irradiation creep
capsule, 94M-2A under a high thermal
neutron flux condition.
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condition, the in-pile creep
test of thelower specimen was performed at 550"C under 245
MPa because temperature of the upper specimen could not reach 550"^.
No.3 Thermocouple

Fig.3 Temperature history of irradiation creep capsule, 94M-2A.
3. RESULTS AND DISCUSSION
Fig.4 shows comparison of rupture time among in-pile creep under different neutron spectra,
post-irradiation creep and creep of the unirradiated material. Rupture time of in-pile creep under a
high thermal neutron flux condition is the shortest among them. Rupture time of in-pile creep and
post-irradiation creep decreases compared with that of the unirradiated material. The order is in-pile
creep under a high thermal neutron flux condition, post-irradiation creep, in-pile creep under a
thermal neutron shield condition and creep of the unirradiated material in increasing order. It is
notable that rupture time of in-pile creep changes depending on difference of a neutron spectrum.

500
550t
SUS304

400

£ 300
200
Unirradiated

O

Post irradiation(93M-33A)
A
ln-pile(high thermal neutron flux) A
ln-pile(thermal neutron shield)
•

100
10

10'

10J

10

Time to rupture (h)
Fig.4 Effectof neutron irradiation on rupture time of SUS304.
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A creep curve obtained by the in-pile creep test under a thermal neutron shield condition is
shown in Fig.5. Transient, steady-state and accelerating creep stages are recognized in this creep
curve. An accurate creep curve was obtained by in-situ measurement of specimen elongation under
irradiation. Fig.6 shows comparison of creep curves obtained by in-pile creep under different
neutron spectra, post-irradiation creep and creep of the unirradiated material. Although creep
deformation of in-pile creep under a thermal neutron shield condition is a little larger than that of
the unirradiated material, a tertiary creep stage starts early under this condition. Creep deformation
of in-pile creep under a high thermal neutron flux condition is large at the early stage compared
with that of others.

10
SUS304, Base metal
55O'CI245MPa
In-pile creep
c

2 6
u

200

400
600
Time (h)

800

1000

Fig.5 Creep curve obtained by in-pile creep test under thermal neutron
shield condition.

30
SUS304, Base metal
5501C, 245MPa
Unirradiated
In-pile
(high thermal neutron flux)

In-pile
(thermal neutron shield)

2000

4000
Time (h)

6000

Fig.6 Effect of neutron irradiation on creep curve of SUS304.
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Fig.7 shows comparison of steady-state creep rate. The steady-state creep rate of postirradiation creep increases compared with that of the unirradiated material. Dislocation loops and
helium bubbles produced by irradiation usually reduce creep rate because they are obstacles of
dislocation movement. Increase in the steady-state creep rate of post-irradiation creep may be
caused by irradiation induced segregation and precipitation. The steady-state creep rate of in-pile
creep under a thermal neutron shield condition is a little larger than that of the unirradiated material.
In contrast, the steady-state creep rate of in-pile creep under a high thermal neutron flux condition
increases by a factor above 10 compared with that of the unirradiated one. It is considered that
irradiation under this condition enhances thermal creep in terms of freely migrating defects
produced by recoil from thermal neutron captures.
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Fig.7 Effect of neutron irradiation on steady-state creep rate of SUS304

4. CONCLUSIONS
Technology of in-pile creep tests under different neutron spectra was developed, and uniaxial irradiation creep tests and post-irradiation creep tests were performed to clarify effects of a
neutron spectrum on creep properties of SUS304. The results obtained were as follows:
(l)The irradiation creep capsule with in-situ measurement of elongation under a high thermal
neutron flux condition or thermal neutron shield condition was developed.
(2)Creep rupture time of in-pile creep under a high thermal neutron flux condition is the shortest,
the order of rupture time following the above is post-irradiation creep, in-pile creep under a thermal
neutron shield condition and the unirradiated material in increasing order.
(3)The steady-state creep rate of in-pile creep under a thermal neutron shield condition is a little
larger than that of the unirradiated material. The steady-state creep rate of in-pile creep under a
high thermal neutron flux condition and of post-irradiation creep increases compared with that of
the unirradiated material.
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ABSTRACT
An innovative basic research concerning with the basic science and applied technology is planned
using the High Temperature Engineering Test Reactor (HTTR), which provides the advantage of not only a
high temperature irradiation field above 400°C but also a large irradiation space. The first irradiation
experiment is to be performed in 2001. Many research themes with a wide variety of scientific and
technological interests are proposed as the innovative basic research. For the purpose of demonstration of
scientific feasibility and advantages in the HTTR irradiation, several research themes have been being
conducted as the the preliminary studies.
In this paper the outline of the innovative basic research is described, and the preliminary study on the
radiation damage mechanism of ceramic composite materials is presented.

1. INTRODUCTION
The High Temperature Engineering Test Reactor (HTTR) is a helium gas-cooled, graphite-moderated
high temperature reactor which has been constructed since 1991 at the Oarai Research Establishment of the
Japan Atomic Energy Research Institute (JAERI)1, and successfully achieved the first criticality in October
1998. Three kinds of research missions as shown in Fig. 1 are to be performed using the HTTR. These
are the establishment and upgrading of the technology basis necessary for a high temperature gas-cooled
reactor (HTGR) development and innovative basic research on the basic science and applied technology
associated with high temperature radiation environments. For the purpose of the third mission the HTTR
is designed to have a unique capability in conducting irradiation tests with large sized samples in high
temperature environments.
Many research themes with scientific and technological interests have been proposed as the innovative
basic research. These are constituted by the following five fields:
-New materials development
-High-temperature radiation chemistry
-Nuclear fusion technology
-High-temperature irradiation technique development
-Other research fields such as radiation shielding, fuel development etc.
As a research theme on new materials development, a study on the radiation damage mechanism of
ceramic composite materials has been proposed so as to develop heat- and radiation-resistant ceramics
composite materials2.
-
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Fiscal year
1996

1997

1998

1999

2000

2001

2002

2003

Item
First '
criticality

Core of
HTTR
1.Establishment
ofHTGR
Technologies

Reactor
performance
/I test ,

2.Upgrading
ofHTGR
Technologies

Second
core

Initial core

30MW
850°C~950°C

Safety
demonstration
test

30MW
f850°C~
950°C

Construction and
demonstration tests
of nuclear heat
application system
Irradiation test
(Fuel, Graphite, etc.)

3;Innovative
Basic
Research
Capsule
for
Innovative
Basic
Research

Preliminary study
Innovative tests
New materials development
Nuclear fusion research, etc.

Preliminary design

Fabrication

Operation

Fig. 1 Operation and irradiation test plan on the HTTR.

2. OUTLINE OF THE INNOVATIVE BASIC RESERCH2
The innovative basic research direction may involve novel challenges in nuclear and non-nuclear
relevant developments. For research planning and preparation for HTTR irradiation programs the JAERI
organized the Utilization Committee in 1994 participated by many specialists from universities, research
institutes including JAERI and industries. Various research themes with a wide variety of scientific and
technological interests were submitted to the Committee as listed in Table 1. On the basis of submitted
research proposals, the JAERI has been carrying out preliminary tests on eight different subjects as
summarized in Table 2 for the purpose of the demonstration of scientific feasibility and advantages in the
HTTR irradiation.
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Table 1 Outline of proposed research themes as innovative basic research using the HTTR.
(As of 1994)
Research Field
New Materials
Processing
and
Development

Research Theme

Future Technology Potential

Radiation
processing

- High temperature semiconductor development
• Hiigh-Tc oxide superconductor development

• High power thyristor
• Power transistor
• Superconducting linear motor car

Irradiation
behavior

• Investigations of radiation damage mechanisms
and resulting property changes
• Irradiation characterization of structural materials
for FBRs and HTGRs

•
•
•
•

Fusion Technology Research

• Blanket module irradiation for tritium breeding
• Irradiation characterization of C/C composites as
plasma facing materials

• Plasma facing materials and
components
• Prototype fusion blankets

Radiation Chemistry Research

• Investigation of high temperature polymer
decomposition
• Synthesis of fullurenes containing actinides

• Reuse of plastic wastes
• New fullurenes processing

High Temperature Engineering
and
Development

• High temperature radiation dosimetry
• high temperature/ radiation resistant optical fiber
• High temperature irradiation capsule

• High temp, diagnostics
• High temp, radiation monitoring
• Ceramic capsule components

Advanced Reactor Systems

• Plutonium or TRU burning fuel
• Investigation on neutron shielding
• Fuels and materials for a deep space vehicle
reactor

• Plutonium or TRU disposal
• Advanced reactor fuels
• Deep space vehicles

Reactor life extension
High temp, ceramic sensors
Composite energy transmitter
Nuclear carbon composites

Table 2 Summary of the preliminary test.
Research Field

and

Title

Measurements

Experimental methods

New Materials Development
- high temperature SIC semiconductor
by neutron transmutation doping -

• sample: SIC single and polycrystals
• hot-implantations of P* in TIARA and annealing
• thermal neutron irradiations in JMTR

' residual defects by ESR
• electron concentration
(Hall coefficient)

' Improvement of high-Tc superconductor
by neutron irradiation

• sample: BI-2212 single crystal
• fast neutron irradiations in JMTR and postirradiation annealing

• critical current density and
irrreversibility field at
4.3K - 60K

• Machanistic radiation damage studies
on ceramic-based structural composites

' samples: SiC/SIC and C/C composites
with/without pre-heat treatments
- fast neutron irradiations In JMTR

• microstructural.features by
XRD, SEM, TEM
• CTE

etc

High Temperature Radiation Chemistry
• sample: silicon-containing polymers and PAN
• gamma-ray irradiations above 400'C

• product mass spectrum by
EPR speetrometry

• samples: LiO3, Li'SiO'
• performance tests in out-of-pliles and in YAYOI

• contact potential difference
and electrical conductivity

• Development of a heat amd radiation resitant
optical fiber system

• preparation of large core diameter silica fibers
* out-of pile high temperature endurance tests
- performance tests under irradiation in JMTR

- optical transmissivity by
optical power meter and
spectrum analyzer

- Development of ceramic-based neutron/gamma
detectors Including SPNDs

• sensor polycrystalline BN
• performance tests under Irradiation in KUR

- electrical current Induced
by high temp., neutron flux
and gamma-ray

' Radiation enhanced thermal decomposition of
polymers
• Irradiation-assisted precursors curing for
SiC Tiber and carbon fiber
Fusion Material/Component
• Mesurement of physicochemical properties of
lithium oxides under irradiation
High Temperature Reactor Instrumentation
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3. RADIATION DAMAGE MECHANISM OF CERAMIC COMPOSITE
3.1 PURPOSE OF THE STUDY
Advanced structural materials for very high temperature components have been directed to particulate
or fiber reinforced composite materials. For nuclear applications carbon/carbon (C/C) and silicon
carbide/silicon carbide (SiC/SiC) composites have been considered most favorable in plasma facing
components as well as in the HTGR control rod elements etc. It has been emphasized that engineering
properties of any fiber or particulate reinforced ceramic composites are controlled by a grade of reinforcing
materials, volume fraction, weave or forming, interface and matrix properties. In addition, it should be
noticed that these controlling factors change in a very complicated manner under neutron irradiation. In
this respect one of the authors has pointed out the research point learned from long term studies of
irradiation characterization of polycrystalline nuclear graphite as follows3:
l)Macroscopic material properties have to be studied in view of micro/mesoscopic structures which are
controlled intrinsically by a manufacturing route or process as well as extrinsically by neutron irradiation
induced changes.
2)Macroscopic isotropy or near isotropy is highly preferable from the view point of thermomechanical
design.
3)Descriptive material models have to be pursued on the basis of micro/mesoscopic structural features.
Taking account of above points the basic-oriented study on the radiation damage/effect mechanism of
ceramic composite materials has been proposed so as to develop heat- and radiation-resistant ceramics
materials. The preliminary study has been performed using the TANDEM accelerator and the Japan
Material Testing Reactor (JMTR) to demonstrate a scientific feasibility and advantages in the HTTR
irradiation.

3.2 EXPERIMENTAL STUDY USING TANDEM FACILITY
An ion-irradiation experiment of SiC was carried out using the TANDEM accelerator to investigate
a non-uniform damage effect and/or surface limited damage effect on the macroscopic mechanical
properties, especially to the bending strength; the ion-irradiation can make a damage just only on the
surface limited region below an approximately maximum grain-size depth from the ion-irradiated
surface. The macroscopic mechanical properties were obtained in this experiment, and the
mesoscopic characteristics such as pore structure as well as the microscopic characteristics such as
crystal damage are to be investigated.

3.3 PRELIMINARY EXPERIMENT ON MACROSCOPIC PROPERTY
In the present study thin rectangular specimens with 0.5mm wide, 1.0mm thickness and 20mm in
length made of pressureless sintered polycrystalline silicon carbide, a -SiC, were prepared. The
statistical distribution of grain size was characterized by a quantitative image analysis and shown in Fig.2
together with its morphology. The specimens were irradiated by high-energy ions of gold and nickel to
generate micro-defects distributed non-uniformly along the thickness. After irradiation they were
subjected to a three-point bending test to measure degradation in bending strength.
Two different types of irradiated specimens were available to discuss; one is irradiated with 180 MeV
Au-ions to a fluence of about 2.5x1012 ions/mm2 and the other with 90 MeV Ni-ions to about
2.3xl013ions/mm2. Those heavy-ion induced damages are represented typically by the maximum dpa,
displacement damage per atom, of 3.9 at 12.6 u m deep from the ion-irradiated surface and 14.1 at 11.2//
m deep, respectively, according to calculations by the TRIM-95 code4.
The results of the bending tests with those specimens are shown in Fig.3 by plotting the bending
strength in a normal statistical distribution scheme. It indicates a reduction in bending strength of the
irradiated specimens as compared with the unirradiated ones. It is, however, apparent that those less
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heavily irradiated specimens have more seduced strength. It is resumed that the estimated displacement
damage would not correspond to those physical and/or micro-structural defects, which are responsible to
micro-mechanics in SiC. It should be noted also that the accurate bending strength ought to be evaluated
by considering a non-uniform distribution in governing micro-defects along the thickness. To characterize
quantitative nature of induced defects it is also planned to examine the concurrently irradiated tiny disks by
an electron microscopy.
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Fig.2 Result of the quantitative image analysis of polycrystalline a-SiC.

4.CONCLUSIONS
The innovative basic research concerning with the basic science and applied technology using the
HTTR is planned. Many research themes with wide variety of scientific and technological interests have
been proposed as innovative basic researchs. Several research subjects are now under preliminary
investigation stage to demonstrate the scientific feasibility and advantages in the HTTR irradiation. The
outline of the innovative basic research was mentioned, and the preliminary investigation on radiation
damage effect in ceramic composite materials was described in this paper. After preliminary investigation
stage, research subjects having a scientific feasibility as well as advantages in the HTTR irradiation will be
conducted as the innovative basic research in a high temperature environment with large irradiation space
in the HTTR.
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ABSTRACT
A full length rod irradiated at Tsuruga unit 1 was refablicated to short length rods, and rod inner
pressure gauges were re-instrumented to the rods. Re-irradiation tests to study the fission gas release
during power change were carried out by means of BOCA/OSF-1 facility at the JMTR. In the tests,
steady state operation at 40kW/m and power cycling operations between 20 and 40kW/m were
conducted for the same high power holding time, and the rod inner pressure change during the tests
was measured. The rod inner pressure increase was observed during power change, especially during
power reduction. The rod inner pressure increase during a power cycling depended on the length of the
high power operation just before the power cycling. The fission gas release during power reduction
is estimated to be the release from fission gas bubbles on the grain boundary caused by the thermal
stress in the pellet during power reduction. When steady state operation and power cycling were
repeated at the power levels of 30, 35 and 40kW/m, the power cycling accelerated the fission gas
release compared with the steady state operation.

1. INTRODUCTION
In order to reduce fuel cycle cost and the amount of spent fuel, increase of the discharged burnup
of the fuel assemblies in LWR has been pursued step by step in Japan and other countries. It
sometimes takes long time to attain high burnup for test rods at a test reactor, and the re-irradiation test
of spent commercial fuel is also preferable from the view point of the irradiation conditions during
base irradiation. Therefore, the JMTR has developed re-irradiation test method at BOCA/OSF-1
facility by means of re-instrumentation to perform fuel irradiation test at high burnup. The increase
of fuel burnup means the increase of fission gas accumulation, and the increase of fission gas release
may result in the increase of inner pressure of fuel rod.
Fission gas release during power change of
(l)
CANDU fuel was studied by Notley and MacEvan . They observed inner pressure increase during
power change, and attributed this inner pressure increase to fission gas release caused by thermal
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stress. Kogai et al.(2) performed load following tests and observed inner pressure increase during
power change. They attributed the inner pressure increase to the fission gas release from fission gas
bubbles on grain boundary. They proposed that the maximum fission gas contained at grain
boundary is controlled by static pressure in the pellet due to PCMI, and that fission gas release from
fission gas bubble at grain boundary occurs during power reduction caused by the reduction of static
pressure in the pellet. Rawland et al.(3) also performed fuel irradiation tests under load following and
simulated Automatic Frequency Control (AFC) operation. These tests used small gap rods, and the
effects of power change on fission gas release of large gap rod have not been studied yet.
Therefore, the fission gas release of large gap rod during power change was studied at the JMTR
by means of re-instrumentation of rod inner pressure gauge to the fuel rods irradiated in a commercial
reactor.
Table

2. EXPERIMENTAL METHODS

A 7x7 BWR type rod irradiated at
Tsuruga unit 1 reactor up to
22MWd/kgU was used for the test.
Detailed PIE results on the sibling rods
were
reported
in
literature'4'.
Puncturing test and non-destructive tests
were performed on the rod. Then, five
rods of about 40 cm length were cut
from the flat power profile position
between the spacer of the full length rod
at the hot laboratory in JAERI, and some
pellets were removed from both ends of
the short rods.

•
•
•
•
•
•
•
•
•
•

'

Specification of shortened rod

cladding outer diameter
cladding thickness
pellet diameter
gap width
stack length
density
enrichment
burnup
initial grain diameter
FGR during base irradiation

14.3mm
0.81 ± 0.08mm
12.37 ± 0.03mm
310 nm
229-315 mm
94-95 %TD
2.79 %
22.5-25.6 MWd/kgU
~ 5 nm

~ 0.4%

t J

Then new end plugs were welded at both ends of the
short rods, and the rod inner pressure gauge was welded at
one end of the each short rod. Arc charge was used to
perforate the wall between the rod inner pressure gauge
and the rod plenum. The specification of the four rods
used in the tests is listed in Table 1.
The rod was installed in BOCA(Boiling Water
Capsule) and reirradiated in OSF-1 at the JMTR. The
details of in-core part of BOCA/OSF-1 are shown in Fig. 1.
The power of the rod was measured by coolant
temperature increase between the inlet and outlet of the
OSF-1, which had been calibrated by a heater capsule just
before the irradiation tests. The accuracy of the power
calibration was estimated within ± 5%. The power of
the rod was controlled by pressure change of He-3 gas
contained in the screen in OSF-1 just around the BOCA.
The principle of the tests is comparison tests of
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fission gas release under different operational modes. The main modes are steady state, power
cycling, and daily load following operations. The maximum power level and the total operation time
at that power level in each operation mode were adjusted to the same values for comparison. Beside
that, one rod was used to investigate the effects of power level on fission gas release during power
change.
3. TEST RESULTS
Figure 2 shows the rod power and rod inner pressure change during steady state operation. The
rod was conditioned at 20 kW/m for several hours, and the rod power was increased stepwise up to
40.5 kW/m and kept for 84 h. The rod inner pressure increased gradually during high power period,
and the inner pressure suddenly increased stepwise during power reduction after the high power period
as shown in Fig.2. The
1.2
60
initial diameter gap of this
rod was 310 /i m. The
inner pressure at the
maximum power level
40
Rod p r e s s u r e ^ 4QkW/m
|
increased continuously as
shown in Fig.2, and such a
continuous increase of
inner pressure suggests that
the gap was open even at
the maximum power level.
Therefore, the rod inner
pressure increase during
power
reduction
is
estimated to be caused by
fission gas release from
pellet inside and not by the
opening of the closed gap
during power reduction.
The rod power and
the rod inner pressure
change during a power
cycling test are depicted in
Fig.3. The rod power was
increased stepwise from 20
kW/m to 40.5 kW/m, and
then the rod was irradiated
under power cycling mode.
The rod inner pressure
increased during power
cycling, especially during
rod power reduction. The

a rj. 6

i

/

U 30

0.2

24

48

72

96

120

144

168

Time ( h )

Figure 2. Rod inner pressure change during steady state operation.

72

96

144

168

Time ( h )

Figure 3. Rod inner pressure change during power cycling operation.
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pressure increase at power cycling depends on the length of the high power operation period just
before power reduction and long high power operation period resulted in large pressure increase at
power reduction as shown in Fig.3. At the end of the test, power cycling of short interval was
repeated, and the inner pressure increase
3 5
during each power reduction was gradually
getting small with time.
3.0
A simulated daily load following
operation test was also carried out. The
33XFCK
rod power was kept at 40.5 kW/m during
& 2.5
high power operation and at 20 kW/m
daily load follow
during low power operation. The load
operation^ _.
V)
<0
follow operation mode was 14h-lh-8h-lh
i
27XFGR
type simulating the daily load follow
concerning time, but the rod power during
steady state operation
high power operation was considerably
higher than that at a commercial reactor.
The rod inner pressure increased during
high power operation and during power
reduction, and the tendency was similar to
the power cycling test, mentioned above.
50
100
150
200
250
300
CD
3

These three modes were repeated two
times using the same rods, respectively.
The rod inner pressure changes are plotted
in Fig.4 as a function of the total holding
time at 40 kW/m. The inner pressure of
steady state rod increased
50
continuously during high
power operation and also
25
increased stepwise at power
reduction after the first and
0
the second tests and at the
2.0
unscheduled shutdown of the
1,1.5
reactor. The inner pressure
of the power cycling rod
!
showed stepwise increase at
power reduction. The inner
<5
pressure of load following rod
•i 0.5
"8
also showed stepwise increase
on
0
during power reduction.

I

0

To study the effects of
the rod power level on fission
gas release during power
cycling, one of the shortened
rods was irradiated in BOCA

Total time operated at 40 kW/m ( h )

Figure 4. Rod inner pressure change under different
operational modes as a function of holding
time at 40 kW/m.

40kW/m
30 kW/m

steady
state

power
cycling

35 kW/m

steady
state

power
cycling

steady
state

power cycling

20 40 60 80 100 120 140 160 180190
Time ( h )

Figure 5.

Rod inner pressure change during power cycling operation
at different power levels(30,35,40k\V7m).

- 216 -

JAERI-Conf

99-006

in the mode shown in Fig. 5. The rod power level was increased stepwise from 30 kW/m to 40kW/m,
and steady state operation and power cycling operation were repeated at each power level as shown in
Fig.5. Total holding time at each high power operation during power cycling was 22 h and same as
that during steady state operation. The inner pressure gradually increased and pressure increase was
more prominent at the higher power level. The pressure increase during power cycling is larger than
that during steady state operation at each power level.
4. DISCUSSION
In the present test, the rod inner pressure increased during power change, especially during power
reduction. Such inner pressure increase during power reduction is expected to occur due to the
opening of the closed gap or reduction of PCMI in case of a small gap rod. In a small gap rod, the
gap closes at high power operation and the fission gas, released from pellet to gap, cannot reach
plenum or pressure gauge during high power operation. On the other hand, under strong PCMI, the
maximum amount of fission gas accommodated on the grain boundary depends on the compressive
stress in the pellet, and fission gas is released during power reduction due to the decrease of the
maximum amount of fission gas accommodated on grain boundary. However, the rods used in the
present tests have large gap of 310 nm and the PCMI is estimated to be very small even at the high
power level of 40 kW/m by means of the calculation of fuel analysis code. Therefore, the inner
pressure increase during power reduction is
estimated to be caused by the fission gas
100
release which originated from the pellet
inside during power reduction irrelevant to
60
PCMI.
power cycling
40
The second feature of the inner
daily
load
follow
operation
30
pressure increase during power reduction is
operation
*«
the dependence of the pressure change on
\ power reduction
the holding time just before the power
reduction as shown in Fig.3. The pressure
increase during power reduction after a
long holding period at high power is larger
than that after short holding time. The 8
estimated fission gas release from the inner
pressure increase are shown in Fig.6. The
fission gas release occurs stepwise at power
i
2
reduction in each mode, however, generally
the rate of the fission gas release is
proportional to the square root of the time
1
10
20
40 60 100
200 300400
held at 40 kW/m. These dependencies on
Total time operated at 40 kW/m ( h )

time suggests that diffusion process
dominates the fission gas release. These
time dependencies also suggest that the
fission gas release during power reduction
is from fission gas bubbles on the grain

Figure 6.
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boundary, because the amount of the fission gas arrives at grain boundary is almost proportional to the
square root of the holding time at high power and some parts of the fission gas on the grain boundary
seems to be released at accelerated release rate during power reduction.
A possible explanation of fission gas release during power reduction is as follows:
During the base irradiation, fission gas is generated in the pellet and diffuses through the grain to
grain boundary. At high power operation, grain growth occurs and the fission gas is swept out and
accumulated at grain boundary. The fission gas bubbles on the grain boundary grow gradually and
interlinkage of fission gas bubbles result in the formation of open porosity and fission gas release.
The stress around pellet center at high power is compressive, and it decrease gradually during holding
time at high power due to relaxation or creep of pellet at high temperature. At power reduction, the
stress around pellet center changes from compressive to tensile due to temperature decrease, and the
tensile stress at grain boundary may promote the fission gas bubble growth or bubble interlinkage on
the grain boundary. Micro cracks through the grain boundary or formation of open porosity may
occur, and the fission gas released from grain boundary bubbles into the free volume in the rod is
estimated to result in the inner pressure increase during power reduction.
The fission gas release rate during power cycling operation was larger than that during steady
operation between 30kW/m and 40kW/m. A possible reason of the difference may be as follows:
The fission gas in the bubbles on the grain boundary is released during power reduction due to
thermal stress, and the gap conductance of the rod decreases due to the fission gas release. Then the
pellet temperature increases and the diffusion of fission gas becomes fast. This results in the increase
of fission gas, which reaches at grainboudary bubble or microcrack.
The fission gas release during power reduction was prominent at high power such as 40 kW/m.
In case of commercial reactor, the rod power is lower than the power level of the present test, and
generally decreases with burnup, and the fission gas accumulation rate on the grain boundary is
relatively small. Therefore, the power cycling in commercial reactor may have minor effects on
fission gas release of the fuel rod.

5. CONCLUSIONS
Re-irradiation tests of spent fuel to study the fission gas release during power change were
carried out by means of BOCA/OSF-1 facility at the JMTR. Prominent inner pressure increase was
observed during power change, especially during power reduction. Power cycling operation
accelerated the fission gas release compared with steady state operation at the high power levels
between 30 and 40 kW/m. The fission gas release during power reduction is estimated to be caused
by the release from fission gas bubbles on the grain boundary due to thermal stress during power
reduction.
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ABSTRACT
Since 1968, One-hundred seventy three patients with glioblastoma (n=81), anaplastic
astrocytoma(n=44), low grade astrocytoma(n=16) or other types of tumor (n=32) were treated
by boron-neutron capture therapy (BNCT) using a combination of thermal neutron and BSH
in 5 reactors (HTR n=13, JRR-3 n=l, MuITR n=98, KUR n=28, JRR-2 n=33).
Out of 101 patients with glioma treated by BNCT under the recent protocol, 33 ( 10
glioblastoma, 14 anaplastic astrocytoma, 9 low grade astrocytoma) patients lived or have
lived longer than 3 years. Nine of these 33 lived or have lived longer than 10 years. According
to the retrospective analysis, the important factors related to the clinical results were tumor
dose radiation dose and maximum radiation dose in the normal brain cortex.
The result was not satisfied as it was expected. Then, we decided to introduce mixed beams
which contain thermal neutron and epithermal neutron beams. KUR was reconstructed in 1996
and developed to be available to use mixed beams. Following the shutdown of the JRR-2,
JRR-4 was renewed for medical use in 1998. Both reactors have capacity to yield thermal
neutron beam, epithermal neutron beam and mixed beams. The development of the neutron
source lead us to make a new protocol.
INTRODUCTION
Glioblastoma is a most poorly differentiated glioma and considered as a carcinoma of the
brain. It usually grows in the white matter of the cerebrum and rapidly invades into the normal
brain tissue with multiple directions before the time of diagnosis. Most of the patients with
such an invasive glioma, not only glioblastoma but also anaplastic astrocytoma and low grade
astrocytoma are beyond the point of curative surgical removal of the tumor because of the risk
of damage to the surrounding normal brain tissue. Recent trials using high dose radiation (6070Gy) therapy shows constantly efficient results '\ However, whole brain radiotherapy
produced extensive radiation damage. On the other hand, adjuvant chemotherapy after
standard postoperative external beam radiation shown some statistically significant effect in
16 randomized clinical trials. From the viewpoint of the radiation effect and quality of life
after treatment, boron neutron capture therapy (BNCT) is an ideal treatment for malignant
brain tumors2 \
BNCT is considered as an intercellular internal radiation therapy. Alpha particles yielded from
the reaction between boron-10 and thermal neutron has high energy (2.4 MeV) and have a
short path length (5-10 nm) which is equal to approximately one tumor cell diameter. Because
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of the short path length of these heavy particles and selective accumulation of 10B in target
tissues, the great potential advantage of BNCT is its cell level selective destruction of tumor
tissue without significant damage to healthy brain tissue. It is well known that for a
successful brain tumor treatment, it is essential to secure a sufficient radiation dose (enough
alpha particles)3'. This depends on an adequate accumulation of boron in the tumor cells and a
satisfactory neutron fluence at the target area. Following the discontinuance of clinical trials
in USA, renewal of BNCT was started by H. Hatanaka using a new boron compound, BSH
(Na2B12HnSH) at HTR (Hitachi training reactor) in Japan, 19684>. Furthermore, Matsumoto
et al., Kanda et al. developed a less diluted and less contaminated thermal neutron beam that
was also introduced in the clinical trial.
Besides the boron compound and thermal neutron beam, we have considered other possible
evolutionary factors. One was the precision of the diagnostic procedures and the other was
dosimetry or radiation planning. The recent advancement of diagnostic procedures such as
CT scan and MRI made it possible to determine the size and the depth of the tumor with
greater accuracy. The safety of the thermal neutron beam is well known, however, it rapidly
attenuates in the brain tissue. Then it is important to monitor the attenuation of the thermal
neutron beam in the brain tumor. In accordance with the MRI findings, we insert gold wires in
the brain tumor or brain tissue around the tumor to detect the correct neutron flux at the target
areas. A simultaneous monitoring system was also developed by Hayakawa et al. using
acoustic pulse generation. This system made it easy to continuously check the neutron
flux in the areas which it was desirable to monitor .
The other ideal new instrument is prompt gamma ray spectrometry developed by Drs.
Kobayashi and Kanda. Since 1988, the utilization of prompt gamma ray spectrometry has
given us more accurate data on the boron concentration in tumor tissue and blood before a
decision on the radiation time is made. Using data from previous studies, we then make a plan
for the radiation and dosimetry. This paper reports the clinical results of the patients treated
between 1968 and 1995. We also analyzed the radiation planning, dosimetry, and other
basic data to find out the prognostic factors in the clinical trial in Japan.
RECENT STANDARD TECHNIQUE of BNCT
In order to improve the neutron penetration in the brain tissue , we debulk the brain tumor and
make a cavity at preliminary operation one to two weeks before BNCT. Partial excision of the
tumor also minimizes the bulk of future necrotized tissue after BNCT. The skin flap must be
large enough to allow a large aperture for the neutron beam (12 cm xl2 cm). According to the
MRI findings, we insert a few gold wires in the tumor or around the tumor for measurement
of neutron flux. The tip of the wire must be around the target point. After the operation, we
identify the location of the gold wires by CT and/or skull X-ray. The day before BNCT,
about fifteen hours before neutron irradiation, BSH diluted in 500 ml saline is intravenously
infused for 60 minutes by drip infusion. (60-80 mg BSH/kg body weight). The following
morning the patient is taken to the reactor. Under general anesthesia, the patient's skin flap
is reopened and the bone flap is removed. After the opening of the dura mater, a piece of the
tumor tissue is obtained for boron-10 analysis. We placed additional two or three gold
wires on the surface of the brain to measure the neutron fluence on the irradiation field. A thin
silastic rubber balloon filled with air is placed into the cavity. The procedure maintains the size
of the cavity during neutron irradiation and improves the neutron penetration. Following the
closure of the dura matter, a heat-malleable plate of a plastic material containing "Li-F is
applied to the patient's head to protect the skin from the neutron irradiation. This "helmet" has
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a hole in the center to allow the neutron beam into the tumor-harboring area of the brain. The
beam should be as free as possible from fast neutrons and gamma rays to avoid indiscriminate
radiation to the brain.
The entire head is covered with sterile plastic drapes to prevent
infection. Simultaneous neutron beam monitoring devices are attached on the surface of
the brain. Gamma rays are measured by TLD at several points of the body. The patient is
moved into the irradiation chamber. Under remote-control general anesthesia , the head is
fixed towards the neutron port and neutrons are delivered. Blood is intermittently drawn
from the patient before and after neutron irradiation for boron-10 analysis. Boron
concentration in the brain tumor and blood is measured by prompt gamma ray spectrometry
during the irradiation. In order to measure the exact neutron flux at each point of interest,
gold wires inserted in the tumor tissue are pulled out at 15-30 minutes after the full power
operation of the reactor. It is possible to asses the exact neutron fluence at each point of
interest. The plan for the remainder of the irradiation is then based on this up-to-the-minute
data regarding boron concentration and neutron flux (Fig. 1, 2).
The timing of the neutron irradiation was designed according to the clinical analysis in our
series. T. Kageji et al45). reported detailed pharmacokinetics and boron uptake of BSH in the
recently report. The mean boron concentration in the tumor was 25.8 ppm and the tumor to
blood ratio (T/B) was 1.69 in our series. Neutron irradiation has been tried between 10 to 20
hours after a single infusion of BSH in our trial. The study showed a significant statistical
correlation between boron uptake and time interval from the start of BSH infusion. Within the
first 10 hours after BSH infusion, malignant glioma tissue contained high level of boron (3060 mg/g l^B), however, at that time, since boron concentration in blood was also about two
times higher, and the T/B ratio was below one. Following 15-20 hours after BSH infusion, the
boron concentration in tumor showed above 20 mg/g ^ B in 56% of malignant glioma patients
and the T/B ratio was above one in 69%, above two in 38% of them. Twenty or more hours
after infusion, boron was eliminated from the tumor and the concentration was below 10 mg/g
l^B in two-thirds of the patients. Initial tumor concentration stayed below blood
concentration within 10 hours after injection of BSH, and after 15-18 hours the T/B ratio was
above one since boron clearance from tumor was slower than from blood.
These data indicated that the neutron irradiation should be done around 15-20 hours after the
BSH infusion. A positive tumor-to-blood ratio and a uniform tumor concentration around 1040 mg/g IO3 are needed for successful BNCT .
On the other hand, subcellular boron-10 (BSH) localization in human glioblastoma was
studied using laser microprobe mass analysis, and immunohistochemical study. We reported
that Boron-10 is found intracellularly in the tumor tissue whereas in healthy brain, all boron
present is only in the blood vessels.
Absorption of the Boron in the tumor cells was revealed between 2 to 48 hours after BSH
injection. Especially the staining at 6, 8, 12, 16 hours after the injection of BSH was
significant. The other investigation using CR-39 and atomic force microscopy demonstrated
BSH as multiple ultra small etch pits in the cytoplasm and nucleus of the tumor cells 6).
CLINICAL TRIAL and RESULT
Since 1968, we have treated 173 patients and performed boron-neutron capture therapy
(BNCT)
using 5 reactors (HTR ; Hitachi training reactor, JRR-3 ; Reactor of Japan
Atomic Energy Research Institute, MTIR ; Reactor of Musashi Institute of Technology,
KUR ; Research Reactor Institute of Kyoto University, JRR-2 ; Reactor of Japan Atomic
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Energy Research Institute) in Japan. There were 81 patients with glioblastoma, 44 patients
with anaplastic astrocytoma and 16 patients with low grade astrocytoma (grade 1 or 2). There
were 32 patients with other types of tumor (Table 1). To investigate the prognostic factors
which correlate to the result of BNCT, we divided the patients into two groups and analyzed
the data. One group (group 1) : the patients who lived more than 3 years. The other group
(group 2) : the patients who lived less than 3 years. We analyzed histology of the tumors,
age of the patients, radiation time, boron concentration in blood, neutron fluences on the
surface of the brain at target point target depth, tumor volume dose in each group.
RESULTS
The overall response rate demonstrated by CT or MRI in the patients with glioma was 60%.
Ten patients (12%) of glioblastoma, 22 patients (32% ) of anaplastic astrocytoma and 9
patients (56%) of low grade astrocytoma lived more than 3 years. Six patients (5 glioblastoma
and one anaplastic astrocytoma) died within 90 days after BNCT. Seven patients (three
glioblastomas and four anaplastic astrocytomas) lived more than 10 years. One patients out of
seven died in recent two years. The cause of his death was insenescence. There was no
abnormal findings demonstrated by follow up CT. The other patients died of recurrence of the
tumor 7 years afetr BNCT (Fig 2). The relapse of the tumor occurred outside the radiation
range. Out of 141 patients with glioma treated by BNCT, 33 lived or have lived longer than 3
years after BNCT. There are one patient with brain stem glioma and five patients with
meningioma, 3 AVM and 2 other kinds of tumor ( Table 1). As prognostic factors,
grading of the tumor, age of the patients and target depth were proved as important factors.
The most important factor was tumor volume radiation dose demonstrated by boron n-alpha
reaction. The tumor volume was calculated on CT or MRI findings. Twenty-eight patients
were treated before the induction of CT, therefore the patients were excluded in this study.
The tumor volume radiation dose in the patients with grade 2 glioma were 11.5Gy (group 1)
vs. 6.7Gy (group 2), 15.6Gy (group 1) vs. 11.8 (group 2) in grade 3 glioma and 18.2Gy
(group 1) vs. 9.8Gy (group 2) in glioblastoma patients (Table 2).
How to reduce the radiation dose of the normal brain tissue (maximum vascular radiation
dose in the normal cortex) is important to protect the normal brain function. About 10% of the
patients in our series showed brain damage which was demonstrated on MRI with or without
clinical symptoms after BNCT. Clinical analysis in our series demonstrated that the maximum
vascular radiation dose must be less than 15Gy (physical dose of boron n-alpha reaction).
The difficulty to achieve both of minimum target dose 18Gy and maximum vascular dose
(less than 15Gy) led us introduction of epithermal neutron in BNCT (Table 3).
Proposed protocol for malignant brain tumor in JAPAN 1998
- Patients with glioma grade 3-4
- Less than 70 years of age
- No serious systemic disease
-Good general condition (KPS>70)
-Minimum target volume dose:18Gy
-Maximum vascular dose: less than 15Gy
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Fig. 2 Radiation Planning
18 yo. male Glioblastoma
Direction of neutron beam

Radiation field: 10x 12c

4cm

6cm

Tumor volume dose : 15Gy at 4cm in depth
Target
volume dose : lOGy at 6cm in depth

Table 1 Historical diagnosis and patients lived more than 3 years
treated by BNCT
(1968 -1998)
10/81*
14/44
9/16
1/ 8
5/ 6
0/ 6
0/ 5
3/ 4
2/ 3

Glioblastoma
Anaplastic astrocytoma
Lowgrade astrocytoma
Brain stem glioma
Meningioma
PNET
Metastatic brain tumor
AVM
Others

Total 44 /173 cases
44 patients lived more than 3 years / No. of patients
* another 4 patients are stili alive
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Table 2 Comparison of tumor volume radiation dose demonstration
by physical dose of Boron n-alpha reaction

Good outcome
Poor outcome
(lived more than 3 years)

Grade 2

11.5 + 1.2
(n = 6 )
15.6 ± 9.3
(n = 1;3)
18.2 ± 9.4
(n = 7 )

Grade 3
Grade 4

6.7± 3.0
(n = 5 )
11.8± 7.8
(n = 21 )
9.8± 7.1 Gy
(n = 61 )

Table 3 Radiation necrosis and related factors
19 cases of radiation necrosis (19/174 cases ; 10.9%)
Clinical and radiographic
: 14 cases
Radiography only
: 5 cases
Necrosis (+)
( n = 19 cases)

Necrosis (-)
(n= 155 cases)

Age

38.5 ±19.0

41.8 ±18.6 (y.o.)

Radiation time

254 ± 99

218 ±103

(min)

B-10 in blood

28 ± 9

22 ± 10

(ppm)

Neutron

fluence

2.1E13 ± 0.6E13*

1.7E13 ± 0.8E13
(n/cm2)

Vasculardose

21 ± 8 . 1 *
( * p < 0.05 )

-
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1. Introduction
A medical irradiation facility for Boron Neutron Capture Therapy (BNCT) was installed at
JRR-4 in June 1998.
JRR-4 was constructed for the purpose of shielding design study for nuclear ship. It was a
swimming pool type research reactor using light water for its moderator and coolant. Its
maximum thermal power is 3.5MW and first criticality on January 28, 1965. The operation of
JRR-4 using HEU fuel was terminated at the beginning of 1996, and was resumed using LEU
fuel with the medical irradiation facility in July 1998.
The new facility at JRR-4 was planned to be capable of providing both thermal and
epithermal neutron beams with enhanced neutron fluxes. The conventional heavy water tank
and thermal column facility was remodeled into the new medical irradiation facility. A
medical treatment room and patient-monitoring area were also prepared adjacent to the
irradiation facility.

2. New Medical Irradiation Facility
2.1 General arrangements
The general arrangements of the facility are shown in Fig.l. The irradiation room and the
adjacent medical treatment room are located on the basement. Patients are received at the
entrance of the administration building and are transferred to the basement of reactor building
using elevator.
2.2 Details of the facility
The cross section of the medical irradiation facility is shown in Fig.2. The heavy water tank
plays a role of neutron beam moderator with aluminum and heavy water. The heavy water
layers are separated and optimum heavy water thickness can be chosen for both thermal and
epithermal beams according to the need of each treatment. The tank is arranged with a
cadmium shutter.
The beam experimental elements consist of:
a) Bismuth filter for reducing gamma-ray dose,
b) Lead and graphite for beam reflectors,
c) LiF and B4C for decreasing activation of structural materials,
d) LiF collimator at beam port, and
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Fig. 1 General Arrangements of Medical Irradiation Facility

Fig. 2

Cross Section View of Irradiation Facility
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e) Borated polyethylene and lead blocks for shielding around the beam port.
The beam port is not equipped with a beam shutter.
The irradiation angle of patients is possible to adjust within 90 degree to left side, and 60
degree to right side.
The medical treatment room and patient-monitoring area were also prepared adjacent to
the irradiation facility. Patient-monitoring area was installed TV monitor, neutron and gamma
rays monitor in the irradiation room.

2.3 Operation of the facility
The rated output of the reactor is 3.5MW, and the operation mode is daily operation
(6h/day). During the reactor operation for medical irradiation another utilization of the reactor
is not foreseen. The facility can provide a wide variety of neutron beams. The change over of
neutron spectrum is realized by changing the thickness of heavy water in the heavy water tank,
by inserting/removing a thin cadmium plate in the beam line, and by changing the thickness
of graphite reflector in the beam hole.

3. Beam Performance
The basic policy of the beam design is to provide a variety of neutron beams by easy
change of configuration mentioned above. While thermal neutron beams are needed to
continue the conventional BNCT in Japan, epithermal neutron beams are requested by users
for the treatment of deep-seated tumors.
Aluminum thickness of 75cm was chosen to reduce fast neutron contamination in
epithermal neutron beams, while remaining total heavy water thickness of 33cm was enough
to provide a almost equivalent thermal neutron beam as JRR-2 beam.
The thickness of the heavy water layer can be arbitrary chosen from 0cm to 28cm by 4cm
step. The maximum thickness is 33cm.
Measured Beam performance are shown in Table 1.
Table 1
Items

Condition

Free Beam

Beam Performance
Epithermal
Beam Mode

Unit

cm

Thermal
Beam Mode I

Thermal
Beam Mode II

Off

33
Off

Thermal Neutron Flux

On/Off
cm^sec 1

8
On
3.6x10*

2.0xl0 9

6.5xlO8

Epithermal Neutron Flux

cm^sec 1

2.2xlO9

9.0xl0 8

3.2xlO7

1.15

2.5

13.5

D2O Thickness
Cd Shutter

Cd Ratio
Gamma Dose

2.4

Sv/h

Phantom Experiment Maximum Thermal Neutron Flux cm^sec
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4. Boron Concentration Measurement
The measurement of the boron concentration is important for deciding the irradiation time at
BNCT. The measurement of the boron concentration using prompt gamma-ray analysis
(PGA) device and/or inductively coupled plasma atomic emission spectroscopy (ICP-AES).
The prompt gamma analysis device can measure the boron concentration in a short time. We
installed a PGA device in JRR-4. The PGA device has sufficient neutron flux for boron
concentration measurement by using super miller technique of neutron optics. Outline of the
PGA device is shown in Fig. 3.

5. Conclusions
The full power operation of the JRR-4 was resumed with LEU fuel in October 1998. We are
executing some experiments to measure the neutron fluxes and physical doses for irradiation
filed of the medical irradiation facility. The measurement of neutron flux and the gamma-ray
dose is performed with a free beam and phantom experiments. And the beam performances
are compared with the calculation value for confirmation. We are also executing experiments
to the boron concentration measurement using the PGA device and the ICP-AES.

Fig. 3

Outline of Prompt Gamma Ray Analysis Device
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ABSTRACT
Production of radioactive rhenium isotopes 186Re and 188Re, and synthesis of 188Re-DTPA have
been studied. For 186Re, a production method by the 18SRe(n, y )186Re reaction in a reactor has been
established. For 18*Re, a production method by the double neutron capture reaction of 186W, which
produces a 188W/188Re generator, has been established. For synthesis of 188Re-DTPA, the optimum
conditions, including pH, the amounts of reagents and so on, have been determined.
1. INTRODUCTION
The radioactive rhenium isotopes, 186Re (half-life: 90.64 h) and 188Re (16.98 h), have been
suggested as radiophannaceuticals for cancer therapy because of their energetic beta particles and
gamma rays suitable for imaging [1-3].
The potential of utilizing monoclonal antibodies as carriers of radionuclides for the selective
destruction of tumors has stimulated much research activity. Bifuctional ligands have been used for
the
labeling
of
monoclonal
antibodies
with
metallic
radioisotopes.
DTPA
(diethylenetriaminepentaacetic acid) is one of useful ligands for labeling of monoclonal antibodies,
because the reaction of DTPA with acetic anhydride yields bicyclic anhydride of DTPA with a
bifunctional property [4-6]. Therefore, the synthesis of a 188Re-DTPA complex using carrier-free
188
Re from the 188W/188Re generator
was investigated.
2. EXPERIMENTAL
2.1 Production of 188Re
The target material was 97.4%
enriched 18SRe metallic powder
(ORNL, 2.6% 187Re). The target
(about 5 mg) in a quartz ampule was
irradiated for 3 days in JRR-3M.
Schematic diagram of the apparatus
is shown in Fig. 1. The irradiated

H50

HN03, H2O

a: dissolver
b: evaporator
c: heat medium
d: heater
e: burette
f: product
g: aspirator
h: vacuum
reservoir
i: vacuum gauge
j: trap
k: liquid waste
tank

Figure 1. Schematic diagram of
the apparatus used for the production of 186Re.
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target was dissolved in 6 M HN0 3 . Water was added to the HN0 3 solution and the solution was
evaporated to dryness using tetrachloroethylene (boiling point: 121°C) as a heat medium. The
addition of water and evaporation to dryness was repeated five times to eliminate HNO3 thoroughly.
The 18*Re was taken-up in water.
2.2 Production of 188W/188Re generator
The target material was 99.79% enriched 186WO3 (ISOTEC Inc., USA or Euriso-top, France).
The target (about 25 mg) in a quartz ampule was irradiated for 1 to 2 cycles (1 cycle = 26 days) in
JMTR. The irradiated target was allowed to stand for more than 4 weeks for decay of 187W (23.72
h). The irradiated target was dissolved in 2 M NaOH with heating. The pH of the I88W solution was
adjusted to about 2, using HC1. The I88W solution was loaded onto the alumina column (10 mm<t>
X60 mm; BIO-RAD, AG-4, 100-200 mesh) which was conditioned with 0.01 M HC1. The column
was then washed with 0.9% NaCl. Rhenium-188 was eluted with 0.9% NaCl after the equilibrium
between 188W and 188Re had almost been reached.
2.3 Synthesis of 188Re-DTPA
DTPA was purchased from Sigma Chemical Co, as free acid. All other chemicals used were of
guaranteed reagent grade.
Stannous chloride was used as the reducing agent for the reduction of rhenium. The general
procedure for the preparation of 188Re-DTPA was as follows:
To a DTPA solution, antioxidant (1-ascorbic acid, citric acid or gentisic acid) aqueous solution,
HC1 or NaOH solution for pH adjustment, stannous chloride solution (0.6 M HC1), and a 188Re
solution from the generator were added. The reaction mixture was allowed to react at room
temperature or in boiling water. Radiochemical yield of 188Re-DTPA was determined by silica gel
thin-layer chromatography (Merck No. 5735/Acetone) and paper chromatography (Whatman No.
1/0.9% NaCl) as reported for T c complexes [7]. The distribution of 188Re on the thin-layer strip
and the paper was measured with a radioanalytic imaging system (AMBIS-100). Dependence of the
yield of the 188Re-DTPA on the concentration of the reducing agent, pH, reaction time, temperature
and the amount of carrier added was examined.
3. RESULTS AND DISCUSSION
3.1 Production of 186Re
Rhenium-186 has produced by the 18SRe(n, y )186Re reaction using a nuclear reactor. The natural
abundance of 185Re and 187Re is 37.40% and 63.60%, and the cross sections of thermal neutron
capture reaction measured at 2200 m/s are 112±2 barns (1.12±0.02X 10"M cm2) and 76.4±1.0
barns (7.64 ±0.1 X 10 w cm2) [8]. In order to get the 186Re product with high radionuclidic purity
and high specific radioactivity, we used highly enriched (97.4%) 185Re metallic powder as a target
material. However, 188Re is also produced by the 187Re(n, y )188Re reaction during the production of
186
Re due to the existence of 187Re (2.6%) in the target material. The calculated specific
radioactivities of 186Re and 188Re produced after 3 days irradiation at JRR-3M (thermal neutron
flux: 1.0 X 1014 cm"2-^1) are 15 TBq/g Re and 0.6 TBq/g Re, respectively. The percentage of 188Re
in the 186Re product is less than 4% at the end of bombardment (EOB). Because the half-life of
188
Re (16.98 h) is shorter than that of 186Re (90.64 h), the percentage of mRe in the 186Re product
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decreases with elapsed time. The percentage of I88Re is 0.83% two days after EOB.
The dissolution process of the irradiated target using 30% hydrogen peroxide was compared
with the process using 6 M nitric acid. After the dissolution, the solution was evaporated to dryness.
The loss of 186Re was observed during the evaporation process using 30% hydrogen peroxide, but
the loss was very low during the evaporation process using 6 M nitric acid. Therefore, we adopted
6 M nitric acid for the dissolution of the irradiated target.
When the concentration of I86Re in the final product was prepared to be 0.4 - 0.5 GBq/ml, the
concentration of rhenium was about 0.3 mg/ml, pH was 3 - 5 . The concentration of NO3~ in the
186
Re product was found to be less than 10 ppm by ion-chromatography. The chemical form of 186Re
was found to be perrhenate ion (186ReO4 ) by thin-layer chromatography and ion-chromatography.
Iridium-192 was found as major radionuclidic impurity except 188Re. The percentage of 192Ir in the
186
Re product was 1.5X10"*% at EOB. Specifications of the l86Re products per a batch are as
follows:
Production yields, 60 - 90%; specific radioactivity, 17-20 TBq/g Re; total radioactivity, 5 0 - 1 0 0
GBq; radionuclidic purity, >99%.
3.2 Production of

188

W/ 188 Re generator

Rhenium-188 can be produced in a high specific radioactivity by the decay of 188W (half-life:
69.4 d). The parent 188W has produced by the double neutron capture reaction of I86W as below.
186

W(n, y )187W(n, 7 )18*W
• 188Re
The cross sections of the thermal neutron capture reaction of 186W and 187W are 37.9±0.6 barns
(3.79±0.06X10 2 3 cm2) and 64±10 barns (6.4±1.0X 10"23 cm2), respectively [8]. The natural
abundance of 186W is not high (28.6%). In order to get 188W with high specific radioactivity and
high radionuclidic purity, we used highly enriched (99.79%) 186WO3 as a target material. Calculated
yield of 187W and 188W at JMTR (thermal neutron flux: 2.7 X 1014 cm 2 -s J ) are shown in Fig. 2.
Major product is 187W whose half-life is 23.72 h. Therefore, the irradiated target was allowed to
stand for more than 4 weeks for decay of 187W. The calculated specific radioactivity of 188W
produced after lcycle irradiation (26 days) at JMTR is 15.2 GBq/g 186W, and the calculated one
after 2 cycles irradiation (26 days X 2, reactor
outage: 1 month) is 23.8 GBq/g I8*W. However,
the experimental yield was lower (about 70%)
than the calculated one. This is probably due to
the uncertainty of the cross sections.
The 188W/188Re generator was prepared by an
alumina column system [9]. The adsorption
capacity of WO3 to the alumina (BIO-RAD, AG4, 100-200 mesh) was about 20 mg/g alumina.
Rhenium-188 was eluted with 0.9% NaCl from
the 188W/188Re generator with the very low
breakthrough of 188W (less than 5 X 10^ %). The
elution yield of l88Re was about 80%. The
radionuclidic purity of 188Re was more than
99.9%, however, "Co, nOmAg, '«• I44Ce, I40Ba-
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La and so on were found as the radionuclidic impurities. The chemical form of 188Re was found
to be perrhenate ion (t88ReO4 ) by paper chromatography and silica gel thin-layer chromatography.
3.3 Synthesis of 1MRe-DTPA
The 188Re solution from the t88W/188Re generator was used in the labeling study without further
purification.

Effect of reaction time
The influence of reaction time on the formation of 188Re-DTPA complex was studied at room
temperature by using carrier free 188Re, concentration of DTP A 13.2 mg/ml, SnCl2*2H2O 1.98
mg/ml and pH 1.1. The labeling yield of 188Re-DTPA increased with time and the yield indicated a
maximum value of 84% after 4 hours of reaction time and fell below 69% after 6 hours. However,
the yield at pH 2.85 increased gradually with time (about 16% after 4 hours, 19% after 6 hours).
Therefore, the reaction time at room temperature was fixed at 4 hours.

Effect of antioxidants
Ascorbic acid, gentisic acid and citric acid were used to know the effect of antioxidants on the
yield of 188Re-DTPA complex. The concentration antioxidants of gentisic acid and citric acid were
0.5 mg/ml in the reaction mixture. That of ascorbic acid varied from 0.5 - 50 mg/ml in the reaction
mixture. The antioxidants did not show any significant change in the complex formation both at
room temperature and in boiling water.

100F

Effect of concentration ofstannous chloride
To know the effect of reducing agent on
complex formation, stannous chloride was
added in varying the concentration of 0.066
mg/ml to 4 mg/ml. Figure 3 shows the
dependence of the labeling yield of 188ReDTPA on the concentration of stannous
chloride. The yield of 188Re-DTPA increased
with the concentration of stannous chloride and
indicated a constant value of not less than 2
mg/ml stannous chloride, as did the results for
188
Re-MDP [10] and 188Re-HEDP [11]. The
concentration of stannous chloride was fixed at
2 mg/ml. More than five-fold greater amounts
of stannous reductant were required in the
preparation of 188Re-DTPA than in the
preparation of """Tc-DTPA.

0

1

2

3

4

SnCl2-2H2O concentration / (mg/ml)
Figure 3. Influence of the concentration of
SnCl2 on the yield of 188Re-DTPA using
188
carrier-free
Re
(pH
0.77-0.91,
[DTPA]=26.4 mg/ml, 4 h at room temp).

Effect ofpH
The influence of pH on the labeling yield was investigated in varying from 0.5 to 9, as shown in
Fig. 4. The maximum labeling yield (more than 95%) of 18*Re-DTPA was obtained in the pH range
0.5 - 1.0, although the " T c - D T P A radiopharmaceuticals (Daiichi RI) is prepared in pH 4.0 - 4.5.
The yield sharply decreased with an increase of pH above 1, and approached a low value of 1%
near the neutral and alkaline region.
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In comparison with the preparation of
T c - D T P A , a lower pH (acidic condition) and
greater amounts of stannous chloride were
required for the preparation of 18*Re-DTPA. It
is thought that these results are due to the
differences of the reduction properties between
Re and Tc, that is, the Re complexes are more
difficult to be reduced than the Tc analogues.
Effect of the concentration ofDTPA
The influence of the DTPA concentration
upon the yield of lw Re-DTPA was studied at
pH 0.9 - 1.1 from 2.6 mg/ml (0.00661
mmol/ml) to 52 mg/ml (0.132 mmol/ml) DTPA.
Figure 5 shows the labeling yield of 188ReDTPA increased with the concentration of
DTPA, and indicated a constant value of not
less than 26.4 mg/ml DTPA. Therefore, the
DPTA concentration was fixed at 26.4 mg/ml
(0.0671 mmol/ml) in this study.

100 -

Figure 4. Influence of pH on the yield of
188
Re-DTPA using carrier-free 188Re
([DTPA]=26.4 mg/ml, [SnCl2-2H2O]
1.98 mg/ml, 4 h at room temp).

Effect of reaction temperature
Under the optimum conditions, the labeling
yield of 188Re-DTPA in boiling water for 30
minutes was a few percents higher than that at
room temperature for 4 hours, both in the
presence and in the absence of the carrier.
Effect of carrier addition
The 186Re produced by the 18SRe(n, y )
reaction contains a Re carrier. The carrier
NHjReC^ was added to the generator-produced
carrier-free 188Re solution and the effect of
adding the carrier on the labeling yield was
investigated at 0.02 mg Re/ml and 0.2 mg
Re/ml. The results showed that the effect of
carrier addition on the labeling yield was
hardly observed in this study, although the
higher labeling yield of carrier-added 188Rediphosphonate was observed than that of
carrier-free 188Re-diphosphonate [10,11]. The
optimum condition for the preparation of 188ReDTPA using carrier-added 188Re was the same
as that using carrier-free 188Re.

DTPA concentration / (mmol/ml)

0

0.04

0.08

0.12

100

0
10 20 30 40 50
DTPA concentration / (mg/ml)
Figure 5. Influence of the concentration of
DTPA on the yield of 188Re-DTPA using
carrier-free 188Re (pH 0.91-1.10, [SnCl22H2O]=1.98 mg/ml, 4 h at room temp).
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The optimum conditions for the preparation of 188Re-DTPA with both carrier-free and carrieradded 188Re were as follows:
pH 0.5 - 1.0; concentration of SnCl2-2H2O, 2.0 mg/ml; concentration of DTP A, 26.4 mg/ml
(0.0671 mmol/ml); reaction time, 30 min in boiling water. Under the optimum conditions, the
labeling yield of 188Re-DTPA was more than 95% for the carrier-free as well as the carrier-added
188
Re.
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ABSTRACT
Operation and utilisation of the materials testing reactor BR2 at the Belgian Nuclear Research
Centre (SCK'CEN) has since its start in 1963 always followed closely the needs and developments of
nuclear technology. In particular, a multitude of irradiation experiments have been carried out for most
types of nuclear power reactors, existing or under design.
Since the early 1990s an increased focus was directed towards more specific irradiation testing
needs for light water reactor fuels and materials, although other areas of utilisation continued as well
(e.g. fusion reactor materials, safety research, ...), including also the growing activities of radioisotope
production and silicon doping
An important milestone was the decision in 1994 to implement a comprehensive refurbishment
programme for the BR2 reactor and plant installations. The scope of this programme comprised very
substantial studies and hardware interventions, which have been completed in early 1997 within
planning and budget.
Directly connected to this strategic decision for reactor refurbishment was the reinforcement of
our efforts to requalify and upgrade the existing irradiation facilities and to develop advanced devices in
BR2 to support emerging programmes in the following fields:
- LWR pressure vessel steel,
- LWR irradiation assisted stress corrosion cracking (IASCC),
- reliability and safety of high-burnup LWR fuel,
- fusion reactor materials and blanket components,
- fast neutron reactor fuels and actinide burning,
- extension and diversification of radioisotope production.
The paper highlights these advances in the areas of BR2 utilisation and the ongoing development
activities for the required new generation of irradiations devices.
1. INTRODUCTION
Materials testing reactors still hold a central position in the R&D to support the efficiency,
reliability and safety of the operating nuclear power plants and to foster the development of advanced
reactors (fission type and fusion type reactors and even new systems like the ADS machine). Therefore,
the Belgian MTR BR2, which is one of the most effective of its type, will continue to play a primary
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role in the field of nuclear energy and especially the light water reactors. In parallel the BR2 also
contributes significantly to the medical and industrial applications of neutron irradiations.
Operation of BR2 was only interrupted twice in the periods 1979-80 and 1995-96 to implement
programmed refurbishment tasks, including the replacement of the beryllium matrix (ageing by
embrittlement), and to perform detailed safety and reliability assessments [1], [2]. The reactor is in
operation again since April 1997 under the forthgoing license regime that implies a 5-years periodical
safety review. In this paper we look to the recent operation of the BR2 after the second refurbishment
shutdown and focus on the advances in the utilisation of the reactor and of the associated irradiation
technology.
Given the context of the Belgian nuclear power plants, which are based on the pressurised water
reactor (PWR) type, it is clear that in the recent years SCK«CEN and BR2 have been more and more
involved in the R&D activities related to the PWR type, in particular those questions concerning ageing
of reactor materials (pressure vessel, a.o.), fuel behaviour at high burnup, reliability and safety issues.
Also the Belgian NPPs are pioneering the utilisation of MOX fuel, strongly supported by experimental
investigations in the BR2. Therefore this paper discusses more deeply the role of BR2 and its dedicated
irradiation facilities for the support of the light water reactors. Beside the existing and operational
facilities, several new facility concepts are also under development for emerging research programmes.
2. BR2 FEATURES AND OPERATING CHARACTERISTICS
The BR2 design, shown in Fig. 1, is optimised to offer the following main features [3]:
• a core with a central vertical 200 mm diameter channel, with all its other 78 channels inclined to
form a hyperboloidal arrangement around it. This geometry combines compactness with easy access
at the top and bottom covers, allowing complex irradiation devices to be inserted and withdrawn;
• a large number of experimental positions, including 4 peripheral 200 mm channels for big irradiation
devices. Through-loop experiments can be installed through penetrations in the bottom cover of the
vessel;
• a remarkable flexibility of utilisation: the reactor core configuration and operation mode are adapted
to experimental requirements;
• irradiation conditions representative of those of various power reactor types;
• high neutron fluxes, both thermal and fast.
The principal technical data and operating characteristics of the reactor are shortlisted in Fig. 1. With
regard to BR2's intrinsic safety aspects, the closed reactor vessel and primary cooling water circuit
(pressurised at 12 bar) constitute an effective safety barrier for the in-pile devices and experiments. The
air-tight containment building forms the ultimate safety barrier and is designed for the maximum
hypothetical accident.
After the 1995-1996 refurbishment interruption, all these remarkable features and characteristics
are again fully available with a high level of reliability and safety. This is already confirmed by the
excellent experience during the recent two years of reactor operation [2].
3. OVERVIEW OF CURRENT IRRADIATION PROGRAMMES
3.1 Historical Survey
Since its early operation in 1963 until about 1989, the BR2 has been extensively used for fuel and
materials testing related to the development of "new-generation" nuclear reactors, i.e. the gas cooled
(CO2 and He) thermal reactors, the liquid metal cooled fast breeder reactors (essentially for the SNR
300), the gas cooled fast breeder reactor, the testing of advanced LWR fuels and (to a lesser extent) the
testing of fusion reactor materials. However most of the irradiation projects were devoted to the
technological and safety problems of LMFBRs. Beside historical policies, this strategy was also
strongly based on the excellent features of BR2 to achieve very high fast neutron fluxes (up to 7.1014
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n/cm2.s above 0,1 MeV), to have large experimental volumes (up to 0 200 mm), to easily allow neutron
spectrum tailoring and to adapt the operating modes to the experimental requirements.
This quarter of a century period saw a tremendous diversity of dedicated irradiation rigs and
forced sodium cooling loops, including complex safety experiments with cooling blockages inside fast
reactor fuel bundles and post-accident heat removal experiments on LMFBR core debris beds.
In parallel to these scientific and technological irradiations, the BR2 was also (and still is) heavily
used for the production of different radioisotopes for medical and industrial applications.
A Belgian policy decision has ended all R&D efforts on fast neutron reactors in 1989. This
caused a drastic strategic turn-around in the utilisation of BR2, resulting in renewed focuses on the
development of different types of LWR fuels and materials, on LWR safety research and on fusion
reactor materials. The isotope business was also extended and the production of neutron doped silicon
was introduced.
3.2 Light Water Reactor Fuels
For many years SCK'CEN has been involved in different international and bilateral programmes
on LWR fuel behaviour and development, both for PWRs and BWRs [4]. Irradiations in BR2 address
stationary as well as transient regimes, while comprehensive post-irradiation examinations are
conducted in the Laboratories for High and Medium Activity. The tested fuels concern mainly UO2,
MOX, fuel with burnable poisons (e.g. Gd2O3) and fuels with advanced cladding. Both fresh and preirradiated rods are tested, the latter retrieved from the previous BR3 reactor (PWR type) at the
SCK'CEN site and from commercial power reactors.
A strong emphasis is increasingly given to the scientific modelling of fuel behaviour (and not just
neutron irradiation), in particular the issues of fission gas release and thermal conductivity at high fuel
burnup.
Dedicated facilities were designed and installed in BR2 for the LWR fuel experiments and are
still fully operational. The main facilities are:
• CALLISTO-PWR loop
• Pressurised Water Capsules (PWC)
• Calibration and Cycling Devices (CCD) with 3He screen.
(a) CALLISTO Loop.
The CALLISTO facility (CApabiHty for Light Water Irradiation in Steady state and Transient
Operation) is a specialised high pressure loop offering a comprehensive range of experimental
conditions representative of PWR power reactors. Its basic layout allows to irradiate clusters of nine
fuel rods (fresh or pre-irradiated) in each of the three in-pile sections, thus total of 27 rods [5]. Normally
the rods are about 1 m long, but variants are possible. Each in-pile section could also accommodate
three full length PWR rods, i.e. over 4 m long.
Up to now, fuel rods were irradiated in CALLISTO in nominal steady state regime in order to
achieve their target burnup. However the loop can also be operated, within certain limits, in off-normal
and transient regimes, e.g. power ramping or cycling, cooling mismatch conditions, loss of flow.
(b) PWC/CCD Devices.
The PWC rigs are versatile capsules with pressurised stagnant water in either PWR or BWR
conditions. In its present layout a PWC in-pile section can receive one single fuel rod (fresh or prcirradiated) of about 1 m length, or shorter segments (typically 30 cm fissile stack) which may be
instrumented with central thermocouple and/or other scientific sensoring devices [6]. As shown in Fig.
2 (in-core part only), a PWC rig is surrounded by a CCD device, that incorporates a 'He screen to
perform power cycling or transients. The CCD is also instrumented to achieve precise thermal balance
measurements on the fuel rod heating rate.
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Figure 3. Typical Power Transients

Many different profiles of power transients, regarding amplitude, ramp rate and holding time,
have been realised in the PWC/CCD devices, including power-to-melt tests. Some of these were
achieved by ramping the power of the reactor also, to complement the capacity of the 3He screen, as
illustrated in Fig. 3.
An extrapolated design of PWC is feasible to accept 4 m long fuel rods, which could previously
be irradiated in a commercial PWR.
3.3 Light Water Reactor Materials
All kinds of materials can be tested in BR2 up to very high neutron doses (thermal and/or fast).
Current and planned programmes mainly concern the following:
• reactor pressure vessel steel: ageing behaviour and investigation of the embrittlement mechanisms
• reactor internal structural materials: especially the degradation phenomena of irradiation assisted
stress corrosion cracking (IASCC).
Dedicated rigs have been engineered to irradiate test samples in different environmental and physical
conditions, assuring scientific relevance as well as effectiveness and economy: open baskets (cooling of
the samples directly by the BR2 primary water), VESTAL rig (specialised device to irradiate vessel
steel samples in inert gas at about 290°C) and also the CALLISTO in-pile sections (with the samples
immersed in PWR type loop water with representative chemistry). The latter option demonstrates the
versatility of the CALLISTO design, which is presently applied for two R&D projects: CHIVAS (for
RPVS testing) [7] and CORIOLIS (for IASCC testing).
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3.4 Other Technological Programmes
We briefly mention here the neutron irradiation testing to support the development of Fusion
reactors (TOKAMAK type) and the performant application of gamma irradiations for several types of
targets.
(a) Fusion Reactor Materials.
Typical examples of fusion reactor materials which are currently irradiated in BR2 are given
hereunder.
• Structural materials: these concern first wall materials (mainly different grades of stainless steels),
divertor materials (e.g. molybdenum and copper alloys) and blanket materials (e.g. beryllium and
tritium breeding components). The test samples are irradiated under representative neutron spectrum
(in particular very high fast neutron flux) and to the required fluences and dpa-damage doses.
• Tele-operation parts and components: these concern the remote handling machines (inside the
fusion reactor torus and near the first wall) which need to be tested and qualified under intense
gamma ray fluxes. In this category we find electronic parts, robotic components, vision systems,
optical fibres, approximity sensors and instrumentation sensors.
(b) Gamma Irradiations.
Dedicated gamma irradiation facilities are operational in the BR2 complex, using the gamma
fluxes from either spent reactor fuel elements or from intensive 60Co sources. Typical gamma dose rates
are in the range of 3 to 30 kGy/h. The useful geometries available for the samples have diameters up to
270 mm and heights up to 900 mm. Irradiations are performed in controlled gas atmosphere and the
samples can be tested at different temperatures up to 250°C if needed. These facilities are used for
testing technical materials and components that need to resist high gamma doses, such as the teleoperation equipment mentioned above.
3.5 Radioisotopes and Si doping
Beside the scientific and technological experiments, the BR2 reactor has always been thoroughly
used for the production of radioisotopes for medical and industrial applications [8] and, more recently,
also for neutron transmutation doping of silicon to be used by the semi-conductor industry. The
radioisotopes are produced in dedicated irradiation devices - in which the encapsulated target material
can be loaded to and from the reactor whilst it is at power - and in irradiation baskets loaded into the
reflector channels or inside fuel elements for a whole cycle irradiation. The main radioisotopes
produced in the BR2 reactor are Mo-99 (Tc-99m), 1-131, Xe-133, Ir-192, Sr-89, Re-186, Sm-153,
Y-90, P-32, Co-60, Sn-117m, Yb-169, W-188 (Rc-188), ...
Productions of Ir-192 and Sr-89 are performed in the central 200 mm 0 channel (maximum
thermal neutron flux of 1.1015 n.cm"2.s') where seven irradiation positions can receive each one basket
with 10 irradiation capsules. Specific activities of > 700 Ci/g and > 250 mCi/g respectively for Ir-192
and Sr-89 are obtained after irradiation of one cycle (21 days).
Mo-99 is produced at BR2 by irradiation of highly enriched targets (4 g U235) during 150 hours
in a thermal neutron flux of 2,51014 n.cm"2.s"' inside the standard irradiation devices PRF (9 targets) and
DGR1/2 (3 targets each). Activities of 150 Ci are obtained for each target at calibration time (180
hours after the end of irradiation).
Low specific activity Co60 was formerly produced by irradiation in the reflector. High specific
activity Co-60 (> 300 Ci/g) is produced by irradiation of 175 g Cobalt capsules placed under the six
control rods of the BR2 core.
Neutron transmutation doping (N.T.D.) of silicon ingots -up to 5 inches diameter, batch length up
to 800 mm- is performed in the SIDONIE rig. This rig produces NTD silicon of high quality with a
short turn-around time for the customer. High quality means that the target resistivity is met within 2 %
axially and radially.

-

246 -

JAERI-Conf

99-006

4. NEW FACILITY CONCEPTS FOR EMERGING PROGRAMMES
To cope with new emerging needs of the nuclear industry and the R&D community, and indeed to
respond to actual specific requests, SCK*CEN is putting considerable efforts to maintain and develop
its irradiation technology and its experimental facilities for BR2. The main programmes concerned are
in the field of LWR materials, fuels, safety, fusion reactor materials and components, fast neutron
reactor fuels for minor actinides transmutation, MTR development and radioisotopes production.
A brief outline on these different developments is reported hereafter. Probably not all of these
facilities will actually be realised, but a high-flux versatile MTR like BR2 must assure an adequate
degree of preparedness for the future needs.
4.1 Pool side facility for RPVS irradiation (MERLIN)
An important development work has
already been put in the new irradiation facility
MERLIN (Materials Experimental Research
Facility for Large Irradiation volumes of
Nuclear steel samples). This dedicated facility
is to be placed in the water pool of BR2,
tangent to the outer wall of the reactor vessel
at its core region (Fig.4).
It aims at
irradiating large amounts of steel samples that
are to be analysed in the framework of LWR
pressure vessel embrittlement research
programmes. The rig is mainly composed of
three irradiation capsules with flat box
geometry, containing the steel specimens, and
a special neutron converter fuel element, that
will transform the outflow of the reactor
thermal neutrons into the required fast flux. It
should be noted that the neutron flux levels
present inside the reactor core are too high for
most of the research programmes on LWR
pressure vessel steels.
The design requirements of MERLIN
fulfil the strict specifications for RPVS
irradiation, mainly the following:
• fast neutron flux (E>lMeV) in the range of
1012to l,3.10 1 3 n.cmV,
• typical fast neutron fluence: 4 to 5.1019
-2
n.cm
FIGURE 4. ISOMETRIC VIEW OF MERLIN POOL SIDE FACILITY
specimen temperature in the range of 280
to 300°C,
• internal temperature gradient in each individual sample to be limited to 5K,
• inert gas environment,
• available test volume: up to 900 Charpy or 60 IT-CT specimens.
The limited internal temperature gradient implies to restrict the local gamma heating to less than 1 W/g,
while the specified operating temperature requires a well-balanced electrical heating support over each
of the three capsules. With regard to the neutron converter its design has been optimized so as to yield
the required fast neutron flux levels in the specimens and a flat spatial flux profile over each of the
capsule boxes [9|.
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At present the decision to actually construct MERLIN is pending on sufficient demands for
irradiation testing of large quantities of RPVS specimens, so that the expected turnover, as well as the
scientific output, can justify the initial investment of this facility.
4.2 Dedicated PWR loop for IASCC experiments (ECLIPS)
Within the framework of studies on irradiation assisted stress corrosion cracking (IASCC) for the
core internals of BWRs, PWRs and even fusion reactors, realistic testing of material specimens under
irradiation is required, characterised by a high fast neutron flux, variable water chemistry, adaptive
loading and on-line monitoring. For that purpose a high pressure high temperature in-pile loop at the
BR2 reactor is being designed: ECLIPS (Experimental Corrosion Loop for In-Pile Studies) [10].
Typical material tests will be performed in this vehicle, such as accelerated base irradiations at high fast
neutron flux (up to 2.1014n.cm"2.s'), instrumented crack initiation and crack propagation testing, creep
and relaxation testing and operational testing of in-pile sensors.
Fig. 5 shows the outline of the in-pile section (IPS) in its present design stage. The in-core part is
positioned in the central hole of a BR2 fuel element (5-plates type) so as to achieve the required fast
neutron flux. The pressurized water is contained within a double walled vessel and flows along a
concentric pattern: upwards through the test sections and downwards through a surrounding annular
channel. Inside the IPS the water is heated up to the specified test temperature by means of a
recuperative heat exchanger, several electrical heaters and the nuclear heating.

F2010
Inslnimentation
cables

lamentation
connectors

Instrumented
out^f-core tesuection

Regenerative
heaiexcharHjer

Instrumented
Healer in-core test section

Heater

BR2 cooling water
50°C/12 bar

Lifting eye

Rupture disk

Connection box
Penetrations for
instrumentation cable:

Differential
expansion bellow

Insulation material

Pressure boundary
to 150 bar

BR2 Concentric fuel elements
High fast flux (10" n/cnVs > 1 MeV)

Cold ~50°C
Typical PWR operation: 150 bar
- Water inlet temperature 50°C
- Water temperature in test section 320°C
- Water outlet temperature 90°C
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Dimensions not to scale

Figure 5. In-pile section of ECLIPS (Experimental Corrosion Loop for In-Pile Studies)

There are two test sections with specimens in the IPS: one in-core (i.e. the irradiated section) and
one out-of-core. The same water (and thus the same water temperature and chemistry) flows through
both tests sections, allowing to discriminate the effects of neutron irradiation on the experimental
specimens. Beside the instrumentation needed for control of the loop operation (temperature, pressure,
flow rate, ...), both test sections are provided with their experimental instrumentation, such as:
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• self-powered neutron detectors for the thermal neutron flux,
• fast neutron fluence using activation dosimeters,
• detection of crack initiation using electrochemical noise analysis (in development),
• crack growth measurement using the potential drop technique.
In-pile water chemistry sensors are also foreseen (O2, H2, pH, conductivity).
The out-of-pile equipment of the ECLIPS facility contains the main circulating loop, which
delivers the water flow to the IPS after purification and pressurisation, the secondary loop with different
auxiliary equipment (water chemistry monitoring systems, make-up vessels, chemical conditioning,
water sampling) and the gas supply system.
The ECLIPS facility is currently being developed in the framework of a scientific programme on
nuclear corrosion at SCK'CEN and will be operated in collaboration with international scientific and
industrial partners.
4.3 Rigs for other technological programmes
(a) Advanced PWC rig for LWR fuel
The PWC type of rig. briefly described above, is a rather simple and safe device to perform
transient testing of a single fuel rod, in so far as the integrity of the rod is not lost during the irradiation
compaign. However, in case of fuel clad rupture, the capsule water will be heavily contaminated by
fission products and possibly also fuel fragments. This would require much time-consuming work to
recover the defect fuel rod and to decontaminate and clean the in-pile section (pending if such is at all
possible).
Therefore an advanced PWC design is being studied that would routinely allow to test fuel rods
up to clad rupture and even to continue the irradiation after such event. This rig concept, called
COSAC (Contamination Operation SAfety Capsule), will also enhance the natural convection
circulation of the cooling water along the fuel rod, using a jet pump injection device, and improve the
precision in the determination of the water temperature profile along the rod. Much attention is also
paid to the layout of the rig with respect to integrating a more extended and advanced instrumentation,
mounted unto and around the fuel rod (e.g. central temperature and cladding surface temperature, rod
elongation, diameter variation, ...).
(b) In-pile loops for LWR fuel safety tests
In order to respond to future safety oriented needs, advanced water-cooled high pressure-high
temperature loops are being studied, in particular:
• DESTIN: a large integrated loop which could accommodate up to 25 fuel rods, to be loaded in the
central 200 mm flux trap of BR2;
• LILIPUT: a small integrated loop for a single fuel rod, to be loaded in one of the in-pile sections of
the CALLISTO loop.
These loops are designed to perform experiments under realistic PWR conditions as to neutronics,
thermohydraulics, water chemistry, etc.... They could be used for steady-state irradiations as well as for
transient tests on cither fresh or pre-irradiated fuel rods. Simulation of accidental control-rod
withdrawal, of LOCA accidents and of fuel bundle degradation after severe accidents are among the
possibilities. These new devices have been described in previous publications [11], [12].
(c) Testing of Fusion reactor blanket modules
Within the framework of the European Fusion programme, the development of breeder blanket
systems requires also their realistic testing under irradiation in a fission MTR. SCK'CEN has already
performed feasibility studies for such tests in BR2 on two types of blanket modules:
• helium cooled solid blanket (HCPB): Li-ccramic pebbles as breeder material and beryllium pebbles
as neutron multiplier;
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• water cooled lead-lithium blanket (WCLL): liquid Pb-Li as breeder material and pressurized water
cooling.
Presently the design of different experiments for the WCLL blanket type is going on with regard to the
behaviour of double walled cooling tubes, tritium permeation barriers and including an integrated
experiment.
(d) Qualification of modern MTR fuel elements
Different new materials testing reactors and research reactors which are currently under design
and/or construction require the development of dedicated fuel elements (either HEU or LEU) to fulfil in
an optimal way the objectives of these reactors. As part of the license process, such fuel must also be
tested and qualified under the specified operating conditions. BR2 is particularly well suited to perform
such qualification tests because it operates itself with typical MTR fuel elements and it can submit the
test fuel plates to very high neutron fluxes with a realistic MTR energy spectrum. So the designed
operating range of the test fuel can easily be met in BR2, not only with respect to the neutronics but also
the thermal and hydraulic characteristics. Regarding the potential risks of life-testing new fuels in BR2,
the existence of the closed pressure vessel as a first safety barrier, in case of fission product release, is
also a major advantage of BR2.
Studies for irradiation of fuel plates for several new MTR's arc now on the way.
(e) Sodium loop for Pu burning and MA transmutation
Among other new devices which could be operated in BR2 is an integrated sodium-cooled loop
for testing plutonium-enrichcd fuel rods and minor actinides loaded fuel rods under fast neutron reactor
conditions. These experiments are aimed to investigate the accelerated burning of plutonium and the
transmutation of minor actinides, as a possible scenario for the back end of the fuel cycle. Obviously
BR2 has achieved a long-standing and successful expertise in the technology of in-pile sodium loops.
No wonder that more recent scooping studies have indicated the excellent feasibility to perform such
transmutation experiments.
5. CONCLUSION
The extensive refurbishment programme of the BR2 reactor has been successfully accomplished
within the planning in the period 1995-1996, leading to restarting reactor operation in April 1997.
In parallel, SCK*CEN reinforced its efforts to requalify and upgrade the existing irradiation
facilities and to develop advanced devices at BR2 in support of different emerging programmes. These
efforts are mostly dedicated to the fields of LWR fuels and materials, although covering also many other
fields like reactor core safety and fusion reactor materials.
In this way the BR2 remains well prepared to cope with opportunities and challenges for
scientific irradiations and radioisotope productions, well into the next century.
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ABSTRACT
The R&D programs on the nuclear reactor materials and nuclear fuel cycle technology
require numerous in-pile tests in HANARO. Extensive efforts have been made to establish
design and manufacturing technology for the development of irradiation facilities. One of
them is the fuel capsule for the irradiation test of nuclear fuel pellet in HANARO. Detailed
designs of a non-instrumented capsule for irradiation testing of oxide fuel was finished and
this capsule was fabricated. This capsule will be used for in-pile testing of simulated DUPIC
(Direct Use of spent PWR fuel in CANDU reactors) fuel pellets at the beginning of the year
1999 and DUPIC fuel pellets at the end of the year 1999. This test will also be performed to
provide the essential information for the advanced PWRs fuel irradiation testing in HANARO.
The conceptual design of the instrumented capsule, in which sensors such as thermocouple
and SPND will be installed, is also one of the ongoing activities. This capsule will be utilized
for irradiation testing of advanced nuclear fuel such as advanced PWRs and DUPIC fuel in
the year 2000.

1. INTRODUCTION
HANARO has been operated for five years including one non-nuclear system
commissioning test since 1995. There are several vertical test holes such as CT, IR1,
IR2(hexagonal type) and OR(cylindrical type) in core of HANARO, and LH(Large Hole) in
reflector for nuclear fuels/materials irradiation testing, as shown in Fig. 1. Table 1 shows
characteristics of these test holes for fuel/material irradiation in HANARO. Capsule
development for irradiation of nuclear materials and fuels has been performed since 1994.
The non-instrumented capsule for material irradiation testing was designed, fabricated and
successfully irradiated in the CT test holes of HANARO[1,2]. And, the first instrumented
capsule for material irradiation testing was designed, fabricated and successfully irradiated in
the CT and IR2 test holes of HANAR0[3]. The purposes of the capsules were to evaluate the
nuclear characteristics of the test holes and to obtain design data for the capsule.
The R&D programs on nuclear fuel development require numerous in-pile testing in
HANARO. And then, extensive efforts have been made to establish design and manufacturing
technology for capsule development for nuclear fuel irradiation testing in HANARO. Noninstrumented and instrumented capsule for fuel irradiation testing is under developing. One of
them, the first non-instrumented capsule for DUPIC fuel irradiation testing was successfully
-
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designed and fabricated, and this capsule will be used for in-pile testing of DUPIC pellets in
one of the test holes of HANARO.
In this paper, current status of non-instrumented capsule development for DUPIC fuel
irradiation test and future plan for the capsule development for nuclear fuel irradiation testing
in HANARO is described.

Figure 1. Core Configuration of HANARO
Table 1. Characteristics of test holes for fuel/material irradiation in HANARO.
Hole

Location

Core

Reflector

Inside
Dia.
Name No. (cm)

Neutron Flux (n/cm2. sec)
Fast Neutron
(>0.82 Mev)

Thermal Neutron
(O.625 ev)

Remarks

CT
IR
OR

1
2
4

7.44
7.44
6.00

2.10 xlO 14
1.95 xlO 14
2.23 x 1013

4.39 xlO 14
3.93 x 1014
3.36 xlO 14

Fuel/material test
Fuel/material test
Fuel/material test,
isotope production

LH

1

15.0

6.62 x 10"

9.77 x 1013

Fuel/material test
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2. DEVELOPMENT OF NON-INSTRUMENTED CAPSULE
FOR DUPIC FUEL IRRADIATION
2.1 DUPIC Fuel
The DUPIC fuel cycle technology is truly international with participation from
KAERI(Korea), AECL(Canada), the USA, and the newly joined IAEA in Vienna[4]. The
concept of DUPIC fuel is recently being taken a growing interest as an innovative fuel in
terms of proliferation resistance fuel cycle for reusing spent PWR fuel in CANDU reactor
without wet reprocessing process[5]. The main objectives of the joint research are to
experimentally verify the performance by the irradiation of the prototypical fuel in a research
reactor. The campaign to fabricate DUPIC pellets and elements for irradiation testing was
well done in AECL, and the fuel is available for irradiation in NRU in the near future. KAERI
is at present preparing for the fabrication campaign using actual spent PWR fuel in the year
1999[4,6]. DUPIC pellets will be fabricated from the end of the year 1999. And a series of the
DUPIC pellet irradiation tests will be scheduled at HANARO to compare the behavior of
DUPIC pellets with conventional uranium oxide pellets and to gather the information on the
behavior of DUPIC fuel in reactor conditions.
2.2 Non-instrumented Capsule Design and Manufacturing
As shown in Fig. 2, there are two types of fuel assemblies required for HANARO hexagonal fuel assemblies having 36 elements and circular ones having 18 elements. Noninstrumented capsule for simulated DUPIC pellet irradiation was basically designed to be
similar to the circular fuel assembly as shown in Fig. 3. This capsule has the out side diameter
of 56mm, the total length of 960mm. It consists of four parts: bottom guide, capsule outer and
inner tubes, top guide and fuel element assembly. Due to the highly radioactive of DUPIC
pellets from the spent PWR fuel, the capsule should be assembled and handled in a remote
manner. And then, these parts can be unmounted, and this permits assembling, disassembling
and remote handling in hot cell.
Three mini-elements shall be installed in the fuel element assembly, of which one minielement shall include non-active 5 oxide pellets, 2 aluminum oxide insulators and Inconel
spring[7,8]. The mini-element has the out side diameter of 12.7mm, the total length of 200mm.
The pellets are composed of 2 kinds of pellets as follows:
- 5 pellets : UO2(enrichment 1.47% U-235)
10 pellets : UO2 + additives(typical condition of spent PWR fuel - initial enrichment:
3.21% U-235, burnup : 35,000MWD/MTU, cooling time: 10 years)

Figure 2. HANARO fuel assemblies, 36-element hexagonal fuel assembly and
18-element circular fuel assembly, with three spacers on each fuel assembly.
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Figure 3. Non-instrumented capsule with three simulated DUPIC fuel rods
for irradiation test in HANARO.
Linear power and composition of simulated fuel(10 pellets) are the same as those for DUPIC
fuel, and OR4 hole of HANARO is selected for irradiation. The average and maximum linear
power of the mini-element was evaluated to 370W/cm and 407W/cm at HANARO power of
20MW,h, respectively.
Coolant entering the bottom of the flow tube flows vertically outside the capsule and also
around the mini-elements in the capsule. Mock-up capsule was fabricated and tested for
vibration and pressure drop, and the result of the test proved that the capsule is compatible to
OR4 hole of HANARO [9]. Design of several parts in the non-instrumented capsule was
revised, and the non-instrumented capsule was finally fabricated for irradiation test of
simulated DUPIC pellets. This capsule will be used for in-pile testing of simulated DUPIC
pellets in the OR4 test hole of HANARO from the beginning of the year 1999.

3. DEVEOPMENT OF INSTRUMENTATION TECHNOLOGY AND
INSTRUMENTED CAPSULE
3.1 Instrumentation Technology
Factors related to fuel performance during normal operation of NPP, which can be
measured during irradiation test of nuclear fuel in test reactor, are fuel center/surface
temperature, cladding surface temperature, internal pressure in fuel rod, dimensional change
of fuel rod, and corrosion layer thickness on cladding surface, etc. Fuel performance can be
validated by in-pile test, and database monitored can be provided information for fuel design
and research.
While instrumentation and re-instrumentation technologies for fuel irradiation test in
research reactor have been developed in Halden(Norway) and JAERI(Japan), etc.,
instrumentation technology development for fuel irradiation test in KAERI(Korea) is ongoing.
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Currently, capsule for fuel irradiation test in HANARO is being developed and equipments
and techniques for continuous monitoring of fuel performance parameters are also developing.
In order to measure the center and surface temperatures of nuclear fuel during in-pile test,
which are used to evaluate the thermal conductivity of fuel, it is necessary to drill in the
nuclear fuel pellet and groove on the pellet. Drilling and grooving machine is under
developing in KAERI. This machine was designed, and is under fabricating. The test
operation of this machine will be performed at the beginning of the year 1999.
3.2 Instrumented Capsule
KAERI is currently carrying out the development of nuclear fuel, such as DUPIC fuel,
advanced PWRs fuel, KALIMER fuel, etc., and an associated test program in HANARO. The
irradiation test schedule calls for an instrumented capsule experiment to begin irradiation
from the year 2000. This test will be the first instrumented capsule experiment of nuclear
fuels to be performed in HANARO. The design of the instrumented capsule and the data
monitoring system are also ongoing activities. Thermocouples and SPND will be installed to
enable on-line measurements of variations in fuel rod temperature and neutron flux. And,
other equipments such as FP gas pressure detector, dimensional change measuring detectors
etc, to be used for instrumented capsule will be also developed in the future. For this purpose,
international co-operation for developing the instrumented capsule is also being planned and
this activity will be conducted in parallel with the development programs of the capsulerelated facilities such as capsule control and handling systems. This capsule will be utilized
for irradiation testing of nuclear fuel such as advanced PWRs fuel and DUPIC fuel from the
year 2000.
4. FUTURE PLAN
Table 2 shows the plan for irradiation of DUPIC pellets in HANARO. The plan includes
irradiation of a non-instrumented capsule containing the mini-elements of simulated DUPIC
pellets at the beginning of the year 1999 and DUPIC pellets at the end of the year 1999, and
then DUPIC pellets in instrumented capsule between the year 2000 and 2002. And, the irradiTable 2. Irradiation Plan for DUPIC Fuel.
Objectives
1. Proof of Concept of Design
- capsule design verification
- establishment of irradiation
conditions at HANARO
2. DUPIC Lead-Pellet Irradiation
- irradiation behavior of DUPIC pellet
- development of remote assembling
and handling technology
3. Thermal Behavior of DUPIC Pellet
- analyzing irradiation behavior
- produce thermal behavior information
4. Fission Gas Release of DUPIC Pellet
- analyzing irradiation behavior
- produce F.G.R information

Date

Remarks

- simulated fuel
1999.1- - low burnup
1999.3 - power: normal
- non-instrumented capsule
- average burnup(15,000 WD/MTU)
1999.9- power : 420 W/cm
2000.9
- non-instrumented capsule
- temperature, flux monitoring
2000.9 - average bumup
2001.9
- instrumented capsule
- temperature, pressure, flux monitoring
2001.9- average burnup
2002.9
- instrumented capsule
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ation test for an advanced PWRs fuel will be begun from the year 2000 by using instrumented
capsule[10]. The irradiation for KALIMER fuel will also be planned.
And, another instrumented capsules, which can be monitored internal pressure in fuel rod
and dimensional change of fuel rod etc. during irradiation test, will be also developed.
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ABSTRACT
The instrumented capsule is subject to flow-induced vibration (FIV) due to the flow of the
primary coolant and then the structural integrity of the capsule during irradiation in the
HANARO reactor is an issue of major concern. For this purpose the acceleration was
measured by four accelerometers attached to the protection tube of the capsule. Based on the
measured data, the displacement at the top part of the capsule main body and the displacement
between flow tubes were calculated using commercial finite element program ANSYS to
evaluate the structural interference with the neighboring flow tubes under the reactor
operating condition. The calculated displacement at the region of the flow tube is found to be
lower than the values of allowable design criteria.

1. INTRODUCTION
Instrumented capsule is one of the irradiation facilities in the HANARO (Hi-Flux
Advanced Neutron Application Reactor) core. Seven vertical holes are available for
capsules in the HANARO core for use in material and fuel testing. The external surface of the
capsule is in contact directly with the cooling water fed by forced convection flow. This
structure is subject to FIV due to the flow of the primary coolant and then the structural
integrity of the capsule during irradiation in the reactor and the most appropriate supporting
mode of the capsule to the reactor structure are issues of major concern. However, due to
the complexity of coolant flow in the forced convection area of the reactor, it is very difficult
to obtain directly the flow-induced loads acting on the capsule structure. For this purpose
the acceleration is measured by four accelerometers attached to the protection tube of the
capsule [1]. The position and direction of the accelerometers were determined from the
vibration mode analysis data. Measured accelerations were converted to the displacement by
using I-DEAS program [2]. Based on these data, the displacement at the top part of the
capsule main body and the displacement between flow tubes were calculated using
commercial finite element program ANSYS [3] to evaluate the structural interference with the
neighboring flow tubes under the reactor operating condition.
-
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2. DESCRIPTION OF STRUCTURES
The instrumented capsule (IC) consists of a main body and a protection tube made of S A240 Type 304 stainless steel. The main body part with the test specimen to be placed in the
in-core region of HANARO is the cylindrical shell with 2mm in thickness, 60mm in external
diameter and 870mm in length. The protection tube part connected with the capsule main
body is 34mm in diameter, 1.65mm in thickness and about 6m in length. The role of springs
installed at the connecting parts between the top position of the capsule main body and the
protection tube is to guide the capsule during loading of the capsule in the test hole and to
support the capsule during irradiation testing. The spring constant optimized by seismic
analysis is 15 N/mm [4-6].
The capsule supporting systems (CSSs) consist of H-beams, the channel bracket, the base
plate and clamp arms etc., and these are located at the first platform (EL. 78.73m) in
HANARO. One edge in clamp arms of the cantilevers type is bolted to the base plate and the
finger of the free edge grasps the upper protection tube of the capsule. The clamp arms are
connected with the control unit systems of the second platform (EL. 85.58m) and are operated
manually at the control unit system. The length of the clamp arm is 900mm for IR1 hole,
780mm for CT hole and 650mm for IR2 hole, respectively. In order to improve the FIVresistance, additional capsule supporting system (ACSS) was considered in the HANARO
chimney during the reactor operation. These structures consist of chimney, clamp arms and
stopper, and are located at the level of EL.77.15m in the HANARO in-core. These structures
have been also used for the vibration test of the mock-up capsule [7] and the type-B of driver
fuel assembly [8].
The test holes of the CT, IR1 and IR2 are made of Zircaloy-4 and are the same hexagonal
type as the flow tube for the drive fuel. The maximum and minimum diagonal distances of
hexagonal test holes are 74.4mm and 80.4mm, respectively, and the length is 910mm[4].
3. FINITE ELEMENT MODEL ANALYSIS
3.1 Modeling and analysis method
For the structural integrity evaluation, two different models were considered. The
acceleration response obtained by four accelerometers attached to the protection tube of the
capsule in each model is transformed to displacement component [9]. Table 1 shows the
maximum and minimum displacement components transformed in each direction. As shown
Table 1. Minimum and Maximum Displacement Transformed from
Acceleration Signals (unit: mm)
Accelerometer
Position and
Direction
IX

Model I (CT)

Model I (IR2)

Model H (CT)

Min.

Max.

Min.

Max.

Min.

Max.

-5.271

6.082

-6.194

7.157

-3.447

2.484

1Y

-7.439

6.050

-7.050

7.822

-2.755

3.132

2X

-3.828

4.168

-4.283

4.168

-1.054

1.196

2Y

-4.651

5.245

-4.534

4.834

-1.550

1.652

in Fig. 1 and 2, the origin of coordinate systems applied in FE model is the rod tip in the
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bottom of the capsule main body, and X and Y axis are the longitudinal and perpendicular
direction of the clamp arm, respectively. The Z-axis is the longitudinal direction of the

Capsule Protection Tube

Capsule Supporting System
(2X. 2Y) » £

Chimney Bracket
Chimney

Accelerometer
Top Guide Spring
(IX. 1Y) —

Accelerometer
Capsule Mainbody

Rod Tip

Test Hole

Figure 1. Schematic Model I in CT&IR2 Hole

Figure 2. Schematic Model II in CT Hole

capsule protection tube. In the Table 2, the position (IX, 1Y) of the accelerometers in the
Model I is located at 2.76 m from the rod tip of the bottom of the capsule, and the position
(2X, 2Y) is located at 4.16m as shown in Fig. 1. In case of the Model II using additional
chimney brackets, the position of IX and 2X is 2.31 and 3.21m as shown in Fig. 2,
respectively.
Acceleration signals show the oscillation of the plus and minus because those are measured
by accelerometers during constant periods. Since the size of the displacements is one of the
main interesting issues, the absolute values of displacement components transformed are
obtained and used as the displacement input in the finite element analysis using commercial
finite element program ANSYS. Fig. 3 shows the number of nodes of the test hole and
protection tube considered in the model.

(Wltrwut Bracket)
'#45 (With Bracket)

#16#9 "
#14-

(B)

(A)

(C)

Figure 3. Node Numbers of Test Hole and Capsule Protection Tube
Three different types of elements such as the beam, the spring damper and the shell are
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used in order to generate the finite element model considering the actual geometry. First, the
3-D elastic beam element (Beam4) with six degrees of freedom at each node is used for
modeling for the rod tip, the capsule main body, the protection tube, the clamp arm and the
chimney bracket. Second, the spring damper element (CombinH) is used for modeling of the
top guide spring. Finally, the hexagonal test hole is modeled by the elastic shell element
(Shell63) with translations and rotations at each node.
3.2 Boundary Conditions
When capsule structures are inserted into the test hole, supporting structures such as the
clamp arm, the top guide spring, the rod tip and the test hole supports the capsules. Thus, as
the boundary conditions considered in the analysis, the bottom of the capsule's main body is
treated as a simple support to the capsule-mounting spider. The flow tube assumed to be fixed
to the grid structure. The clamp arm of the supporting system and the additional supporting
system are also fixed to the capsule, respectively.
4. STRUCTURAL ANALYSIS RESULTS AND DISCUSSIONS
4.1

Structural Analysis for the Case of Model I .
The displacement results for the cases considered in these study, which was indirectly
obtained by applying the displacement force to the position of (X, Y) in CT test hole, are
summarized in the Table 2. The typical displacement shape is shown in Fig. 4.
Table 2. Displacement Results of Model I in CT and IR2 Holes(unit: mm)

Accelerometer
Position and
Direction

Analysis
Input
CT

IR2

Capsule in the Test
Hole
Node Displacement
No.
CT
IR2

IX

6.08 7.16

#4

2.05

2.41

1Y

7.44 7.82

#4

2.46

2.60

2X

4.17 4.28

#4

1.34

1.37

2Y

5.25 4.83

#4

1.54

1.47

Allowable Displacement

-

Between Test Hole and
Maximum
Flow Tube
Displacemen
Node
Node Displacement
t
No.
No.
CT
IR2
CT
IR2
#39

0.31

0.36

#9

6.08

7.16

#103,#104 0.37

0.39

#9

7.44

7.82

0.20

0.21

#18

5.54

5.70

#103,#104 0.23

0.22

#18

6.59

6.20

0.5

-

#39

7.2

-

0.6

N/A

The maximum displacement at the top (node no. 4) of the capsule within the test hole is
2.46mm in the Y direction. The maximum displacement between the test hole and the
neighboring flow tube is 0.37mm at the top part(node no. 103 and node no. 104) of test hole
in the Y direction. From above results, the X-direction stiffness of the capsule structure is
found to be larger than the Y direction stiffness, where the X is the axial direction of the
clamp arm installed at the first platform in HANARO. The position of the applied loads
would highly affect on the FIV-resistance and the calculated displacement at the position of
IX, 1Y is larger than that at 2X, 2Y
For the case of Model I, the maximum displacement at the top of the capsule main body
(node no. 4) is 2.6mm at top (node no. 4) of the capsule in the Y direction in the IR2 test hole
of HANARO as shown in Table 2. And this value, similar to CT test hole, is found to be
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lower than the allowable limit of 7.2mm. The maximum displacement of 0.39mm between
flow tubes is lower than the allowable limit of 0.5mm. The capsule and related structures
under FIV condition do not interfere with other nearby structures.

Figure 4. Displacements of Model I

in CT&IR2 Hole(lY, #9, 6=7.44mm)

4.2 In Case of Model II using Additional Clamp Arm and Chimney Brackets
The displacement results for the cases of Model II in CT test hole are also summarized in
the Table 3. The typical displacement shape, as the displacement force of 3.45mm is applied
Table 3. Displacement Results of Model II in CT Hole(unit: mm)
AcceleroAnalysis
meter Position
Input
and Direction

Capsule in the Test
Hole
Node Displacemen
t
No.

Between Test Hole and
Maximum
Flow Tube
Displacemen Node
Node No.
Displacement
t
No.

IX

3.45

#4

1.77

#45

0.27

#14

3.52

1Y

3.13

#4

1.61

#109, #110

0.24

#14

3.22

2X

1.20

#4

1.76

#45

0.12

#16

1.87

2Y

1.65

#4

1.03

#109, #110

0.16

#16

2.56

-

7.2

-

0.6

-

N/A

Allowable Displacement

to the position of IX, is shown in Fig. 5. As the displacement calculated at IX, 1Y or 2X, 2Y
position is applied to the same position as an external force, the displacements at the
concerned position are found to be different and the displacement obtained by applying the
external force to the position of IX, 1Y is larger than that in case the force is applied to 2X or
2Y And the displacement of X direction at the same position is slightly larger than that of Y
direction. The maximum displacement of the capsule within the test hole is 1.77mm at top
part(node no. 4) of the capsule in the X direction, and the displacement between the test hole
and the nearby flow tube is 0.27mm at the top part(node no. 45) of the test hole in the X
direction. In case of Model I, regardless of CT and IR2 test hole, the displacements in the Y
direction are always greater than those in the X direction. However, in case of Model II, the
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maximum displacement occurs in the X direction.
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Figure 5. Displacements of Model II in CT Hole(lX, #9, 5=3.45mm)

From the structural analysis, the maximum displacement at the top of the capsule can be
decreased up to 40% and the FIV resistance of the capsule can be improved by installing
additional clamp arm and chimney bracket. This additional supporting method seems to be
more favorable with a point of safety and fully satisfy the acceptance criteria under the
HANARO hydraulic conditions.
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Oarai-machi, Higashi-ibaraki-gun, Ibaraki-ken 311-1394, Japan

Various kinds of irradiation facilities are installed in the JMTR for the purpose of irradiation tests
on fuels and materials and of producing radioisotopes. The irradiation facilities have been improved
so far at every opportunity of new irradiation requirements and of renewing them which reached the
design lifetime. Of these irradiation facilities, improvements of the power ramping test facility
(BOCA/OSF-1 facility) and the hydraulic rabbit No.2 (HR-2 facility) are described here.
1. Improvement of BOCA/OSF-1 Facility
The BOCA/OSF-1 facility was installed in 1974 for the purpose of solving the pellet-clad
interaction of a light water reactor fuel and of the power ramping test of high burn-up fuels. This
facility can carry out the power ramping test under the same conditions as the BWR operation. This
facility consists of a boiling water capsule (BOCA), a pressure control system which retains the fuel
sample in the BWR operating condition, a He-3 pressure control system which changes a power of the
fuel sample, an Oarai shroud irradiation facility (OSF-1) and a capsule handling machine which
enables the capsule exchange during reactor operation. A block diagram of the facility is shown in
Fig.l. Using this facility, power ramping tests of about 100 fuel samples has been carried out so far
and many useful results elucidating behavior of a light water reactor fuel has been obtained.
1.1 Enhancement of Neutron Flux
According to irradiation requirements of a high burn-up fuel, the performance improvement to
enhance heat rate of a fuel rod was carried out in 1988 by changing the material of the in-pile tube
from the austenitic stainless steel to the zirconium alloy and by changing the material of the 3He gas
screen from the austenitic stainless steel to the aluminum alloy. The neutron absorption cross
section of these materials is smaller than that of the stainless steel. Prior to the fabrication of new
in-pile tube and the He gas screen, the followings were carried out.
(a) Establishment of Design Standards
The design standards such as a tensile strength, an allowable stress, an elongation and so on for
the zirconium alloy were established at that time, because it had not been prescribed as a usable
structural material in a nuclear plant. Therefore, these design standards were determined by
literature survey and by verification tests on a basis of the ASTM standard. The strength calculation
-
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of the OSF-1 in-pile tube was carried out with these values.
Tritium trap Circulator

HD

n

r.-i-*•-."

Li!
—rxi—'
;.t " ' 3He gas pressure control system

BOCA pressure control system

^

control
computer

Specification
BOCA
Coolant
Press, of coolant
Flow rate of coolant
Linear heat rate
Thermal neutron flux

OSF-1
Location in core
Coolant
Press, of coolant
Temp, of coolant
T-healing rale

Light water
7.3 MPa
1 . 0 CD13/S

max. 60 kW/m
max. 2.6xl0 10 n/m 2 /s

D-9

Light water
: 0.4 MPa
: max. 90 t
: max. 2.5 W/g

Fig.l Block Diagram of Power Ramping Test Facility
(b) Study of Connection Method between Partition Tube
and 3He Gas Screen
The connection method between the partition tube in
the OSF-1 and the He gas screen were studied, because the
partition tube was made of stainless steel and the3He gas
screen was made of the aluminum alloy. If the general
welding method like a TIG welding is used, the connection
part does not have sufficient strength. Therefore, the friction
welding method was adopted, which is suitable for connection
between dissimilar materials.
The mock-up test was
conducted in order to grasp optimal conditions of the friction
welding and it was found that there was sufficient strength for
this connection part. A schematic drawing of the OSF-1 inpile tube is shown in Fig.2.
(c) Introduction of Electron Beam Welding
The length of the in-pile tube is about 8m, and the
straightness was one of the important factors when it was
fabricated.
It was considered that the deformation by
Fig.2 In-pile Tube of OSF-1

-

265 -

JAERI-Conf 99-006

welding was limited to be as low as possible. Therefore, an electron beam welding (EB welding)
was adopted instead of a TIG welding. Because a heat input time of the EB welding is shorter than
that of the TIG welding and a HAZ (heat affect zone) by the EB welding is also smaller though it is
necessary to prepare for a large vacuum chamber in which the long in-pile tube is held.
With regard to 3He gas screen, the TIG welding causes the defects like blowholes and
microcracks because it was made of a thick aluminum material. The straightness was also one of the
important factors. Therefore, the EB welding was also adopted to fabricate it.
1.2 Improvement of 3He Pressure Control
When the power ramping test was carried out before, the linear heat rate of a fuel sample was
estimated by the pressure of 3He gas in the 3He-gas screen. However, the accurate liner heat rate
could not be estimated by this method, because the neutron flux to the fuel sample varies somewhat
according to the positions of control rods even if the pressure of 3He gas is constant. Furthermore,
as data sampling period of He gas pressure was 10 seconds, operating the valve to control the
pressure was also every 10 seconds. Therefore, improvement of controlling the linear heat rate
automatically with a computer was conducted. The period of data sampling and valve operation was
improved to be 100 millisecond and the liner heat rate could be controlled from a temperature
difference between the inlet temperature and the outlet temperature of the OSF-1 coolant. From the
result of the improvement, the control precision was enhanced and various kinds of power ramp tests,
especially a short-term cyclic test, have enabled to be performed.
1.3 Development of Tritium Removal Device
Because tritium is generated by the nuclear transformation of 3He gas in the core region and its
contamination in every parts such as tubes, valves and so on increases gradually with long term
operation, a tritium removal device has been developed in order to evaluate the tritium behavior
adsorbed on the inner surface of tubes and valves and to master the tritium handling technique. Prior
to fabricate the device, the following were considered:
- Connections between pipes and equipment should be welding structure as much as possible.
Even if a mechanical attachment is used, a metal seal type of attachment should be used so that the
leakage of tritium becomes as low as possible.
- All valves to be used should be a vellows seal type.
- A circulating pump should be an oilless type.
- The almost of this device should be installed
sampling line
L(X}»+
in a hood and its inner pressure should be
pM I Mi
k ©
negative so that tritium did not release to the
atmosphere even if tritium leaks from the
device.
Table 1 Specification of Tritium Removal Device
Inlet tritium concentration
Outlet tritium concentration
Flow rate
Working pressure
Oxidation method

max. lxlO 7 Bq/cm3
less than 10 Bq/cm3
3 1/min
about -0.1 MPa
Pt catalyst

pump

mass flow controller
PI: pressure indicator,

reclaimer

TIC: temperature indicator & controller

Fig.3 Flow Diagram of Tritium Removal Device
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The flow diagram of the device is shown in Fig.3. The tritium is oxidized by an oxidation bed
with Pt catalyst and the tritiated water is removed by a refreshable molecular sieve bed. This device
can treat the tritium concentration of max. lxlO 7 Bq/cm and reduce it to less than 10 Bq/cm as
shown in Table 1.
2. HR-2 Facility
There are two hydraulic rabbit irradiation facilities, HR-1 facility and HR-2 facility, in the JMTR.
These facilities load rabbit capsules from the charging station into the reactor core and unload from
the core to the discharging station by changing the direction of the water flow in the facility during the
reactor operation. These facilities are utilized mainly for basic research and for the production of
short-lived radioisotopes.

In-pile tube of the HR-2 facility has been used for 24 years and irradiated neutron fluence
reached design limit. Therefore, it was renewed in the 1996. At the renewal, the irradiation
performance improvement was also achieved by changing installed location among the core to
enhance the neutron flux. A flow diagram of HR-2 facility is shown in Fig.4.
2.1 Characteristics of In-pile Tube
The purpose of the performance improvement was to enhance the irradiation neutron flux of the
facility. The target the neutron flux was about 4 times for fast neutron flux (>lMeV) and about
twice for thermal neutron flux in comparison with previous ones. These values were calculated by
the SRAC code system and new setting location in the core was determined. Furthermore, these
values were confirmed by dummy rabbits in which several kinds of fluence monitors were loaded to
estimate neutron fluence.
2.2 Matter Concerned on Performance Improvement
It was possible to enhance the irradiation neutron flux of the facility by installing the new in-pile
tube into the irradiation hole
where the neutron flux was
higher.
As the result,
however, the radiation fluence
for the in-pile tube itself was
accelerated, and the duration
of service of the in-pile tube
might shorten. The radiation
Reactor pool
shielding for the circulation
system of the HR-2 facility
had to be also considered,
because the radioactivity of
the HR-2 circulating water
might increase by enhancing
the irradiation neutron flux.
Considering above subjects,
Fi
the possibility of performance
8 - 4 F l o w Diagram of HR-2 Facility
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improvement were discussed on condition that the out-pile part of the HR-2 facility was not modified.
Main points were as follows.
(a) Change of Structure of In-pile Tube and Selection of Irradiation Hole
The strength of the welded joint is usually inferior to that of the base metal under neutron
irradiation. From the viewpoint of the lifetime of the in-pile tube, it was decided to design new inpile tube by shifting welding joint to the elevation out of active core to reduce neutron irradiation.
The M-9 irradiation hole was selected where new HR-2 in-pile tube penetrated the core of the JMTR.
The structures of new In-pile tube are shown in Fig.5.
(b) Radiation-Resistant Life Time of New In-pile Tube
25

2

The radiation-resistant lifetime of the in-pile tube was limited to be 3x10 n/m before for fast
neutron fluence on the basis of post irradiation examination results of the SS316 irradiated in the
JMTR. On the other hand, enhancing the irradiation neutron fluence shortened the duration of
service of the in-pile tube. As additional PIE, the mechanical property tests of irradiated SS316
specimen was carried out in the JMTR hot laboratory in order to collect data for neutron fluence from
3xlO 25 n/m2 to lxlO 26 n/m2.
The relationship between the neutron fluence and mechanical properties is shown in Fig.6. The
total neutron fluence of the new in-pile tube reaches 1x10 n/m2 after JMTR operations of 50 cycles
(about 10 years). From the results of PIEs, the residual elongation was assumed to be about 37% for
this fluence, and this value is larger than 10% which is a recognized value as a standard residual
ductility. Therefore, it was possible to enhance the
irradiation neutron flux without shortening the duration
of service of the in-pile tube.
2.3 Evaluation of Radiation Dose of Circulation
System
It was expected that the radioactivity of the HR-2
circulating water increased by enhancing neutron flux.
The main radioactivity sources are 16N which is created
by
O(n, p) N reaction and activated corrosion
products, for example Na, 51Cr and Co, which are
included in the water. It was confirmed by the
shielding analysis that the ability of the l N decay tank
installed in the canal was sufficient to decay the
radionuclide. Although the dose equivalent rate of the
area was expected to increase, it was also confirmed
within the acceptable level by the analysis.

Wrapper element

, Welded joint

Reactor lattice)
plate

Welded joint-

2.4 Nuclear Effect for Reactor
Previous in-pile lube

It was anticipated that reactivity disturbance by

New in-pile tube

Fig.5 Structure of In-pile Tube
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inserting or taking out rabbits

increased, because the new HR-2
in-pile tube was installed in the
irradiation hole nearer the fuel
region of the reactor core.
However, as a result of the
nuclear calculation, it was
confirmed that the value of the
reactivity disturbance would
remain as 0.03 %Ak/k or less,
within
prescribed
limit,
0.1
%Ak/k,
of reactivity
disturbance.

99-006

1000
• :Ultinute tensile strength
#:Elongalion

i:Yield strength
0 :Fracture strength

O :Absorbed energy

i

The expected y-heating rate
-'O
changed from 2 W/g to 6 W/g,
10"
10*6
Fast neutron fluence (n/m , E>lMeV)
and the heat input to the
circulating water increased. In
this case, it was also confirmed
Fig.6 Mechanical Properties of Irradiated Stainless Steel
by the thermal calculation that
the local boiling which cause a strong reactivity disturbance did not occur.

- >

2

3. Conclusion
Mentioned above, various kinds of improvements on irradiation facilities have been conducted
according to new irradiation requirements.
With regard to the OSF-1 facility, it enables to perform the following.
- The power ramping test of high burn-up fuel can be performed.
- The precision of estimating linear heat rate was enhanced.
- Various kinds of power ramping tests, especially a power cyclic test, can be performed
because the data sampling period became shorter.
With regard to the HR-2 facility, it enables to perform the following.
- The efficiency of the facility utilization including flexibility of irradiation scheduling will
increase by shortening irradiation time of each rabbit.
- Production and development of 7Cu, P and S become possible using enhanced fast
neutron flux.
- The irradiation test for the extremely minute radioactivation analysis for the basic research
becomes possible, because the fast neutron flux increases.
From now on, an improvement will be carried out for other irradiation facilities whenever there
is an opportunity of new irradiation requirements
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Korea Atomic Energy Research Institute
P.OBox 105, YusungTaejon, 305-600, KOREA

ABSTRACT
The Neutron Flux Monitoring System for HANARO provides reliable neutron flux
measurement from reactor shutdown to reactor full power level ranging 10 decades from 10°
nv to 1010 nv. The neutron flux monitoring system consists of a guarded fission chamber,
amplifier and signal processor. The neutron flux as the measure of reactor power is
continuously monitored by six(6) fission chambers mounted on the outside wall of the
reflector tank in the pool. Three(3) of the fission chambers are used for reactor power control,
while the other three(3) are used for tripping the reactor in case of power excursion. Only the
wide range fission chamber-based neutron monitoring system is employed for neutron power
measurement thereby source range and intermediate range detectors are not necessary and the
number of neutron monitoring channels are minimized at HANARO.
This paper discusses some design features and characteristics of the neutron flux
monitoring system for HANARO and its operating experiences. Some unexpected problems
and misbehaviors and their corrective actions taken during the nuclear commissioning are also
briefly introduced. It has been proved, through years of operation that the wide range neutron
flux monitoring system for HANARO has a good capability of providing the neutron flux
signals for reactor control as well as reactor protection.

1. INTRODUCTION
The HANARO is a 30MW open-tank-in-pool type reactor with the capabilities of testing
nuclear fuels, producing key radioisotopes, and performing neutron-activation analysis and
other nuclear physics researches. The first criticality has been achieved on February 1995.
The neutron flux as the measure of reactor power is continuously monitored by six(6) fission
chambers mounted on the outside wall of the reactor tank in the pool. Three(3) of the fission
chambers are used for reactor power control, while the other three(3) neutron detectors are
used for tripping the reactor in case of reactivity accident. Unlike other reactors, only the
fission chamber system is employed for neutron power measurement at HANARO, since it is
designed to measure the 10-decade neutron flux level from source range(shutdown) to 100%
of full power operation. This is why it is called "Wide Range(WR) neutron flux monitor". [1]
Three Neutron Detector Housings(NDH) are symmetrically attached to the reactor vessel and
-
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each NDH contains two sets of the fission chambers for power control and reactor trip
respectively. The wide-range neutron measurement system for HANARO consists of wide
range detector assemblies, amplifier assemblies and rack mount signal processor assemblies.
The detector assembly consists of a fission chamber, connectors, mineral insulated cables, and
solid-copper-sheathed coaxial cables that insert into a 3/4" aluminum pipe for waterproof.
The coaxial cable in the air then runs through a flexible metal hose to the amplifier.
2. DESIGN FEATURES
2.1 Mechanical Design
The neutron detector housing submerged in the reactor pool supports and positions the
neutron detectors - fission chambers. The housing consists of two instrument wells and
brackets to support them while facilitating the positioning requirements of the fission
chambers. Each NDH is mounted on the outside wall of the reflector vessel tank so that the
center line of the fission chamber is properly aligned parallel with the center line of the
reactor core(vertical). A carriage frame is free to move horizontally, radially towards and
away from the reflector vessel. This movement is necessary to accommodate the requirement
that the instruments be located over 200 mm range from 1100 mm to 1300 mm from the
reactor core for coarse calibration of the neutron detectors. [2] A drive screw has been
provided at the top of the housing in order to move the instrument wells attached to the
horizontal carriage frame. Figure 1 and 2 shows the location of the NDH in the reactor pool
and its simplified mechanical structure. During 5 years of operation, we have adjusted the
detector position 2 times. The current positions of the 3 NDH are 139.5 mm, 131 mm and 124
mm from the inner side of the adjustable range. Whenever the detector sensitivity is degraded
and it's not be compensated by electronic gain then it will be easily solved by moving
detectors inward using a remote tool.

Figure 1. Rx Pool - Section View

Figure 2. Rx Pool - Plan View
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Since the fission chamber and the cabling are immersed in the pool water, suitable
protection, i.e. a conduit has been provided. As introduced previously, the fission chamber is
expecting to be adjusted so some flexibility in the conduit, specifically near the detector part
was required. As shown in Figure 2, a 1200 mm flexible aluminum conduit was installed to
relieve too much stress in the weld joints.
The instrument wells are open top and bottom to facilitate convection cooling of the
instrument. Any heat generated in the housings must be transferred to the pool water without
requiring forced cooling. The NDH design places only the instrument well between the
reactor structure and the instrument. In addition, the NDH materials were selected so that
activation of the housings over time does not affect the instrument readings. That is why the
NDH was fabricated largely from aluminum. The neutron detector housings are designed to
survive the Design Basis Earthquake without losing their capability of supporting the neutron
detector instruments in the same relative position as prior to the event. [3]
2.2 Electrical Design
The fission chambers are housed in vertical wells installed next to and around the reactor
core. Each fission chamber is connected to its amplifier, via a 20 ft of mineral insulated cable
followed by a 50 ft of organic cable for a total of 22 meters. The neutron measurement system
for HANARO provides three different outputs, Log, Lograte, and Linear to be used for
reactor power control and reactor safety functions.
Wide range Log power covers the range 10"8% to 200% full power(10 decades).The lower
five decades operate utilizing a pulse counting circuit. The upper portion of the wide range
uses a Mean Square Variation circuit, well known as Campbelling. [4] These two signals are
combined by an auctioneer circuit to provide one continuous output over the 10 decade range.
The switch over from count mode to MSV mode occurs around 3xlO"3% full power(about
l.OkW). To avoid an unnecessary power discontinuity at the moment of the switch over, there
is at least one decade of range overlap on the output signal.
The derivative of the Log power provides a measurement signal that is proportional to the
change in reactor power per unit time. This lograte signal ranges from -15%PP/sec to
+15%PP/sec and it is used to limit the power increase rate below a predefined setpoint. If an
uncontrolled increase of neutron power occurs during operation and the increasing rate is
higher than the trip setpoint then the neutron measurement system invokes a reactor shutdown
signal as a protective action.
The Linear power circuit provides an output from 0% to 150% full power. Due to gamma
error at low and intermediate levels, this mode is most useful at higher power levels. The
HANARO control computer selects the Linear signal as a control signal when the reactor
power is greater than 6.5% full power, while it selects the Log signal as a control signal if the
reactor power is less than 6.5% full power. The ground return path from the fission chamber is
monitored for DC current, which is actually the sum of neutron and gamma currents. As
power increases, the portion of the gamma current will be much less than that of the neutron
current. The DC measurement inherently has less statistical variation than the pulse counting
mode, allowing the application of very simple circuitry with fast time response. [5]
Operating a fission chamber detector in the different modes described allows a single
detector and instrument channel to cover the entire range of reactor power level. Namely, this
wide range concept eliminates the short lived BF3 proportional counter and the need for a
compensated ionization chamber.
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3 COMMISSIONING AND OPERATING EXPERIENCES
3.1 Damaged Cable
One fission chamber cable was damaged during installation, and subsequently a possible
Infiltration of water may occur. Too much heat by the repair welding revealed damage to the
black shrink tubing that covers the inside cable. It was proved by the cable insulation checkup that the insulation resistance of the detector cables was clearly degraded. Part of the
problem was due to the flexible Aluminum conduit that houses the cable and which proved
too rigid and brittle. There are possibilities that the aluminum flexible hose may be broken
during the detector movement. With the original design, it is almost impossible to install or to
remove 12 meter long detector assembly in the congested reactor area immersed in the water.
As a result of all these problems, KAERI changed the detector cable design. As a prototype,
the new cable design has been applied to the damaged cable. In principle, the new cable
assembly should be flexible enough to handle it in the water with remote tool. Instead of the
aluminum rigid conduit, the flexible stainless steel was used for the cable conduit. That is, the
connection between the detector and the flexible stainless steel was established by the flange
joint, which was verified a complete water-tight. The new detector cable with much flexibility
will help us accomplish easy maintenance and replacement.
3.2 Lograte Oscillation Solved by N2 Vacuum purging
When the neutron measurement system was initially powered-up after installation, all of
the six channels were very unstable, especially at the lograte signals. Because no fuels were
loaded in the core, the system outputs including the lograte should be zero. On initial power
up of the systems we experienced mid scale log level indications on several channels with
lograte oscillations every few seconds periodically. Since the peak of the oscillations reached
almost 6%/sec, which is the trip setpoint, we could not live with this oscillations. Through
tremendous efforts of all system testing and check-out, it seemed fairly apparent from the fact
that the unstable oscillations was coming from moisture in the conduit of the detector cable.
We felt it therefore imperative that we rid the detectors and cables of all moisture before the
problem would get worse. This effort required us to construct a special unit which would
alternately apply a vacuum and then a nitrogen purge. The vacuum pump/nitrogen purge unit
with block valves was installed. First, the vacuum pump run at least 20 minutes to inhale the
moistured air from the cable conduit and then the valve in the nitrogen tank opened to let in
about 10 PSI of dry nitrogen at least 10 minutes. All these activities were repeated several
times. The channel, RU-06A was the worst channel with an oscillation about once every two
seconds. After nitrogen purge, we obsered one blip every 3 minutes. To prevent a reoccurence
of moisture, it was necessary to seal the end of the cable conduit with a sealant.
3.3 Linearity of the Log Power Signal
It was found during power increasing test on September 1996 that the neutron Log power
was abruptly changed down at the level of signal transfer from the COUNT circuit to MS V
circuit. This observation was the decisive moment for performing linearity study on the
HANARO neutron flux monitoring system. To clear up the cause of this behavior, the actual
output voltages were measured from the dedicative test points on the respective circuit board,
as reactor power was increasing step by step. At the same time, the output current from two
sets of Compensated Ionization Chambers(CIC), which were temporarily installed during
commissioning, were also recorded for the use as a reference signal. Figure 3 shows the
linearity behaviors from 70 W to 30 kW for the original system. The RPS Channel, RU-06A
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was selected for the subject of this study. As shown in Figure 3, there are two major problems
in the Linearity curve of the Log signal. One is the voltage deviation at the crossover between
the COUNT and the MSV signal. The other is that the changing slope of the COUNT output,
compared with the reference signal from the CICs is much different from that of the MSV
output. This may produce a faulty indication of reactor power at low power levels.
Differences in shapes are readily apparent
The linearity data, which were taken as the reactor eas increased in power, were sent to
manufacturer's engineering group and a follow-up measures based on the analysis were then
fed back to the field. Through step by step trouble shooting activities, which included minor
circuit modifications and alignment procedure changes the linearity characteristics have been
successfully improved and now exceed minimum performance requirements. The final
improved linearity shows in Figure 4. Now the MSV and LCR outputs match within the
specification accuracy requirements from less than 4V to just over 6V - over two decades.
Over one decade range from 4.75V to 5.75V the instrument exceeded the specification
accuracy requirements by a factor of 10. [6]
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Figure 3. Linearity Curve for original system

Figure 4. Final Linearity Curve

3.4 Front Panel Modifications
During almost five years of operation experiences, some problems, which related to the
signal processor, were raised by a system engineering group in the HANARO. Through the
extensive discussions with manufacturer, a new front panel design has been proposed and the
purchasing work is in progress. The new front panels with analog meters, knob select
switches, full power gain potentiometer, and new log amplifier board. These changes
eliminate existing plasma bargraph displays and plasma high voltage power supply. This
plasma bargraph was a heat source in the signal processor, which is bad for the inside circuit
boards. With the new design, signal processor drawers do not need to be racked-out for access
to circuit cards in order to perform calibration for full power alignment and system inspection.
The front panel will include a Level Test switch for setting calibration/operation modes, an
Output select switch, a BNC jack for monitoring signals, and LEDs for Non-op, Channel in
Test and Power on indicators.
The Level Test switch provides front panel testing of the calibrated levels without
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requiring the chassis to be "racked-out". The new Log amplifier board provides easier full
power alignment method. The new log amplifier uses a single gain potentiometer on the front
panel. No longer are there any adjustments required for aligning the COUNT signal to the
MSV crossover point. Proper alignment of the Log power circuit happens automatically
through internally generated signal which sets the count rate to MSV crossover for proper
overlap. It is sure that HANARO can benefit greatly from these improvement changes.
4. SUMMARY
The Wide Range neutron flux monitoring system for HANARO was introduced briefly
and also several operating experiences were discussed. Now the system is stabilized and
operating without any problems. The things we need to do in the future is to prepare for the
front panel modification and to develop a specific remote tool for removal or installation of
the fission chamber located in the deep pool water.
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ABSTRACT
The first instrumented capsule (97M-01K) was designed, fabricated and successfully
irradiated in the CT and IR2 test holes of HANARO. The purpose of the capsule was to
evaluate the nuclear characteristics of the test holes and to obtain design data for nuclear
reactor material capsule. There are 5 stages having specimens and independent electric
heaters in the capsule mainbody. The temperatures of the capsule parts were controlled by
He pressure in the capsule and heater power, and in-situ monitored through 12
thermocouples. 4 sets of Fe-Ni and Al-Co Neutron Fluence Monitors were also inserted in
the capsule to evaluate the thermal and fast neutron fluences.
The effects of reactor power, He pressure in the capsule, and heater power on the
temperature of the specimens were investigated to get useful information for capsule design.
During the test, the reactor power was increased by 5MW up to 20MW, and the He
pressure and heaters in the capsule were varied in the range of l~0.01atm and 0~117W/cm,
respectively. The measured values are discussed and compared with the theoretical values
obtained using computer programs of thermal calculation.
Based on the obtained results and experience, a new capsule will be designed for the
irradiation of Korean reactor pressure vessel materials. In this paper, several technical
points in designing HANARO material capsules were also discussed to improve performance
and capability of the developed capsule.

1. INTRODUCTION
Various irradiation facilities such as the shroud irradiation facilities, the loop facilities, and
the capsule irradiation facilities for the irradiation tests of nuclear materials, fuels, and
radioisotope products have been developed in HANARO (High flux Advanced Neutron
Application ReactOr) [1]. Among irradiation facilities, capsule is the most useful system to
cope with the various test requirements.
For various purposes such as new alloy and fuel
developments and life time estimation of nuclear power plants, various types of capsules are
under development in HANARO. Extensive efforts have been made to establish design and
manufacturing technology for the instrumented capsule and temperature control system,
which should be compatible with HANARO's characteristics [2-4]. The first instrumented
capsule (97M-01K) was designed and successfully fabricated. The capsule related systems
including capsule temperature controlling system, supporting system and cutting system were
also developed.
The 97M-01K capsule was irradiated in the CT and IR2 test holes of HANARO. The
purpose of the capsule was to evaluate the nuclear characteristics of the test holes and to
obtain design data for reactor material capsule. The effects of reactor power up to 20MW,
He pressure in the capsule, and heater power on the temperature of the specimens were
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investigated and compared to the theoretical values obtained using computer programs. In
this paper, several technical difficulties in designing HANARO material capsules, such as the
discrepancy between measured and calculated specimen temperatures, the temperature
differences of specimen in radial and axial directions, and the small volume fraction of the
specimen among the capsule were also discussed.
Based on the obtained results and experience, a new capsule for the irradiation of Korean
reactor pressure vessel materials is under design. This type of capsules will be used in the
irradiation of several nuclear reactor materials and components including nuclear fuels near
future.
2. EXPERIMENTALS
2J Irradiation Condition
The capsule was inserted in the CT and IR2 holes of HANARO and irradiated during
6-8-2 and 6-11-4 cycles for about 8 hours, respectively. The typical irradiation condition of
the specimen in the CT and IR2 holes as shown in Fig. 1 at 30MW HANARO power are
calculated as follows [5].
Thermal neutron
4.29/3.85 x 1014 cm"2 • sec"1
Fast neutron (E>0.821 MeV)
2.07/1.93 x 1014 cm"2 • sec"1
Heat generation
10 w/g (for stainless steel)

Figure 1
Core configuration of HANARO.

Banned
ST4

Because HANARO is being operated at 20MW reactor power at these days, the gamma
heating rate and neutron fluence of the specimens in the CT and IR2 holes were calculated
using MCNP code [6-8]. In the MCNP calculation of gamma heating, the effect of delayed
gamma ray was considered that 1.8 times of primary gamma was used as total amount of
gamma heating. Fig. 2 shows the axial distribution of the gamma heating rate of the
specimens in the CT hole at 20MW. It varies in the range of 1.11—5.85 w/gm for stainless
steel 304 along the axial position of reactor core. The maximum peak appears at -13.48cm
below the center of reactor core. This lower peak position of HANARO than that of JMTR
(-7.5cm below the core center) seems to be related to the reduced reactor power.
The axial distribution of the fast neutron fluence (E>0.821 MeV) of the specimen
irradiated in the CT hole is shown in Fig. 2. It shows simmilar shape to the gamma
heating that varies in the range of 7.66xl017~3.42xl018 n/cm2. The fast neutron fluence of
the specimen in the IR2 hole was calculated in the range of 7.89xl017-3.32xl018 n/cm2.
Therefore, the specimens of 97M-01K capsule were irradiated in the range of 1.55xlO18~
6.74xl018n/cm2.
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Figure 2 The axial distribution of the y heating rate and neutron fluence of the specimens
in HANARO CT and IR2 holes.
2.2 Capsule Design and Fabrication
The first HANARO instrumented capsule, 97M-01K, was designed as shown in Fig. 3.
The instrumented capsule is a cylindrical shape, and it has the outside diameter of 60 mm
and length of 877 mm. It consists of three parts which is connected each other: protection
tube (5 m), guide tube (7 m) and capsule mainbody (955mm). This capsule system was
proved to be safe during HANARO irradiation through structural integrity analysis including
thermo-hydraulic and seismic analysis [3], The main body including specimens and spacers
has 5 stages having independent electric heaters and contained 12 thermocouples and 4 sets
of Fe-Ni Neutron Fluence Monitors. Heaters and thermocouples are connected to capsule
temperature controlling system through Guide Tube and Junction Unit system. The
irradiation temperature of the specimens is crucially determined by the gamma heating and
can be finally adjusted to the desired value by the gas control system and electric heater.
Therefore, parametric irradiation tests of irradiation temperature and neutron flux can be
precisely performed with this capsule.
Based on the dimensions of the major parts, the details of the capsule mainbody were
designed.
The temperatures of the capsule parts were calculated using GENGTC and
HEATING2f codes. Using the thermal design data, the capsule was proved to have enough
strength during irradiation tests [3].
2.3 Specimens and Instrumentations
There are 5 stages having specimens and independent electric heaters in the capsule
mainbody. The details of the specimens are described in the Table 1. In this capsule,
round bar type specimens of stainless steel 304 are inserted in the center of stages 1, 3 and
5 for the measurement of the nuclear characteristics of HANARO test holes. In the center of
2 and 4 stages, various type of specimens such as Sharpy, Tensile, (Small) Punch, MBA,
TEM, Round Bar of SA508-3 steel that was commercially fabricated by HANJUNG Co.
for the domestic nuclear power reactors of Yonggwang Units 3-4.
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Figure 3 Drawing of HANARO instrumented capsule (97M-01K)
The temperatures of the capsule parts were controlled by He pressure in the capsule and
heater power (THERMOCOAX, 1.4KW), and in-situ monitored through 12 K-type
thermocouples. 4 sets of Fe-Ni and Al-Co Neutron Fluence Monitors were also inserted in
the capsule to measure the thermal and fast neutron fluences. Heaters and thermocouples
are connected to capsule temperature controlling system.
Table 1. Specimens loaded in the 97M-01K Capsule
Holder
1,5
3
2

A

Specimen
Round Bar
Round Bar
Round Bar
Small Punch
Tensile
Small Punch
Sharpy
MBE
TEM
Round Bar

Remark
Materials Number
HANARO Nuclear
1
STS 304
1
STS 304
Properties
SA508-3
2
tt
50
Irradiation of
tt
14
tt
RPV materials
87
manufactured by
12
SA508-3
tt
HANJUNG Co.
12

Size (mm)
016 x 120
010 x 120
010 x 30
08.9 x 0.5
5.0x0.94x25.4
03.0 x 6.25
3.33x3.33x18
3.33x1.0x18
03.0 x 0.01
010 x 30

tt
tt

70
2

2.4 Capsule Relating Systems
For the development of entire instrumented capsule system, the capsule related systems
including capsule supporting, connecting, controlling, and cutting systems were also
developed. Three sets of cantilever type capsule supporting system for CT, IR1 and IR2
test holes have been installed at the location of the platform level of reactor that is 5.5
m in height from the bottom of the capsule.
At the Junction Unit system, heaters and thermocouples can be easily connected and
seperated from the capsule controlling system after irradiation test. The capsule temperature
control system, called VHC-M1, consists of three subsystem: a vacuum control system, a
multi-stage heater control system, and a man-machine interface system. After irradiation
test, the main body of the instrumented capsule has to be cut off at the protection tube
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by using the cutting system and be moved to IMEF by HANARO fuel cask.
3. RESULTS AND DISCUSSION
3.1 Irradiation Test in CT and IR2 Holes
The capsule were inserted in the CT and IR2 holes of HANARO and irradiated for
about 8 hours at 20MW, respectively. During the irradiation, parametric tests of vacuum
and heater power were performed to obtain capsule design data. The temperatures of the
capsule parts increased as the reactor power was increased by 5MW up to 20MW and as
the He pressure and heaters in the capsule were varied in the range of l~0.01atm and 0 ~
117W/cm, respectively. The measured temperatures of the capsule parts are discussed and
compared with the theoretical values obtained using computer programs of thermal
calculation. Fig. 4 shows the measured and calculated temperatures (by using GENGTC
code) of the stage 3 specimen in the radial direction of 97M-01K capsule inserted in CT
hole of HANARO. The measured temperatures of capsule parts were higher than the
theoretical values calculated by using 1.8 times of primary gamma as total gamma heating
rate.
By using the 2.0 times of primary gamma as total gamma heating rate, the
temperatures of the specimens were increased up to 15 °C and approached close to the
measured values. The difference between calculated and measured temperatures of Al
spacer was larger than the specimen and it seems to be related to the inhomogeneous
composition of the spacer of A1050.
500
(Calculated)
0.4(K tltmH# )

Stage 3

(Measured)
0.05 atm He
n

W/cm
W/cm
117 W/cm

400

CO

0.05 atm He

1 atm He

1 atm He
n W/cm
W/cm
117 W/cm

0-4(K 1atmHe )

•

A
O
D

A

1 atm He

100
Specimen
0.0

0:5

(Gamma Heat Rate: 4.59 W/g)
1.0

1.5

2.0

2.5

3.0

Dimension (cm)
Figure 4 Measured and calculated temperatures in radial direction of 97M-01K
capsule inserted in CT hole of 20MW HANARO.
The temperature of the specimens was changed by adjusting the internal He pressure and
micro-heater output. With decreasing the He pressure up to O.OSatm, the temperature of the
specimen parabolically increased up to the target temperature of 2901:. These values can be
also obtained theoretically by using the 0.4KHe,iatm (0.4 x conductivity of latm He) as the
conductivity of the gaps between the parts.
The temperature of the specimens was
increased by 12~33°C with increasing the heater power up to 116.7W/cm.
The results obtained in the IR2 tests were basically similar to the CT hole tests, but the
temperature of the specimens showed a little lower values in general by 15~35°C. It was
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already expected in theoretical calculation.
3.2 Improvements in Capsule Design
The specimens of the 97M-01K capsule were irradiated up to the fast neutron fluence
(E>0.821 MeV) of 6.74xlO18 (n/cm2). Therefore, the specimen will be reached to the
life-time irradiation of 7.26x10 n/cm2 after about 7 days' irradiation. However, there are
still several technical difficulties in designing HANARO material capsules, such as
discrepancy between measured and calculated specimen temperatures, temperature differences
of specimens in radial and axial directions, and small volume fraction of specimen in the
capsule.
Based on the obtained results and experience, we are under design a new capsule for the
irradiation of Korean reactor pressure vessel materials. In that capsule, real size specimens
including round compact tension, insert sharpy, tensile specimens will be inserted. The
heater capacity will be increased up to 250W/cm. Multi-hole structure and variation of gap
size between specimen and spacer along axial direction will be applied in the capsule design
to obtain uniform temperature distribution along axial and radial direction. For more precise
prediction of specimen temperature during irradiation, 3-dimensional ANSYS code will be
applied to the thermal analysis of the capsule.

4. SUMMARY
1. The first instrumented capsule (97M-01K) was designed and successfully irradiated in
the CT and IR2 test holes of HANARO to evaluate the nuclear characteristics of the test
holes and to obtain capsule design data.
2. The temperature of the specimens was greatly affected by reactor power, He pressure
and heater output. The temperature increased by about 167-190 TC with the increase of
reactor power up to 20MW, about 65 °C with the decrease of He pressure up to 0.05atm, and
about 12~33t! with the increase of heater up to 117W/cm, respectively.
3. Based on the obtained irradiation data, technical difficulties in designing capsule for RPV
material irradiation were analyzed and improved.
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Abstract
The Department of Hot Laboratories (DHL) operates three hot cell facilities, which are the
Reactor Fuel Examination Facility (RFEF), the Research Hot Laboratory (RHL) and the Waste
Safety Testing Facility (WASTEF). The RFEF is especially examining the reliability of actual
power reactor fuel assemblies for PWR and BWR. The RHL is established to perform post
irradiation examinations (PIEs) for fuels and materials irradiated in research and test reactors. In
the WASTEF, Synroc and new ceramic waste forms were prepared and investigated for the safety
disposal of high level radioactive waste.
At present, one of concentrated works is the PIE of high burnup fuels, for which the RFEF
improved and developed several apparatuses such as thermal properties measurement and
microscopic analysis. The other is the PIE concerning with studies of component aging and
structural reliability, for which the charpy impact-testing machine is instrumented and a low-cycle
and high-cycle fatigue test apparatus is now under developing in the RHL. This paper describes these
development and application of PIE apparatuses in DHL.

1.

INTRODUCTION 0 '
In the RFEF, the main purpose of PIE in 3 Y cells is to verify the integrity of fuel and confirm

the margin of current LWR fuel design. At present, thermal diffiisivity measurement apparatus was
installed, and also heat capacity measurement and density measurement apparatuses are under
developing in order to obtain thermo-physical properties of irradiated fuel pellets. In addition, a
shielded type EPMA was installed in a Y lead cell for detailed observation and analysis of
plutonium fuels such as U-Pu mixed nitride fuels and rock-like fuels.
In the RHL, the existing Charpy impact-testing machine was remodeled in order to improve its
-
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accuracy and reliability. The other new technique is developed to determine the post-irradiation
fatigue characteristics of structural and fuel cladding materials as low and high-cycle fatigue test
technology with the function as a tensile test equipment.
2. Development and Application of PIE Apparatuses in REEF
2.1 New PIE apparatuses for thermal properties measurements
Measurement of thermal properties of fuel pellet is very important to evaluate fuel behavior in
high Burnup State. In the RFEF, several thermal property measurement apparatuses were installed
and developing.
a) Pellet Thermal Diffusivity Measurement apparatus(PTDM)(2)
PTDM based on the laser flash method was developed to determine the thermal diffusivity of
irradiated fuel in a wide temperature range up to 1800°C. The laser flash method is adopted on
judging from the advantages such as the small size specimen, high-speed measurement and the
simply construction. PTDM is composed of a heating furnace, laser oscillator, temperature
measuring, vacuum pumping and data processing systems. The heating furnace is separated from the
specimen by a tantalum tube to avoid the contamination. Block diagram of PTDM is shown in
Figure 1.
The specimen of about 3 mm in diameter and 1 mm in thickness with uniformity in thickness
within ±0.01 mm is prepared in the hot cell by slicing the short fuel rod (10 -150 mm long) using a
precise diamond wheel cutter with cooling water. The specimen is transferred from the hot cell to
PTDM after setting specimen holder. The temperature of the specimen is measured by a W-Re
thermocouple. The laser head is kept in a constant temperature using circulating distilled water to
maintain the stable laser power in the region above 6 J/pulse within 0.5 msec of the pulse width. The
temperature change on the back side of the specimen is measured by an In-Sb infrared detector
which has an excellent time response up to 1800 °C. A He-Ne laser in the rear of a ruby laser is
used to adjust the light paths of the laser beam and infrared ray. The data sampling time on the
temperature is changed from 1 sec to 2 msec in 12 steps by personal computer (PC).
The thermal diffusivity measuring apparatus has been successfully applied for irradiated fuels.
For example, the result of thermal diffusivity of UO 2 pellet with reference data is shown in Figure 2.
b) Pellet Thermal Capacity measurement apparatus(PTC) and Micro Density Measurement
apparatus(MDM)
The RFEF is developing two new apparatuses to improve the accuracy of thermal conductivity
of irradiated UO2. The thermal conductivity ( K ) is calculated from the following equation:
K
=
a • Cp • p
where a is The thermal diffusivity from PTDM , C pis the thermal capacity and p is the
density, the thermal capacity and the density are generally referred from previous works.
Experimental data are strongly needed for the more detailed evaluation of high burnup fuel behavior.

-

286 -

JAERl-Conf

99-006

PTC based on differential scanning calorymety and MDM based on immersed method (metaxylene) are developing to measure the thermal capacity and density of small sample as the same as
PTDM's specimen. Relation among PTDM, PTC and MDM is shown in Figure 3.
2.2

New PIE apparatus for microscopic analysis
In progressing of high bumup program, further microscopic observation and analysis of

irradiated fuels and materials are needed to understand fuel behavior of LWR and MOX fuels.
a) Shield-type Electron Probe Micro Analyzer for a y cell ( a y EPMA)
Observation and analyses of micro-region on pellet and cladding are important to study the
irradiation behavior of Plutonium-additive fuels such as U-Pu mixed nitride fuel, Mox fuel with
higher bumup in LWR and Rock-like fuel. The RFEF installed a y EPMA in a a Y lead cell with
inner box. a Y EPMA consists of beam, sample, vacuum, control and Energy Dispersive x-ray
Spectroscope(EDS). Inner box (made of SUS304) has a closed ventilation system with Ar gas in
order to prevent oxidation of samples. A schematic installation is shown in Figure 4. Secondary
electron detector and EDS were equipped with collimaters and shieldings for preventing radiation
damage. The data and image processing system is controlled by Personal Computer instead of CRT
camera.
The RFEF conducted PIE of Rock-like fuel (ROX ) to demonstrate the usefulness of
plutonium-burning system (4). ROX sample contained with fuel pin has been irradiated in JRR-3M.
ROX sample consists of two oxide systems of PuO2-ZrO2 and PuO2-ThO2 disks. Figure 5 shows
typical results of SEM and distribution of FP in PuO 2 -ZrO 2 . a Y EPMA will be fully available for
observation and analyses of micro-region on Plutonium-additive fuels since 1997.
3. Development and Application of PIE Apparatuses in RHL
Mechanical properties of pressure vessel steels and fuel cladding of LWR's at the post
irradiation state are the key parameter for the evaluation of safety, structural integrity and lifetime as
well as the material development. The mechanical tests at RHL have been performed for 37 years to
support R&D works in this field at JAERI.
3.1 Remodeling Charpy Inpact Testing Machine(CITM)
The CITM was redesigned and modified in the hot cell in order to clarify the neutron irradiation
embrittlement behavior of LWR pressure vessel.
This machine instrumented with electronic measuring devices to detect an impact force and a
displacement of specimen has an automatic specimen setting system. The block diagram of
instrumented Charpy impact-testing machine is shown in Figure 6.
The load capacity is 300J and it is possible to test in the temperature range from -140 to 240°C by
using two types of agitated liquid baths. The test temperature accuracy is within 0.5°C. The test
specimen is transferred from the cooling (or heating) bath to an anvil of the machine using industrial
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robot, and struck by a hammer within 4 sec after removal it from the medium. The test items are Vnotch Charpy impact test and K i d dynamic fracture toughness test. The sensor for the load detection
was composed of two semiconductor active strain gages on the tup and two dummy gages put on
near the hammer. Moreover, a potentiometer for the displacement detection was inserted and fixed to
the hammer shaft. These signals from sensors are recorded in the wave-memory with the capacity of
32Kwords*2 channels. Collected data are utilized for data processing and analysis.
3.2 Development of remote system technology for Fatigue Testing Apparatus (FT A)
Developed testing machine, which has two kinds of tandem road cell with parallel servo
control actuator, is electronic hydraulic servo fatigue testing machine. By exchanging the test fixtures
with remote handling, the machine is utilized for a high-cycle fatigue test with arc-shaped specimen
machined from LWR fuel cladding, a low-cycle fatigue test with round specimen from structural
materials, a crack propagation test and a high-frequency test. Moreover, tensile test, plain strain
fracture toughness test and the fatigue pre-cracking for fracture toughness specimen are also
possible.Test temperature range is from -140°C to 450°C in air atmosphere. The specification and
performance of fatigue testing machine is shown in Table. 1.
4. CONCLUDING REMARKS
As described above, the DFIL is actively used in a wide range of PJEs and are being contributed
for the advance of R&D works in JAERI. The development of new and advanced PIE techniques is
now very important from the viewpoint of progress of innovative and basic researches as well as
R&D in nuclear energy.
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Table. 1 Specification and performance of the fatigue testing machine

(T) Type of machine
(2) Capacity
® Performance
for high-load
for low-load

®

Uti lization
mechanical tests

preparation work
Test conditions

Fatigue testing machine equipped an Electro-hydraulic servo
actuator
SHIMADZU EHF-ED20KN-20LA
Load frame
; ±100KN(dynamic load)
dynamic load , static load
Main load eel I use
±20KN
, ±30KN
Sub load eel I use
±2KN
,
±3KN
Load range
± 0 . 2 to 20KN, ±0.2 to 30KN
Frequency range
10~ 5 — 102
Hz
5
3
Actuator speed
1.56X10" —10
mm/sec
; 6.25X10~ 7 ~6X10 2 KN/sec
Tension/compression tests as follows,
Fatigue test (full-reverse);
High-cycle and Low-cycle fatigue tests
Crack propagation test and high-frequency test
Static test ; Tensi le & Plan strain fracture toughness tests
(unloading compliance method)
Fatigue pre-cracking for fracture toughness specimen
Temperature; -140~450°C in thermostat ic chamber
Atmosphere ; air
Alignment ; Bending strain during the full-reverse fatigue
test is within 5 % of axial it.

Specimen
for fatigue test

Round specimen with button head connection(standard)
Total length
; 44 mm
Parallel part
; 0 4 X 8 mm , G.L 6 mm
Shoulder radius ; R15.6mm
Arc-shaped specimen taken from LWR fuel cladding
Total length ; 40mm
Parallel part ; 2.5WX5LX0.7T mm
; PP. 0 4 X 2 2 X T L 5 5 mm
for tensi le tests Round specimen
Arc-shaped specimen; PP.2.5WX15LX0.7TXTL40 mm
for fracture
CT type ; 0.4CT, 0.5CT, 0.63CT
toughness test
DCT type ; 0.4DCT, 0.5DCT, 0.63DCT
pre-cracking
3-points bending fracture toughness specimen
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ABSTRACT
The newly developed techniques by the Hot Laboratory (JMTR HL) have provided for us the
key information on behavior of specimens due to mechanical / physical / chemical / synergistic
effects of radiation, stress and water for fission and fusion reactor environment. These
techniques are focused on several topics as follows;
(1) miniaturized specimen test for the development of fusion reactor materials, (2) slow strain
rate tensile testing (SSRT) and crack propagation measuring tests for the study of Irradiation
Assisted Stress Corrosion Cracking (IASCC) of core internals of LWR, (3) handling technique
on specimens including tritium for the research and development of tritium breeders and neutron
multiplier as fusion blanket materials, (4) joining method using the Tungsten Inert Gas (TIG)
welding technique for re-assembling of capsule and re-fabrication of specimen and (5)
nondestructive evaluation using ultrasonic wave and infrared thermography for the quantitative
evaluation of irradiation brittleness of key components of fission and/or fusion reactor. The
mutual exchange of PIE information, interchange of researchers and mutual utilization on PIE
facilities are indispensable to raise PIE potentials and to get the break-through in the study of
nuclear power.
1. INTRODUCTION
The Hot Laboratory (JMTR HL) associated with the Japan Materials Testing Reactor (JMTR)
was put into service in 1971 to examine specimens irradiated mainly in the JMTR. A wide
variety of post-irradiation examinations (PIEs) for research and development of nuclear fuels and
materials to be utilized in nuclear field is available in three kinds of (3 - y hot cells in the JMTR HL.
These examinations are on LWR high burn up fuels subjected to power ramping test, NSRR test
fuel, structural materials for LWR, HTTR and fusion reactor, shape memory alloys and others.
In addition to PIEs, re-capsuling including re-instrumentation [1] are currently conducted for the
power ramping test using the Boiling Water Capsule (BOCA) [2] or for the coupling irradiation
test [3]. In this paper, the functions of JMTR HL, current PIE activities and advanced and
future PIE potentials in the Hot Laboratory are represented.
•2. FUNCTIONS
The JMTR HL is located adjacent to JMTR through a canal for transportation of capsules
irradiated in the JMTR and a lot of fuel rod segments irradiated in power reactors are carried into
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the JMTR HL as shown in Fig. 1. Re-instrumented capsules for re-irradiation are transported
through a canal to the JMTR. Irradiated specimens and radioisotope (RI) drawn out from the
irradiation capsules are supplied to the HL of Tohoku University and RI production facility of
JAERI.
Figure 2 shows the arrangement in the ground floor of the hot laboratory. Three kinds of
(3 - y type of cell, i.e. 8 concrete cells attached with 4 microscope lead cells, 7 lead cells and 5
steel cells are available for post irradiation examinations (PIEs) of irradiated fuels and materials in
the JMTR HL. No a type of cell for MOX fuels is provided and six globe boxes for handling
tritium can be used for the study of fusion blanket materials irradiated in the JMTR. Loading
and unloading capsules, dismantling irradiated capsules, re-capsuling irradiated samples, reinstrumentation of specimens, destructive and nondestructive examinations of fuel specimens,
microstructural observations of fuel specimen and material are performed in the concrete cells.
The lead and steel cells are used for many kinds of material tests such as tensile test, Charpy
impact test, miniaturized specimen test, slow strain rate tensile test, stress corrosion cracking test,
fatigue test, fracture toughness test, creep test and Scanning Electron Microscopy (SEM).
3. CURRENT PIE ACTIVITIES
3.1 Re-instrumentation for study of the light water reactor fuel
The information on FP gas pressure and centerline temperature of fuel pellets during power
transient testing is important to study the pellet cladding interaction mechanism of high burn up
LWR fuel rods. Re-instrumentation techniques of FP gas pressure gauge or centerline
thermocouple were developed in 1990 and 1994, respectively and have already been put in
service to users using the BOCA, Figure 3 shows the re-instrumentation procedures of a
thermocouple to an irradiated fuel rod. This technique consists of several steps; fixation and
freezing technique for irradiated fuels to be very brittle after irradiation in LWR, drilling technique
to make a center-hole of irradiated pellet, removing techniques of small tips of pellets during
cutting and welding technique to join the FP pressure gauge with the instrumented fuel having a
centerline thermocouple. In this technique, the JMTR-HL make an important role as an
interface between a reactor (irradiation technique) and a hot laboratory (post irradiation
examination) to combine the JMTR with commercial type of the light water reactor (LWR).
3.2 Slow strain rate tensile testing (SSRT) for Irradiation Assisted Stress Corrosion
Cracking (IASCC) study
By the slow strain rate tensile testing (SSRT) method, the susceptibility of the irradiated
specimen to the Stress Corrosion Cracking (SCC) can be evaluated under environment of high
pressurized and high temperature water. This testing machine has a tensile testing machine, an
autoclave and a water circulating system through purified water. The IASCC susceptibility and
fracture morphologies are obtained from the fractions of SCC area which were measured by a
remote-controlled scanning electron microscope (SEM) in JMTR HL. In the recent study of
IASCC susceptibility, the dependence of the type 304 and 316 models stainless steels to IASCC
susceptibility on alloy composition, neutron fluence and dissolved oxygen is reported using
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SSRT experiments [4].
3.3 Miniaturizing testing
Because of the limited volume available for the irradiation experiment, the miniaturization of
the specimens (0.1 to lmm in minimum dimension) is inevitable to utilize such a facility as high
energy intense neutron source and furthermore and furthermore to reduce radioactive wastes and
efficient use of surveillance test specimens of light water reactor pressure vessels.
Developments of the small punch test machine [5], electrical discharge machining device and
a computer-aided micromanipulator for handling of the miniaturized specimens have been
successfully carried out at the JMTR HL. The load-displacement curves are obtained from the
small punch test as shown in Fig. 4. The ductile to brittle transition temperature, fracture
toughness and so forth are also evaluated from the curves. Furthermore, the research and
development for hardness test, impact test and so forth with miniaturized specimens have been
carried out as the future techniques.
3.4 Tritium handling
Beryllium is expected to be used as a neutron multiplier and plasma-facing material in a fusion
reactor, and beryllium irradiation studies have been performed to obtained engineering data for
fusion blanket design. The most important point of PIE for beryllium is to manage the amount
of tritium released from neutron irradiated tritium samples. Figure 5 shows a new facility for
post-irradiation examination of neutron-irradiated beryllium constructed in the JMTR HL [6].
This facility consists of four glove boxes, a dry air supplier, a tritium monitor and removal
system, and a storage box for neutron irradiated samples. The maximum amount of tritium
handling in the facility is 7.4 GBq day"1.
3.5 Welding technique
Welding technique is one of the key issues to support the PIE. In the JMTR HL, four kinds
of welding techniques have already been developed to manufacture; (1) new capsule with
irradiated specimens for irradiation (re-capsuling technique), (2) new specimen for re-irradiation
produced by joining an unirradiated specimen to an irradiated specimen (joining technique), (3)
new re-instrumentation type of fuel rod to combine the FP gas pressure gauge with the
thermocouple for measurement of centerline temperature (re-instrumentation technique) and (4)
new Co-60 source for gamma ray radiation by re-using the reactivity adjusting elements of an
in-core component, which were made of cobalt alloy, for adjusting reactivity of JMTR (re-using
technique for in-core component).

4. ADVANCED AND FUTURE PIE POTENTIALS
4.1 Achievement of PIEs with high efficiency, high performance and high speed
Increase in operation speed for PIEs is one of the key issues to improve the quality of PIEs.
For this issue, the following items are very effective to promote PIEs; (1) accomplishment of
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PIEs for mechanical testing and (2) automation of decontamination and quick replacement of.
installed PIE apparatus.
4.2 Application of advanced NDT technique
The radiation induced effects [7] are not necessarily in accordance with post-irradiation
phenomena due to differences of time dependence on nucleation, formation and aggregation
morphology of defects as is suggested in elsewhere [8]. According to recent research using UT
[9], changes in ultrasonic velocity is associated with those in attenuation coefficient and both
properties include attractive characteristics of stress fields around defects and dynamical elastic
content, respectively. Figure 6 shows the schematic diagram of the ultrasonic wave
measurement system installed in the lead cell of the JMTR Hot Laboratory to examine the
characteristics of the ultrasonic wave for the irradiated Charpy specimens. And furthermore,
detection limit can be qualitatively presented by the theoretically three-dimensional analyzing
approach using infrared thermography [10]. The NDT can be applied to the evaluation to
mechanical properties of irradiated specimens. In JMTR HL, the application of NDT to PIEs
has been accomplished as a new useful PIE technique on UT and infrared thermography.
4.3 Future plan of JMTR Hot Laboratory
There are many PIE facilities around the JMTR HL as shown in Fig.7. The mutual
exchange of PIE information among PIE facilities around Oarai site of JAERI, interchange of
researchers and mutual utilization on PIE facilities are indispensable to raise the scientific and
technical potential on PIE and to get the break-through in the study of nuclear power.
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ABSTRACT
The analysis of the TRIGA-II core at the Musashi Institute of Technology Research Reactor
(Musashi reactor, 100 kW) was performed by the three-dimensional continuous-energy Monte Carlo
code (MCNP4A). Effective multiplication factors (keff) for the several fuel-loading patterns including
the initial core criticality experiment, the fuel element and control rod reactivity worth as well as the
neutron flux measurements were used in the validation process of the physical model and neutron
cross section data from the ENDF/B-V evaluation. The calculated k^ overestimated the experimental
data by about 1.0 %Z\klk for both the initial core and the several fuel-loading arrangements. The
calculated reactivity worths of control rod and fuel element agree well the measured ones within the
uncertainties. The comparison of neutron flux distribution was consistent with the experimental ones
which were measured by activation methods at the sample irradiation tubes. All in all, the
agreement between the MCNP predictions and the experimentally determined values is good, which
indicates that the Monte Carlo model is enough to simulate the Musashi TRIGA-II reactor core.

1. INTRODUCTION
The Musashi Institute of Technology Research Reactor (Musashi reactor ) is a 20 % enriched
TRIGA-type-fueled, 100 kW multipurpose research reactor that was designed to provide both in-core
and out-of-core irradiation facilities. The Musashi reactor had many different uses including BNCT
projects15, a wide range of neutron activation studies, an application of neutron radiography and other
neutron beam experiments25 till the end of 1989 when unfortunately water leaking trouble was
occurred in the reactor tank. For installing a new tank and restarting the reactor an adequate design of
a core and irradiation facilities is inevitable. It is also important to develop an accurate threedimensional reactor physics model of the TRIGA type reactor core. The MCNP Monte Carlo code
(MCNP4A)3) was chosen because of its general geometry modeling capability, correct representation
of transport effects and continuous-energy cross sections.
The main requirement for the reliable use of a particle transport computer code is its validation on
a benchmark experiment. There are two main objectives of such verification. The first is to check the
consistency of physical models and data used in a transport code, and the second is to determine
systematic errors made by approximate simulation of the experiment. To put full confidence in the
model, previously obtained experimental data were used to compare MCNP calculated values. These
data were obtained in 1985, after replacing the old fuel elements of aluminum cladding with new ones
of stainless-steel cladding to keep a more safe operation45. The experimental data used are as follows:
1) criticality measurements including the initial core and the core for several fuel-loading pattern,
2) reactivity measurements including fuel element reactivity worth distributions and control rod
worths, and 3) neutron flux measurements in the sample irradiation tubes.

- 301 -

JAERI-Conf

99-006

2. MCNP CALCULATION
The Musashi reactor core was modeled using the three-dimensional detail to reduce possible
systematic errors due to inexact geometry simulation. Therefore, the fuel elements were explicitly
modeled to eliminate any homogenization effects. A fuel element consists of meat, graphite
reflectors and stainless steel end fixtures. The meat is a solid, homogenized mixture of U and ZrHi.fi
containing 8.45% U enriched to 20% 235U. The fuel element is 3.75 cm in diameter with a total length
of 76 cm, and is clad in 0.05 cm thick stainless steel canning. Figure 1 is a cross-sectional view of the
Musashi reactor core as modeled. The reactor core consists of a lattice of fuel elements, graphite
dummy elements, control rods and irradiation tubes. These components are located at ninety holes
reserved for them on the grid plate, distributed in five circular rings (B to F ring) from inner to outer
positions. The reflector is a ring-shaped graphite block rising slightly higher than 55 cm, with an
inside diameter of 45 cm and radially surrounding the core to a thickness of 30 cm. Provision for the
isotope production facility (irradiation pit) is made in the form of ring-shaped well (25 cm in deep and
8 cm in thickness) in the graphite that is open toward the tank top.
The control rods (safety, shim and regulating rods) were made of boron carbide powder (B4C).
The safety and shim rods are 3.0 cm in diameter and the regulating rod 2.0 cm in diameter,
respectively, which are clad in 0.2 cm thick aluminum. The active lengths of the control rods are 48
cm that extend well above the core in the fully inserted position. The control rods were also explicitly
modeled along the active length with the exception of the drive mechanisms.
Three of the beam tubes (A, B and C) are oriented radially with respect to the center of the core,
and the fourth tube (D) is tangential to the outer edge of the core. Two of the radial tubes (B and C)
terminates at the outer edge of the reflector assembly; one (C) is aligned with a cylindrical void in the
reflector graphite. The third radial tube (A) penetrates into the graphite reflector and terminates at the
inner surface of the reflector assembly, just at the outer edge of the core as shown in Fig. 1 . Their
horizontal centerlines are located 7 cm below the centerline of the core. The inner diameter of two
beam tubes penetrating through the reflector graphite is 15 cm.

Irradiation pit
Grid plate

Beam tube
95.5

(unit.cm )

Fig. 1 Model of core and reflector arrangements used for the MCNP criticality
calculations.
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The MCNP model was extended to 20 cm beyond the end of the graphite reflector and
approximately 20 cm above the core, which were more than sufficient to account for the neutron
returning from the H2O coolant. The primary coolant was non-pressurized and the cooling was natural
convection. The coolant temperature was 28±1°C throughout the criticality experiments which
carried out at zero power (maximum 1W). Based on these operating conditions, all of the crosssections used in the MCNP model were 300 K evaluations, usually from the ENDF/B-V cross-section
data5). The slow neutron scattering law S( a, /?) used to account for the molecular binding effects of
the light water, graphite, and hydrogen and zirconium in ZrH were also evaluated at 300K. These
thermal scattering data are essential to model accurately the neutron interactions at energies below ~
leV.
The calculations of the effective multiplication factor (keff) in the eigenvalue problem were
performed with the "KCODE" option in MCNP4A code. The initial source distribution for the keff
calculations was given on the fuel meat points. There was 1 source point (1 cm part for radial
direction from the meat center) in each of the fuel element in this model which placed on the "ksrc"
card in the input file. The calculations were performed for the core both with and without control rods.
The control rods in the former were in the critical positions and in the latter were completely
withdrawn like an excess reactivity measurement. The calculation of the reactivity worth such as
control rod and fuel element was carried out by comparison with the condition between the insertion
and the withdrawn. The estimated statistical error ( l a ) was reduced below 0.1% upon 300 cycles of
iteration on a nominal source size of 3,000 particles per cycle. The calculation of neutron flux in the
sample irradiation tube was performed by using "Tally" card (f:4) in the input file which was able to
calculate average flux over the cell volume.

3. RSULTS AND DISCUSSION
3.1. Criticality
The first comparison to the experimental data was done for the fresh-core multiplication factor.
An MCNP pictorial representation of the initial fuel loading is presented in Fig. 2a. The comparison
of kgff between the experimental value and the MCMP calculated one is shown in Table 1. The
calculated value overestimated about 1 %Ak/k for both all control rod withdrawn and the control rod
critical positions. Table 1 also includes a comparison of three effective multiplication factors: the
MCNP predicted value, the KENO predicted value6) and the CITATION predicted value7) for the
initial critical experiments in condition of all control rods withdrawn. This result is very encouraging
and seems to indicate that the MCNP model of the Musashi reactor core is correct. The foremost
reason for a discrepancy could be an error in the model (i.e., physical representation of the reactor).
After the initial critical, the excess reactivity adjustment was performed because an additional
reactivity was need for the actual reactor operation. The fuel or graphite dummy element was simply
added only to the F-ring in the initial critical core with 66 elements. A desirable value of excess
Table 1. Comparison of the MCNP criticality calculations to the experiment for the initial core.
Initial core
(66 elements)

Multiplication factor (keff)
Experiment
Calculation

Control rods
positions

MCNP

1.0086 ± 0.0010
1.0124 ± 0.0009

1.00
1.0018

Critical positions
Up (withdrawn)

KENO
CITATION

1.0169 ± 0.0011
1.0609

1.0018
1.0018

Up (withdrawn)
Up (withdrawn)
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Fig. 2 Typical core configurations used for the comparison, (a) initial core loading
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reactivity which was as close as possible to required excess reactivity (1.6 %Ak/k ) was achieved at
step 10 as shown in Fig. 2b. The measurement of excess reactivity was executed by using the period
method. The MCNP calculated values are compared with the experimental data in Fig. 3. The
excess reactivity increased gradually every step. The values indicated in black symbol mark ( • ) are
fitted by a least squares technique. The values indicated in white symbol mark ( O ) should become 1.0
since those are obtained at the critical condition. The MCNP calculated values overestimated the
experimental ones by about 1.0 %Ak/k. This comparison shows that a fuel-loading arrangement at Fring could be modeled in MCNP without many approximations.
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Fig. 3 Comparison of the MCNP calculated values to the experimental data from step 1 to step 10
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Table 2. Comparison of the MCNP calculations to the experimental data for the fuel element
reactivity worth distributions.

Fuel insert position

B4

C7

Dll

E15

F19

Experiment (%Ak/k)

1.20

0.91

0.72

0.48

0.28

0 .95 + 0.12

0.76 + 0.11

Calculation

(%Ak/k)

0 .62 + 0.12

0 .45 ±0.11

0 .30 + 0.11

3.2. Reactivity worth
The fuel element reactivity worth (substitution reactivity of fuel and water) distributions were
calculated and compared with the experimental data. The fuel was simply replaced to the water at B4,
C7, D l l , E15 and F19 positions in the final adjusting configuration. Table 2 shows the comparison
between the MCNP calculated values and the experimental data. It is generally recognized that the
closer a insertion reactivity of fuel gets to the center of a core, the larger it becomes. However, the
discrepancy between the calculation value and the experimental data gradually increased as the insert
position was closer to the center of core. The experimental error should be considered in the referred
benchmark data which is not estimated4'. The inconsistency between the MCNP calculated value and
the experimental ones for the B and C rings could be settled by the assumption of the experimental
error about 10 %.
The control rod worth was also calculated and compared with the experimental data. The
calculation was started with all control rods completely withdrawn, calculating the keffi0 of the core.
Then one of the control rods was inserted to full position, calculating a new keff. The control rod
worth was determined by comparing k^0 and keff (A in Table 3). Another calculation was also
performed with the same critical rod position as the experiment (B in Table 3). The experiment was
performed by the rod drop method and rod-exchange method was used. Table 3 also shows the
comparison between the MCNP calculated values and the experimental data. The calculated values
were fairly good except the safety rod worth, though the safety and shim rods had same geometry and
material, and also symmetrically positioned at B-ring as shown in Fig. 2b.
3.3 Neutron flux in the sample irradiation tubes
The MCNP code was used to estimate the thermal and fast neutron fluxes for comparison the
experimental data.
Those were obtained at three irradiation tubes; central thimble (CT), F-ring (F)
and pneumatic tube (Pn) as depicted in Fig. 2b, provided for isotope production. Water is fulfilled at
the CT and F and air at the Pn. Table 4 shows the comparison between the calculation and the
experiment.

Table 3. Comparison of the MCNP calculations to the experimental data for the control rod worth.
Control rod
Safety
Shim
Regulating

Calculation
A
285 + 26
281 ± 2 4
71 ± 2 6

(cent)
B
316 ± 2 4
321 ± 2 6
100 ± 2 4

-
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Experiment (cent)
385
303
84
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Table 4. Comparison of the MCNP calculations to the experimental data for the neutron flux.
Calculation (unit: nemos'1)
Position
CT
Pn
F

Thermal (<0.4 eV)
3.1xlO12
1.3xlO12
1.7xlO12

Experiment (unit: ncm"2s"1)

Fast (>1 MeV)
7.8xlOu
4.2xlO12
3.5xlO12

Thermal (<0.4 eV)
(3.2 ± 0.1) xlO12
(1.4 ± 0.1) xlO12
(1.8 ± 0.1) xlO12

Fast (> l M e V )

(6.8 ± 0.4) x 1 0 "
(2.5 ± 0.4) x 1012
(3.9 ± 0.4) x 1012

The experiment was performed by activation method of gold and indium foils by use of 197 Au(n,
7 ) 198 Au and u5 In(n,n') 115m In reactions for thermal and fast neutron flux measurements, respectively.
The counting error only was considered in the experiment. The statistical error estimate of the
calculated neutron flux was less 1%. The thermal neutron flux of MCNP predicted value is
consistent with the experimental one. The fast neutron flux is slight larger than the experiment one
which could be depend on the threshold energy of cross section.

4. CONCLUSION
The simulation of the TRIGA-II benchmark experiment at the Musashi Institute of Technology
research reactor was performed by the three-dimensional continuous-energy Monte Carlo code
(MCNP4A). The MCNP calculated values of the multiplication factor are consistent with the
experimental data for the initial critical experiment and for the simple core of several fuel-loading
arrangements, although the calculated values are about 1.0 %Ak/k overestimated the experimental
values. As to the reactivity worth of control rod and fuel element, the MCNP calculated values agree
well with the measured ones within uncertainties except for the inner-ring which underestimated the
experimental data. The neutron flux comparison is also good. All in all, it can be concluded that our
model of the TRIGA-D core is precise enough to reproduce criticality experiment, control rod and fuel
element reactivity worths as well as neutron flux distribution.
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Experiential Formulas and Curves for Estimating Reactivity
Loss and Radio-isotope Yields on HWRR
Liu Xi Zhi and Zhu HuanNan
(China Institute of Atomic Energy, P.O.BOX 275-2, Beijing

102413)

Abstract:
Based on the elemental conception of reactor physics and experiments on HWRR for
years. A set of experiential formulas and curves has been got, which can be used to
estimate reactivity loss and radio isotope yield.

1. Introduction
Using the active area of the reactor to produce radio isotopes is one of the main uses of
HWRR. It also can be running for other purpose producing radio isotopes that as a byproducts. In core management, it is requirement to estimate the reactivity loss by the
irradiated targets and the irradiation neutron flux of targets. However, it require great
effort and can't get results easy and quickly. This article sums up a set of experiential
formulas and curves, which can be used to estimate reactivity loss and radio isotope yield.
2. Perturbed Factor Fl and Self Shielding Factor F2 of Thermal Neutron Flux
To estimate the yields and reactivity loss of radio isotope irradiated in reactor that is to
find out the average irradiated thermal neutron flux: <>
t within the target. When the target
is not present, the average thermal neutron flux at the target location in reactor is $ 0 it is
called unperturbed average thermal neutron flux. The relation between $ and <f> 0 is
F\ is called perturbed factor. Because the target captures much thermal neutrons. It will
induce the perturbation of the thermal neutron flux in the reactor.

F^JJJ{)

(2)

Here <f> is the average thermal neutron flux on the surface of the target.
F2 is called the self shielding factor. Because the target nuclide captures the thermal
neutrons, the thermal neutron flux at outer layer of the target is higher than that at inner
layer.
F2 = ~4>lJs
(3)
F, and f2 depend not only on the geometry x total loading and nuclear characteristics
of the target, but also F\ depend on the neutron characteristics of the reactor. The
reference provides the shielding factor Q of an absorption object in the reactor neutron
field.
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2

(4)
Here p0 is the neutron first flight escape probability from an object where the neutron
is homogeneously and isotropically born. Using WIGNER rational approximation
formula[3]
_
t0 is the mean chord length of the object

(6)
Vo is the volume of the object, and So its surface area where
i0« 2r
for cylinder (radius r)
l0« 2{f-2~r\)
for cylinder shell (out radius r2, inner radius r,)
10 w 2<?
for plate (thickness 5 )
(7)
Sa=iV—
ls

Here N , o-Js the number of nuclei per Cm a n d the average thermal neutron
microscopic absorption cross of the absorption object.
^>CTox[,rx293.6/(4x:r,])]1/2
(8)
<j0 is the microscopic absorption cross of the absorption object nucleus at 2200m/s . Tn
is the neutron temperature, usually it ranges from 35OK to 500K. It can be got using
formula(4) and (5)
(9)

^
Knowing £a<?0 of target, we can find out the f2
comparison between f2

of

target from formula(9). The

calculated by formula (9) and f2

calculated by routine

theoretical method is given in table 1
Table 1 comparison

between p2 and

f2

order target geometry

total loading

I, Jo

F

F2

1

Co-59

0.0715

0. 965

0.969

0. 996

0. 918
0. 848
0. 770
0. 953

0.922
0.846
0.753
0.957

0. 996
1.002
1.023
0. 996

0 895

0.936"

0. 956

Cylinder
rl=1.48cm,

shell

120g

r2=1.6cm

length i =lm

2
3
4
5

the same
the same
the same
Cylinder

0.179
0.358
0.596
U-Al alloy 21.34g 0.099
Co-59
Co-59
Co-59

shell

rl=0.86cm,r2=0.91cm

300g
600g
lOOOg

U-235

length i =lm

6

cylinder
r=0.3275cm
length £ = l m

0.235

UO 2 9.28g
U-235

-
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3

**— M.C. 30 energy group Monte Carlo thermal neutron spectrum code
There is no simple reliable formula for F,. Based on the practice of HWRR F , - 2 t
experiential curve have been got. 2 tot is the total absorption cross of target

^,F2

0°)

Here N, is the total number of nuclei i in the target,

Uai

is the average thermal neutron

microscopic absorption cross, it is calculated by formula (8)
Knowing 2 tot of target, the perturbed factor F, can be found out roughly from
experiential curve 1.
3. Reactivity loss by target
Based on the physical conception of reactivity, the excess reactivity of a reactor pex is
equal the ratio of excess fission neutron and the total fission neutrons
(11)
Pex = Kill
Here Ke is the effective multiplication factor of the reactor .
Ap is the reactivity loss by the target put into the reactor, it equals the percentage of
total fission neutrons which are absorbed by the target.
x F\xFix

ZN, aa, Ifx £\x £2
'/

(12)

_
Here <j>{) is the unperturbed average thermal neutron flux at the target location in
reactor. P is the power of the reactor (MW), f is the thermal neutron utilization factor of
the target nucleus.

N, is the total number of nuclei i in the target, N, is the total number of structural
material nuclei j . e , is the proportionality factor of formula (12). e 2 is the neutron
importance factor i.e. geometry position factor of the channel where target is put in.
Let e = e , X e 2 for HWRR
center channel No.l
e =1. 5
center channel No.2,3,4,5
e =1. 4
active area channels
e =1. 6
heavy water reflector channels
£ =0. 9
Ef is the average released per fission of U-235.
E f =3.04X10"(w s)
v is the number of average fission neutron released per fission of U-235.
v=2.416

-
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So,

Ap =-1.26xl(T 17 u x ^
P ' '

l

4

(14)
f

The comparison between the result of A p calculated by formula (14) and by routine
theoretical method is given in table 2.

order
1
2
3
4
5
6
7
8
9
10
11
12
13

Table 2 Comparison with A P calculated by formula (14)
and A p ' calculated by routine theoretical method
A p / Ap'
A p ' (%)
A p (%)
target loading state
0.951
-0.97
-1.02
irradiation rig(Zr, Al,H2o)
-0.63
-0.59
120g Cobalt put in channel No. 1
1.068
-0.49
-0.50
0.980
120g Cobalt put in channel No.2
120g Cobalt put in channel No.6
120g Cobalt put in heavy water
reflector channel
400g Cobalt put in channel No. 1
400g Cobalt put in channel No.2
400g Cobalt put in channel No.6
400g Cobalt put in heavy water
reflector channel
750g Cobalt put in channel No. 1
750g Cobalt put in channel No.2
750g Cobalt put in channel No.6
750g Cobalt put in heavy water
reflector channel

-0.34
-0.15

-0.31
-0.16

1.097
0.938

-1.5
-1.16
-0.80
-0.36

-1.4
-1.13
-0.74
-0.37

1.071
1.027
1.081
0.973

-2.04
-1.57
-1.09
-0.49

-1.92
-1.47
-1.02
-0.48

1.063
1.068
1.068
1.021

4. Yield calculation for In-pile Irradiation to Produce Radio Isotopes.
If N, is the number of nuclei of target, N2 is the number of generated nuclei under the
irradiation of reactor neutrons. The equations of nuclides are following
(15)
dt

(16)

,
Here o-j ;O-2 are the average thermal neutron microscopic absorption cross of the target
nuclei and the generated nuclei respectively (calculated by formula (8) ). A2 is the decay
constant of the generated nuclei. From the solution of the equation (15) and (16). The
activity of generated nuclei An can be got

let

FBb=e-**'-xt

-(18)

xe
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SO that

An=

A2

BaitVJe-^"

-e-^+^"]xFsrb

5

(19)

L
J
X +\
Here A,, is the activity of n'th running cycle(Bq), tn is the irradiated time(s) of n'th
running cycle; tsn is the decay time(s) from the end of n'th running cycle to unloading from
the reactor; tm is the accumulated irradiation time(s) after n'th running cycle; tbn is
the accumulated irradiation time(s) before n'th running cycle.

trn= hn

(20)

n=n+\

N is the total number of running cycle, after N running cycles, the total activity A is.
(22)
Rewriting the formula

An = -

(19)

•- Fsrb

h-

(23)

N\a\<Ptn is the total number of absorbed neutron by target during the n'th cycle i.e. the
total number of generated radio active nuclei during the n'th cycle
^
CR
-(24)

Here AN5 is the number of U-235 atom that consumed in the n'th cycle. Assuming that
there is PD(MW.d) to be running in the n'th irradiation cycle.
As well known per MW.d running of reactor, about 3.33 X 1021 of U-235 atoms consumed.
CR is the conversion ratio of the generated nuclei, i.e. how many radio active nuclei can be
generated due to the consumption of one U-235 atom
( 7? = 2.06 x 1\Ap\ xfx^-L
'

-

(25)

£

A p ! is the absolute value of reactivity loss by the target f, is the thermal neutron
utilization factor of target nucleus i, which will be convert into radioactive nuclide after
nuclear reaction with neutron.
/ , = N^./ZN^,
(26)
substitute (24) (25) into (19), therefore:
^ = 333xl()21xCRxTOxA2

tn] x Frsh

(27)

Xi + ((72 ~

5. Application example
If the running cycle of HWRR is 10 MWX 10c! per month, there are 11 running cycles to
be considered per year, the total is 1100MW • d per year.
Example 1:
Irradiating Co-59 to produce Co-60 in channel No.2 and 4 of HWRR (see figure 2) the
irradiation container of 4> 28 X 80 is used. 20 cobalt slices (<t> 20 X 0.6) are put in a container
(cobalt loading is 33.6g). 12 containers are put in the position within the core per channel
- 311 -
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(see figure 3).The total cobalt loading is about 403g. According to the cobalt loading,
•£aY0 = 0.306, F2=0.876, F,=0.61, £tot=ioo.O from formula (14) the reactivity loss by the cobalt
targets put in channel No.2,4 is A p 24=-2.4%, (e =1.4, ^ / P=l. 04X1013, f=0. 94) and from
formula (25) the conversion ratio of cobalt is CR=0.0332. Because of the depletion of Co59 and Co-60 can be ignored, formula (27) can be simplified as
A n =3.33X10 21 XCRXPDX

*~e *'' xg~A"-

(28)

I U )
A=Sa n

(29)

n=l

Therefore, at the end of second irradiation year, the total activity of Co-60 is
A 2 , 4 =Zfl n =9.0X10 14 Bq(2.4X10 4 )

The average specific activity of Co-60 is about 1.12X 1012Bq/g(30Ci/g).
Example 2:
Irradiating natural iridium to produce Ir-192 in channel No.3 and 5 of HWRR (see figure 2).
The irradiation container of <1> 28 X 60 is used. A piece of iridium target( <t> 3 X 0.15) weight
0.023 8g. 36 pieces of iridium target are uniformly distributed in 3 circles on the surface of 4>
24.6X18 aluminium tube. The loading of iridium per container is 0.857g. There are 18
containers in each channel No.3 and 5 (see figure 3). The total loading of iridium per channel
is 15.4g.
According to the iridium loading £ a ^=0.665, F2=0.75, F^O.77, £tot=i 1.4 from formula
(14), the reactivity loss by the iridium targets that put in channel No.3,5 is A p 35 =-0.41%,
(£ =1.4, fQ/ P=9. 8X1012, f=o. 75). The density of natural iridium is 22.42g/cm3. Abundance
of Ir-191 in natural iridium is 37.27% and that of Ir-192 is 62.73%. So that f, for natural
iridium is f191=0.83 .From formula (26), the conversion ratio of iridium is CR=0.00394. At the
end of one cycle (lOOWMd), the total activity of Ir-192 will be found out from formula (27)
A35=1.24X1014Bq(3350Ci).
The average activity of Ir-192 is 109Ci/g. this activity of Ir-192 is at the time when reactor
is shut down. For the activity of supplied source of Ir-192, the Gamma self absorption and
decay should be considered.
6. Conclusion
Experiential formulas and curves provided in this article can be used to quickly estimate the
radio isotope yield and reactivity loss on HWRR. Usually, the deviation of this method from
routine theoretical method is about 10% to 20%.
Reference:
[1]. Zhong Yan Edit «Heavy Water Research Reactor» China Atomic Energy
Publishing House 1988 in China.
[2], «ANL-58OO Reactor Physics Constant» Second Edition July 1963.
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Two Proposals for Determination of Large Reactivity of Reactor
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ABSTRACT
Two Proposals for determination of large reactivity of reactors are presented. One is for large positive reactivity.
The other is for large negative reactivity.
Existing experimental methods for determination of large positive reactivity, the fuel addition method and the
neutron absorption substitution method were analyzed. It is found that both the experimental methods are possibly
affected to the substantially large systematic error up to ~ 20%, when the value of the excess multiplication factor
comes into the range close to ~ 20%Ak. To cope with this difficulty, a revised method is validly proposed. The revised method evaluates the value of the potential excess multiplication factor as the consecutive increments of the
effective multiplication factor in a virtual core, which are converted from those in an actual core by multiplying a
conversion factor f to it. The conversion factor f is to be obtained in principle by calculation. Numerical experiments were done on a slab reactor using one group diffusion model. The systematic errors are mostly swept out in
the revised method. Influence of the uncertainties in the group constants on determination of large positive reactivity has been confirmed to be little.
The rod drop experimental method is widely used for determination of large negative reactivity values. The decay of the neutron density followed by initiating the insertion of the rod is obliged to be slowed down according to
its speed. It is proved by analysis based on the one point reactor kinetics that in such a case the integral counting
method hitherto used tend to significantly underestimate the absolute values of negative reactivity, even if the insertion time is in the range of 1 ~ 2s. As for the High Temperature Engineering Test Reactor (Hi IK), the insertion
time will be lengthened up to 4 ~~ 6s. In order to overcome the difficulty, the delayed integral counting method is
proposed, in which the integration of neutron counting starts after the rod drop has been completed and the counts
before is evaluated by calculation using one point reactor kinetics. This is because the influence of the insertion
time on the decay of the neutron density disappears soon after the moment. A large negative reactivity of -20 $
can be determined within the systematic error of 3% by the delayed integral counting method proposed in the present paper.

1. INTRODUCTION
Many experimental methods have been developed for determination of reactivities of a reactor. Some problems,
however, have remained still to the present. In the present paper, two new experimental methods are proposed. One
is the delayed integral counting method in the rod drop experiment m for large negative reactivity that is aiming
at determining the shutdown margin of a reactor for which the insertion time of control rods is significantly long.
The other is the revised method for large positive reactivity, that is aiming at obtaining the large excess reactivity
value of a reactor.
Both two methods are intended to be applied for the Japan Material Test Reactor (JMTR) as well as the High
Temperature Engineering Test Reactor (HTTR). The latter one has recently attained initial criticality.

2. DELAYED INTEGRAL COUNTING METHOD IN THE ROD DROP EXPERIMENT
2.1 Analyses of rod drop experiment
Rod drop experiment is analyzed by using one point reactor kinetic model'".
The reactivity value of the reactor at time t,p(t), in which insertion of a control rod has already started at t = 0,
is described as
- 316 -
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(1)
where p(°o) is the reactivity worth of the control rod for t = oo.
/(/) is obliged to satisfy the following boundary condition
(1 for t=0

/W=

(2)

\0 for r=oo
Assuming the linear insertion with time t, f(t) is given by
l~
for 0< t^
(3)
[0

for T< t <oo

where T; linear insertion time.
The value ofp(co) is to be determined as ll)

Fl

where n(0) ; neutron counting rate before rod drop
n{f) ; neutron counting rate at t after rod drop
A ; neutron generation time
X ; decay constant of delayed neutron precursor
p ; delayed neutron fraction
Effect of the insertion time on the measured results by the existing method is given by

KfMt/fcndt

(5)

Change of n{t) shown in Fig.l is calculated by Runge-kutter method using kinetic parameters for the VHTRC-1
core that is assembled at the Very High Temperature Reactor Critical Assermbly (VHTRC) with intention of one
of the mock-up cores for the HTTR core. It is to be noted that soon after the insertion of the control rods is completed the difference of n(t) will tend to disappear between fast and slow insertions. The cause is likely that the delayed neutron precursors to excite the delayed neutron mode is mostly produced in the past critical state.The effect
of the insertion time defined in Eq.(5) is evaluated as shown Fig. 2. The effect leads to underestimation of ~
20% even for linear insertion time of about one second if reactivity worth of the control rod is close to ~ 20$.

2.3 Proposal of delayed integral counting method
Utilizing the results of the analyses given in the previous section, the delayed integral counting method is proposed. In the method, the measured ratio of the neutron counting rate n(0) to the neutron counts from t = d to
t =oo, n(0)/ §~n(t)dt, can be related to the true value of the reactivity worth of the control rod by the following
Eqs. (6), (7) and (8).

V

^

FF

(7)

and
F= ^

(8)

Jo"'*
where the suffixes m and c denote measured and calculated quantities, respectively (a .
The recipe using the F factor corresponds to substitute J~n~dt (J o n4t /j~n<dt) for Jo njdt.
The value of d should be somewhat larger than the time of completion of the control rod insertion.
Mitigation of the effect of the insertion time by use of the delayed integral counting method proposed is shown
in Fig. 3.
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3. REVISED METHOD FOR DETERMINATION OF LARGE POSITIVE REACTIVITY
3.1 Existing method for determination of targe positive reactivity
The fuel addition method :The number of fuels is increased stepwise so that the minimum volume core that was
initially critical is enlarged up to the maximum volume core finally. In each step, the increase of effective multiplication factor Ak'Xactual) due to the increase of the loaded fuel is to be measured. Soon after completion of the
measurement, the amount of external neutron absorption is increased to regain criticality, by insertion of control
rods or injection of boric acid, etc.
In the existing method, the value of ka of the maximum volume core has been hitherto thought to be given simply by the formula,
ka=t~Ak['(actual).

(9)

,-i

The neutron absorption substitution method: The external neutron absorption is decreased stepwise from the
maximum neutron absorption core that was initially critical down to the minimum neutron absorption core finally.
The decrement of the external neutron absorption is done usually by withdrawal of control rods or extraction of
liquid poison.
In each step, the increase of the effective multiplication factor Ak' {actual} due to the decrease of the amount
of external neutron absorption is to be measured. Soon after completion of the measurement, the amount of neutron
absorption for substitution is increased to regain criticality.
In the existing method, the value of £„ of the maximum neutron absorption core has been hitherto thought to be
given simply be the formula,
k.= f.Ak'(actual).
(10)
1

3.2 Proposal of revised method
Concept of a virtual core is required to be introduced. In the virtual core, such actions to take back criticality by
decreasing reactivity values are not taken.
The fuel addition method: kjyirtual) is equal to ka by definition and it should be evaluated by the formula

kjpirtual) =YAH (virtual),

(11)

i-l

where Ak{ (virtual) is the increase of the effective multiplication factor k of the virtual core raised by the i-th step
fuel loading, and its value is estimated by the formula
Ak{(virtual)=fiAk! (actual).
(12)
The neutron absorption substitution method : k«(virtual) is equal to ka by definition and it should be evaluated
by the formula
^(virtual)="z.Ak-(virtuat),
(13)
where Ak'(virtual) is the increase of the effective multiplication factor k of the virtual core raised by the i-th step
neutron absorption removal, and its value is estimated by the formula
Ak-(virtual)=f,dk: (actual).
(14)

3.3 Validity of revised method
Fundamental aspects of the revised methods are to be investigated here with use of one group diffusion theory
on a bare homogeneous slab reactor.
In the revised fuel addition method, the conversion factor/ is given by
f-IA
?PBl l
(15)
where k ; effective multiplication factor
D ; neutron diffusion coefficient
£. «,,; neutron absorption crosssection added to regain criticality
In the revised neutron absorption substitution, the value of the conversion factor / i s simply given by
f=k\
(16)
Therefore, the deviation of / from unity becomes gradually large with increasing k. This trend is independent
of the fact whether the neutron leakage is high or low.
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It is also to be noted that the true value of the excess multiplication factor of the virtual core k^(virtual) can be
related to k,,{actual) by the formula
kjvirtual)=(1 + ^(virtual)) kjactual),
(17)
where
kjactual)= Summation of Ak'(actual).
(18)
Numerical experiments were done, aiming at validating the applicability and accuracy of the revised methods
proposed in the present paper. The methods are applied to the slab type reactors, for the purpose of explaining their
fundamental aspects. The value of the potential excess multiplication factor ka was set to be \1.65%Ak, considering the values of £„ of JMTR, JRR-3M (Japan Research Reactor-3 Modified) and Hi IK. The deviation of the
convertion factor/ from unity with increasing k are illustrated for both the methods in Fig. 4.
The revised methods reproduced the true ka values well, which were estimated through Eq.(8) that represents
criticality. The existing methods, however, failed. It is shown that the existing fuel addition method overestimates
the true value of 17.65%Ak by ~22% in case of the low neutron leakage core. On the contrary it is also found that
in case of the high neutron leakage core the existing fuel addition method somewhat underestimates the true value
by -4%. The existing neutron absorption substitution method gave -15% lower value, compared with the true value in case of the low neutron leakage core.

4. CONCLUSION
Two experimental methods are propopsed to determine large negative and positive reactivity values of a reactor.
One is the delayed integral counting method for the large negative reactivity in the rod drop experiment. In case
of the linear insertion of control rod with time, systematic underestimation of its reactivity worth will remain within
- 3 % even if the insertion time exceeds ~6 seconds.
The other is the revised method for the large positive reactivity in the fuel addition and neutron absorption substitution experiments. The value of ka can be given as the summation of the increase of effective multiplication
factor of the virtual core Ak(virtual) raised stepwise by the increase of the loaded fuel number and decrease of the
external neutron absorption for the fuel addition and the neutron absorption substitution methods, respectively. Ak
(virtual) is estimated through multiplying Ak {actual), which is the directly measurable increase of multiplicatioan
factor in the actual core, by the conversion factor/. From the numerical experiments, it is concluded that the revised
methods are possibly able to determine the values of the potential excess multiplication factor up to ~20%Ak within
the systematic errors of a few percent.
Application of the two new experimental methods is going on for JMTRC 0) and HTTR.1'"
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ABSTRACT
The fuel addition method is generally used for the excess reactivity measurement of the initial core. The
control rod shadowing effect for the excess reactivity measurement has been estimated analytically for High
Temperature Engineering Test Reactor (HTTR). 3-dimensional whole core analyses were carried out. The
movements of control rods in measurements were simulated in the calculation.
It was made clear that the value of excess reactivity strongly depend on combinations of measuring
control rods and compensating control rods. The differences in excess reactivity between combinations come
from the control rod shadowing effect. The shadowing effect is reduced by the use of plural number of
measuring and compensating control rods to prevent deep insertion of them into the core. The measured
excess reactivity in the experiments is, however, smaller than the estimated value with shadowing effect.

1. INTRODUCTION
Excess reactivity is measured in inspections to confirm that the reactor satisfies its licensing
limitation. The fuel addition method is used for the excess reactivity measurement of the initial core of
High Temperature Engineering Test Reactor (HTTR). In the fuel addition method, the reactivity added by
loaded fuels is measured after each fuel loading step and the excess reactivity is obtained by
summation of each measured reactivity.
The reactivity added by loaded fuels is
measured with insertion and withdrawal of control
Control rod
rods (CRs). CRs in reactivity measurement are
uel region
sorted into the following three groups;
a) Measuring CR: The positive reactivity is
supplied to the core by withdrawal of a CR
in this group. The reactivity supplied to the
core is measured with the positive period
method or the inverse kinetic method (I.K..
method).
b) Compensating CR: After the withdrawal of
Permanent reflector
the measuring CR and the reactivity Replaceable reflector region
measurement, CRs in this group are inserted
Figure 1. Horizontal view of HTTR core
to make slightly sub-critical condition.
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Therefore, the CRs compensate the positive reactivity supplied by the measuring CR.
c) Other CR: CRs in this group don't move during reactivity measurement. Before reactivity
measurement, the core is kept in critical condition with all CRs.
The excess reactivity means the reactivity worth of CRs that are inserted into the core at criticality.
The reactivity of an inserted CR, i.e. measuring CR is influenced by the surrounding CRs. For example,
the increase of neutron flux at the measuring CR, which is caused by the insertion of compensating CR,
makes the reactivity worth of the measuring CR larger. On the other hand, the insertion of
compensating CRs near the measuring CR makes the reactivity worth small. Such reactivity interaction
among CRs as this is called shadowing effect.
Figure 1 shows the CR location of HTTR. The core has one center CR (C), six first ring CRs (Rl),
six second ring CRs (R2) and three third ring CRs (R3). Since the core has 16 CRs and the neutron
moderator is graphite, the distance between CRs is small in respect of neutron diffusion. Therefore the
shadowing effect is larger than that in water moderated reactors.
The analytical estimation of the
Dimension and Specification of fuel, control rod,
core component, core internal, etc.
shadowing effect of CRs was carried out for
the fuel addition method on the initial I Number density of each component!
loading of HTTR.
Group constants for fuel block
DELIGHT-7

2. ANALYSIS METHOD

Group constants for control rod
TWOTRAN-II

I Group constants for core calculation]

Three dimensional core calculation
2.1 Nuclear Calculation Method
CITATION-1000VP
0
DELIGHT-7 was used to make
keff
effective microscopic cross-sections of the
fuel region. The cross-section of the CR was Figure 2. Program structure of HTTR nuclear
made by TWOTRAN-II2> with the super cell
model including CR, CR guide block and fuel region. The
effective multiplication factor, keff was calculated with
CITATION-1000VP3). The calculation scheme is shown in
Figure 24).

2.2 Fuel Loading Steps and Excess Reactivity
Measurement
The fuel loading order is shown in Figure 3. After the
first criticality, three fuel columns are loaded in every fuel
loading step. The reactivity added with the three fuel columns
is measured with IK. method at 21, 24, 27, 30
column loaded core.
Figure 4 shows the measuring system of I.K.
method. The neutron flux change caused by the
withdrawal of the measuring CR was measured with
gamma-ray compensated ionization chambers (CICs).
The signal from the CIC is sent to the personal
computer (PC) through the linear amplifier, the
isolation amplifier and the analog/digital converter. In
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calculations

Figure 3. Fuel loading order
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A/D
converter

D/A
converter

Pen-type
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Reactor
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Figure 4. Reactivity measuring system
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the PC, the point wise kinetic equation is solved numerically in real time.
2.3 Calculation Method of Shadowing Effect
Shadowing effect is classified into two parts, shadowing effect A and shadowing effect B.
The shadowing effect A is the reactivity interaction between the measuring CR and the
compensating CR. It is expressed as follows;
„, ,
„, .
Shadowng effect A

the reacitivty obtained by simulation of the measurement
the reactivity obtained by withdrawal of the measuring CR

.,.
(1)

The shadowing effect B is reactivity effect caused by existence of other CRs and is expressed as
follows;
„, .
„.
Shadowng effect B =

the reactivity obtained by withdrawal of the measuring CR

/ -.
(2)

the reactivity of fuel columns added into the core having no CRs
Total shadowing effect is given as follows;
Shadowng effect = Shadowing effect A x Shadowing effect B

(3)

The reactivity obtained by simulation of the measurement, the numerator of Eq.(l), is calculated
with following procedures. In these procedures, the effect of the insertion of compensating CRs is
considered into the calculation.
(i) A measuring CR is withdrawn from critical condition to slightly super-critical position and the
reactivity supplied by this divided withdrawal is calculated from the keffs before and after the
withdrawal of the measuring CR.
(ii) A compensating CR is inserted to slightly sub-critical position in calculation model,
(iii)These procedures, (i) and (ii), are repeated until the measuring CR is withdrawn to the critical
position at the last fuel loading step.
The numerator of Eq.(l) is obtained by the summation of reactivities calculated in the procedure (i).
The reactivity obtained by the withdrawal of the measuring CR, the denominator of Eq.(l) and the
numerator of Eq.(2), is calculated from the keffs before and after the withdrawal of the measuring CR
without compensation of the reactivity. The measuring CR is withdrawn from the present critical
position to the critical position at the last fuel loading step, where no compensating CR is inserted.
On the other hand, the reference excess reactivity is obtained as the reactivity of fuel columns
added into the core which has no CRs, the denominator of Eq.(2). It is calculated as the reactivity of
added fuels in the core that has no CRs after the first criticality. It is equal to the value calculated from
keffof the core without CRs.
2.4 Investigated Cases
The combinations of the measuring CR and the compensating CRs are shown in Table 1. Since
Rl CRs have large reactivity worth, Rl rods are used as measuring or compensating CRs. Furthermore,
in the case 4-1, all CRs except R3 rods that are always fully withdrawn, are used as measuring CRs
and compensating CRs.

-
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3. RESULTS
3.1 Analytical results of shadowing effect
The analytical results are shown in Figure 5 and Table 2.
Table 1. Combinations of measuring and compensating CRs
1 Measuring CR is one of R1 control rods
R1 CRs
R1CRs
1-1 Compensating CR is located at 60° R1 CRs
R1 CRs
position from the measuring CR
1-2 Compensating CR is located at 120°
position from the measuring CR
1-3
1-4
1-3 Compensating CR is located at 180°
1-1
1-2
position from the measuring CR
1-4 Compensating CRs are five CRs of R1 except the measuring CR
2 Measuring CRs are three of R1 rods, R^C R S
R1 CRs
R1 CRs
R1 CRs
which are located at intervals of 120°.
Reactivity measurement of one of three
measuring CRs, the compensating CRs
are follows;
2-1
2-2
2-4
2-1 Compensating CR is located at 60° position from one of the measuring CRs
2-2 Compensating CR is located at 180° position from one of the measuring CRs
2-3 Compensating CRs are three CRs located at 60° and 180° position from one of the measuring CRs, i.e.,
the three rods inserted upper than measuring CRs.
2-4 Compensating CRs are the same as in the case 2-3, but the reactivity measurement for three measuring
CRs is carried out in succession.
3 Measuring CRs are six of R1, i.e. all R1 rods.
R1 CRs
R1 CRs
3-1 Compensating CR is located at 60° R1 CRs
R1 CRs
position from one of the measuring CRs.
3-2 Compensating CR is located at 120°
position from one of the measuring CRs.
T
3-3 Compensating CR is located at 180°
* 33-1
-1
*3-2
3-3*
3-4
position from one of the measuring CRs
3-4 Compensating CRs are five CRs of R1 except the measuring CR
4 Measuring CRs are thirteen rods except R3 rods.
R2-6
CR1-1 R1-2
4-1 Compensating CRs are twelve rods except one of the measuring CRs.

r ft" -rT r

m m\\ m m
Htt' i
4-1

Note: Upper directed arrow means withdrawal of measuring CR. Lower directed arrow means insertion of
compensating CR. Broken line means critical position at the last fuel loading step.

In the case 1 series, in which the
measuring CR is one of the Rl rods, the
calculated value of excess reactivity
varies from -10% to +50% compared to
the reference excess reactivity. Since the
case 2 series has three measuring CRs,
the insertion depth of the measuring CRs
from the positions of the other CRs and
the withdrawal distance of the measuring
CRs is smaller than in the case 1 series.
Therefore, the shadowing effect is
smaller than that of the case 1 series.

24
Loaded
18
Fuels

* ' "°8

s

81I i I si »

Analytical cases
° 8 g ffi »
Figure 5. Analytical excess reactivity for various cases

- 325

JAERI-Conf 99-006

Furthermore, in case 3 and 4 series which have many measuring CRs and compensating CRs the
shadowing effect is smaller than in case 1 or 2 series.
Table 2. Calculated results of shadowing effect
"WitHoiil
CRs

1-1

1-2

1-3

1-4

2-1

2-2

2-3

2-4

3-1

3-2

3-3

3-4

4-1

Loaded fuel column
Keff
Reactivity increasef%Ak/IO
Shadowing
A
effect
B
AxB
Expected value(%Ak/k)
Shadowing
A
B
effect
A"B
Expected value(%Ak/k)
Shadowing
A
effect
B
AxB
Expected value(%Ak/k)
Shadowing
A
effect
B
AxB
Expected value(%Ak/k)
Shadowing
A
effect
B
AxB
Expected value(%AM0
Shadowing
A
B
effect
AxB
Expected value(%Ak/k)
A
Shadowing
B
effect
AxB
Expected value(%Ak/k)
A
Shadowing
B
effect
AxB
Expected value(%Ak/k)
Shadowing
A
effect
B
AxB
Expected value(%Ak/k)
A
Shadowing
B
effect
AxB
Expected value(%Ak/M
Shadowing
A
effect
B
AxB
Expected value(%Ak/k)
Shadowing
A
effect
B
AxB
Expected value(%Ak/k)
Shadowing
A
effect
B
AxB
Expected value(%Ak/k)

18
1.047
3.30
0.719

21
1.093
3.99
0.865
1.039
0.899
3.59
1.211
1.039
1.258
5.02
1.430
1.039
1.486
5.93
1.152
1.039
1.197
4.78
1.007
1.039
1.046
4.18
1.342
1.039
1.394
5.56
1.077
1.039
1.119
4.47
0.835
1.039
0.868
3.46
0.846
1.039
0.879
3.51
0.988
1.039
1.027
4.10
1.026
1.039
1.066
4.25
0.927
1.039
0.963
3.84
0.987
1.039
1.025
4.09

0.719
2.37
1.208
1.208
3.98
1.406
1.406
4.63
1.026
1.026
3.38
0.899
0.899
2.96
1.216
1.216
4.01
0.974
0.974
3.21
0.787
0.787
2.59
0.809
0.809
2.67
0.894
0.894
2.95
0.913
0.913
3.01
0.848
0.848
2.80
0.954
0.954
3.14

24
1.131
3.10
0.8S5
1.078
0.922
2.86
1.187
1.078
1.280
3.97
1.406
1.078
1.516
4.70
1.112
1.078
1.199
3.72
0.951
1.078
1.025
3.18
1.231
1.078
1.327
4.12
1.080
1.078
1.164
3.61
0.850
1.078
0.916
2.84
0.861
1.078
0.928
2.88
1.092
1.078
1.177
3.65
1.009
1.078
1.088
3.37
0.958
1.078
1.033
3.20
0.969
1.078
1.045
3.24

27
1.158
2.10
0.875
1.218
1.066
2.23
1.181
1.218
1.438
3.02
1.280
1.218
1.559
3.27
1.056
1.218
1.286
2.70
0.974
1.218
1.186
2.49
1.127
1.218
1.373
2.88
1.044
1.218
1.272
2.67
0.908
1.218
1.106
2.32
0.864
1.218
1.052
2.21
0.979
1.218
1.192
2.50
0.999
1.218
1.217
2.55
0.953
1.218
1.161
2.43
0.962
1.218
1.172
2.46

30 I
Excess reactivity
1.162
Ratio to
%Ak/k
0.25
Without CRs
12,7
0.916
2.408
2.206
0.56
11.6
0.91
1.039
2.408
2.502
0.63
16.6
1.30
1.072
2.408
2.581
0.65
19.2
1.51
0.987
2.408
2.377
0.60
15.2
1.19
0.966
2.408
2.326
0.59
13.4
1.05
1.082
2.408
2.605
0.66
17.2
1.35
1.041
2.408
2.507
0.63
14.6
1.15
0.943
2.408
2.271
0.57
11.8
0.93
0.918
2.408
2.211
0.56
11.8
0.93
0.992
2.408
2.389
0.60
13.8
1.08
1.008
2.408
2.427
0.61
13.8
1.08
0.951
2.408
2.290
0.58
12.9
1.01
0.962
2.408
2.316
0.59
13.5
1.06

3.2 Comparison between measured and calculated excess reactivity
The case 4-1 is selected in the measurement because the shadowing effect is small from the
analytical results and all CRs except three R3 CRs are used at the same insertion depth in normal
operation. Figure 6 shows the comparison between the measured excess reactivity and the calculated
excess reactivity with shadowing effect. The calculated excess reactivity is larger than measured one.
The reason is considered followings;
(i) The first criticality was to be achieved at 16 fuel column loaded core in the analysis, but in the

-
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measurement, it is achieved at 19 fuel column loaded core.
(ii) The reactivity effect of the insertion of compensating CRs increases the measured reactivity
since the insertion makes the reactivity importance, i.e. relative neutron flux, around the
measuring CR larger. The insertion of
20
compensating CRs was overestimated in
the calculation model since the vertical
mesh width of the calculation model is
Calculated excess reactivity
with shadowing effect
larger than that of the insertion depth in the
$10
measurement.
The increase of the excess reactivity caused
Measured excess
reactivity

with fuel loading, however, is similar in analyses
and measured results.

19 20 21 22 23 24 25 26 27 28 29 30
Loaded fuel column
Figure 6. Comarison between measured and calculated
excess reactivity.

4. CONCUSION

The CR shadowing effects have been
evaluated analytically in application of the fuel addition method to excess reactivity measurement of
HTTR. In the analysis, the movements of CRs have been simulated. The excess reactivity obtained by
the simulation depends on the combinations of measuring CRs and compensating CRs. It varies from 10% to +50% in comparison with the reference excess reactivity calculated from the effective
multiplication factor of the core where all CRs are fully withdrawn. The CR shadowing effect is
reduced by the use of several of measuring CRs and compensating CRs. As a result, the following
combinations of CRs are recommended;
(i) Thirteen CRs of C, Rl and R2 will be used for the reactivity measurement. The reactivity of each
CR is measured by the use of the other twelve CRs for reactivity compensation,
(ii) Six CRs of Rl will be used for the reactivity measurement. The reactivity of each CR is
measured by the use of the other five CRs for reactivity compensation.
The measured excess reactivity with fuel addition method is smaller than that of the analytical
results with shadowing effect because of the difference of first criticality fuel columns between
measured and analyses and over-evaluation of the insertion of compensating CRs.
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ABSTRACT

The HTTR's first criticality was achieved in an annular core configuration. It was
difficult to predict the first criticality by extrapolation of 1/M. The number of fuel columns
at the first criticality was predicted comparing the measured and calculated values of 1/M.
The calculated values were obtained by the calculation which achieve the criticality at
arbitrary number of fuel loaded core. The number of fuel column to achieve the first
criticality was evaluated precisely by the method.

1. Introduction
High Temperature Engineering Test reactor (HTTR)0 is a graphite-moderated helium
gas-cooled reactor which has 30 MW thermal power and 950°C of outlet coolant temperature.
The HTTR aims at establishing and upgrading the technology bases necessary for HTGRs
and serving at the same time as a potential tool for new and innovative basic research. The
major specification of the HTTR is shown in Table 1. The first criticality has been attained at
November 10, 1998 in an annular core configuration. The annular core is expected as future
core types because of its high decay heat removal characteristics at accidents.
The fuel of the HTTR is block type fuel. At the beginning of the fuel loading, dummy
blocks are loaded in the core. A stack of five fuel blocks, called as a "column", is loaded into the
core in one step exchanging dummy fuel blocks. It takes 5 days or more to load one column of
fuel

"

The fuel loading was carried out
measuring the inverse multiplication
factor (1/M) to predict the number of
fuel columns at the first criticahty. So
far, the first criticality was predicted
by extrapolation of 1/M. The first
criticality, however, could be predicted
when the reactor is near to criticality
by extrapolation of 1/M. In the HTTR,

Table 1 Major specification of the HTTR
Thermalpower

^ ^ temperature
Inlefc c o o l a n ( . t e m p e r a t u r e

Qutlet

Fuel

Enrichment
F u d type
P r i m a r y c o o i a n t p r e s s U re

-
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30MW
850/950°C
395oC
Low enriched UO,
6wt%(ave.)
Prismatic block
4MPa
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Fuel handling holt
Fuel kernel
High density PyC

,Plug

SiC
low density PyC

Fuel
^compact
0.92mm

8 mm

Dowel pin

Graphite
"sleeve
Burnable
absorber rod

T
I9mm

1

Fuel compact

34mm

Fuel rod

Fuel block

Fig. 1 Configuration of fuel.

the amount of fuel
loaded in a step was
too large to predict
the first criticality
two or more columns
before. Therefore, it
was difficult to make
a schedule of fuel
loading. To predict
the first criticality,
new method, which
compares measured
and calculated 1/M
values,
was
examined.
The
method is called a
1/M
interposition
method. This paper

presents the results of criticality test of the HTTR and the method.
2. Outline of experiments and calculation
2.1 The first criticality experiments
The configuration of the fuel is shown in Fig. 1. A coated fuel particle (CFP) consists of a
fuel kernel of low enriched UO2 coated by SiC and pyrolytic carbon. The CFPs are
incorporated into fuel compacts with a graphite matrix. The fuel block consists of a hexagonal
graphite block and fuel rods. Two burnable absorber (BA) rods are inserted in holes under
dowel pins. A BA rod consists of two of neutron absorber (B4C/C) region and one graphite
region. The neutron absorber regions are placed at the top and bottom of the rod. The graphite
region is placed at the middle of the rod. The configuration of the rod is call "zebra type BA
rod".
The reactor core consists of 30 fuel column and 7 control rod (CR) guide column and is
surrounded by 12 TempOrary detectors
Temporary detectors
replaceable reflector of Ch. 3(BF3,FC,CIC)
o f C h . 1(NS,BF3,FC)
columns, 9 reflector
region
CR guide
Irradiation
Replaceable
columns
and
3
column
reflector
irradiation
test
columns. The cross
Permanent
section of the core is
reflector
Control rod
Guide column
shown in Fig. 2. The
fuel loading is carried
Temporary detectors
out by replacing the
Fuel
^
—
^
ofCh.2(BF3,FC,CIC)
dummy blocks with
(Loading order)
the
fuel
blocks,
NS : Temporary neutron source
column by column.
Fig. 2 Cross section of the HTTR and fuel loading order.
The order of fuel
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Ch. 3

Ch. 2

Ch. 1

Replaceable
reflector (1st layer)
Replaceable
reflector (2nd layer)
Fuel (1st layer)
FCi
Fuel (2nd layer)
Fuel (3rd layer)
Fuel (4th layer)

BF3

n

Temporary
neutron
Source

FC
CIC

BF3

ID

CIC

Fuel (5th layer)

FCi
BF3

ID

Fig. 3 Vertical location of temporary neutron detector system.
loading is also shown in Fig. 2. The fuels are loaded from the periphery to the center, and
annular cores are made from 18 to 24 columns-loaded core. The reactor is filled with helium at
atmospheric pressure. Helium gas circulators are not in operation during fuel loading and
experiments.
The fuel loading was carried out measuring 1/M value by a temporary neutron detector
systems. The temporary neutron detector system consists of three BF3 counters, three fission
counters (FC), two gamma-ray-compensated ionization chambers (CIC) and a temporary
neutron source (Am-Be, 1.48xlO4Bq). The detectors are located in three irradiation columns
as also shown in Fig. 2. The BF3 is for monitoring the 1/M . The FC is for monitoring the 1/M
and measuring neutron flux distribution in vertical direction. The CIC is to confirm the
criticality and used for reactivity measurement by inverse kinetic method.
The vertical position of each detector is shown in Fig.3. The BF3 and FC are located in
different vertical position in each column. Neutron detectors in the Ch. 1 are located at the
bottom of the column to avoid the effect of neutron directly come from the temporary neutron
source. BF3 and FC in a channel are located at the same vertical position to have redundancy
for 1/M monitoring. FCs are movable in vertical direction to measure the axial neutron flux
distribution in a channel. The CICs are fixed in the core. The temporary neutron source can
be removed from the core to confirm the criticality.
The measurements of 1/M were carried out at 6, 9, 12, 15 columns loaded core. After the
15 columns-loaded core, the measurements were carried out at each fuel loading step.
2.2 HTTR nuclear characteristics evaluation code system
The characteristics of the HTTR were evaluated by a HTTR nuclear characteristics
evaluation code system2' which was developed from an HTTR nuclear design code system3'.
The code system consists of the DELIGHT, TWOTRAN-II and CITATION-lOOOVP codes. The
program structure of the system is shown in Fig. 4. The DELIGHT is an one-dimensional
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lattice
burnup
cell
calculation
code
that
has
core component, core internal, etc.
been developed in the
Number density of each component
JAERI. The TWOTRAN-II
is a transport code that is
i
Group constants for BA and CR
Group constants for fuel block
used to provide the average
"*"
group constants of BA rod
TWOTRAN-II
DELIGHT-7
in
fuel
blocks.
The
1
configuration of zebra type
Group constants for core calculation
BA rod is considered in
two-dimensional r-Z model.
Three dimensional core calculation
The
CITATION
CITATION-1000VP
-1000VP is a reactor core
analysis code. This code has
keff
been
developed
from
CITATION
so
that
nuclear
Fig. 4. Program structure of HTTR nuclear characteristics
characteristic
analyses
evaluation code system.
could be carried out with a
three-dimensional whole core model of the HTTR in a short calculation time.
Dimension and Specification of fuel, control rod,

i

r

3. Experimental results and prediction of the first criticality
The expected column number of the first criticality was 17 by the HTTR nuclear
characteristics evaluation code system. The number of the first criticality was also evaluated
as 17 by Monte Carlo code MVP4). However, the core was not critical at 17 columns-loaded
core. The following reasons were expected : the effects of uncertainty of impurity in dummy
fuel blocks, uncertainty due to nuclear data, difficulty of calculation due to annular core, etc.
The 1/M values obtained by three
•\ o I"1 '
'
'
' ' '
""I
BF3 counters and the averaged value of
three channels are shown in Fig. 5.
Over the 9 columns, 10 times 1/M
values of each channel and average
value are shown. 1/M values of FCs
also shows similar curve.
The Ch.l shows higher value
than other channels. The Ch. 1 is in the
same column of the temporary neutron
source. Therefore, the change in count
rate is less than other detectors due to
neutron directly comes from the
temporary neutron source. The average
1/M value is also high due to high 1/M
5
10
15
value of Ch.l.
Number of fuel column
The fuels are loaded clockwise in
the core from the outer region to inner
as already shown in Fig.2. Therefore,
Fig. 5 Measured 1/M value at fuel loading.
the 1/M values show large change
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when the fuels are loaded near the
detectors. The Ch. 2 shows the large
decrease from 6 to 9 columns. The 9th
column is loaded near the Ch. 2. The
Measured value
15th column is loaded near the Ch. 3.
Calculated value
^criticality at 19 columns) The Ch. 3 shows large decrease of 1/M
from 12 to 15 columns.
Calculated value
The Ch.l shows larger decrease
(criticality at 18 columns)
in 1/M value over 16 columns. It is
considered that neutrons multiplied in
the core increase because the core is
near to critical.
At the 15 column-loaded core, the
expected column number of the first
criticality was more than 20 by the
5
10
15
20
extrapolation of 1/M of Ch.l. At the
Number of fuel column
same time, the prediction was more
Fig. 6 Comparison of measured and calculated than 20 by Ch. 2 and 16 by Ch. 3.
Therefore, it is difficult to predict the
value of averaged 1/M.
number of fuel columns of the first
criticality by the extrapolation of 1/M at the 15 columns-loaded-core. This difficulty is caused
from the fuel loading scheme to form the annular core. 1/M values of each channel shows
different behavior because the 1/M shows larger decrease when fuels are loaded near the
channel.
To predict the fist criticality, new method was proposed. The number of fuel columns of
the first criticality was predicted by comparing the measured 1/M value to calculated values
which are evaluated to achieve the criticality at 18 columns and 19 columns. To simulate the
criticality at 18 columns and 19
columns, amount of impurity in
1.0Calculated value
dummy blocks was adjusted. There are
Measured value {criticality at 19 columns)
(criticality at 18 columns)
some dummy blocks which were used
for seismic test of HTTR core. The
amount of impurity of these blocks
used for seismic test had uncertainty.
The neutron flux at the position
of each detector was calculated by the
HTTR
nuclear
characteristics
evaluation code system. The count
rates and 1/M values of each detector
were evaluated by multiplying the
evaluated neutron flux and the
efficiency of the detector.
The comparison of measured and
5
10
15
20
calculated value of average 1/M are
Number of fuel column
shown in Fig. 6. The measured 1/M
Fig.7 Comparison of measured and calculated
values are between the calculated
value of 1/M by Ch. 1.
value of 18 columns criticality and of
1.0-
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19 columns criticality. Therefore, it
is expected that the criticality will be
confirmed at 19 columns-loaded core.
The reactor achieved the first
criticality at 19 column-loaded core.
By this method, the number of fuel
columns of the first criticality can be
evaluated at 15 columns-loaded core
or less. The method is called "1/M
interposition method".

1.0-

Measured value

The comparisons at Ch. 1, and
Ch.2 are also shown in Fig. 7 and 8,
respectively. At the Ch.l, the first
criticality is also predicted at 19
columns in spite of the effect of
neutron directly comes from the
5
10
15
temporary neutron source. At the
Number of fuel column
Ch.2, measured values are not
between the calculated values at 9
Fig.8 Comparison of measured and calculated value of
column-loaded
core.
However,
1/M by Ch. 2.
calculated values are between
calculated values over the 12 columns-loaded core. The Ch.3 also shows similar change of 1/M
values. Each channel predict that 19 columns-loaded core achieves the first criticality.
Therefore, the first criticality is well predicted not only by average 1/M but also by 1/M of each
channel. It is concluded that the 1/M interposition method is useful method for the prediction
of the first criticality in annular core configuration.
Calculated value
(criticality at 19 columns).
criticality at 18 columns)

4. Conclusion
The first criticality of the HTTR was achieved in annular core configuration. It was
difficult to predict the first criticality by the extrapolation of 1/M. The number of fuel column
at the first criticality was well predicted by the 1/M interposition method. The prediction
method could be useful to make a plan of criticality approach.
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ABSTRACT
Optical fibers have advantages like flexible configuration, intrinsic immunity for electromagnetic fields etc., and they have been used for signal transmission and as optical fiber sensors
(OFSs). By some of these sensor techniques, continuous or discrete distribution of physical
parameters can be measured. Here, in order to discuss the applicability of these OFSs to nuclear facilities, irradiation experiments to optical fibers were carried out using the fast neutron
source reactoe 'YAYOF and a 60 Co 7 sourcelt has been shown that, under irradiation with fast
neutrons, the radiation induced loss increase almost linearly with the neutron fluence. On the
other hand, when irradiated with 60 Co 7 rays, the loss shows a saturation tendency.
As an example of the OFSs, applicability of the Raman distributed temperature sensor
(RDTS) to the monitoring of nuclear facilities has been examined. Two correction techniques
for radiation induced errors have been developed and for the demonstration of their feasibility,
measurements were carried out along the primary piping system of the experimental fast reactor:JOYO. During the continuous measurements with the total dose of more than 107[R], the
radiation induced errors showed a saturating tendency and the feasibility of the loss correction
technique was demonstrated. Although the time response of the system should be improved,
the RDTS can be expected as a noble temperature monitor in nuclear facilities.

l.INTRODUCTION
Otical fibers have advantages like immunity to electromagnetic interference, high data
throughout, high multiplexing capability,small dimensions, low weight, installation flexibility
andease of maintenance. Beside they are used for data communication systems, they have been
also used as sensing elements. As optical fiber sensors (OFSs) have advantageous like the possibility of distribution measurements, they have been applied for industrial monitoring like e.g.
temperature distribution measurements along electrical lines, temperature monitoring inside an
intelligent building' 1 '.
In nuclear facilities, however, as there has been a big problem of radiation induced transmission losses, applicable area of OFSs has been restricted. But, recently, by continuous effort
to improve materials and manufacturing process, optical fibers with high resistivity against radiation have been developed' 4 ^ 5 '. The fiber quality has reached enough level to discuss the
application to nuclear plants.
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In the present study, for examining the applicability of OFSs to nuclear facilities, some
irradiation experiments have been carried out using both an experimental reactor and a 60Co 7
source. Also, as an example of the OFSs, the feasibility of the Raman Distributed Temperature
Sensor (RDTS) has been examined using the experimental fast reactor : JOYO.
2. MEASUREMENTS OF RADIATION INDUCED EFFECTS IN OPTICAL FIBERS

In order to see the radiation hardness of optical fibers, irradiation experiments have been
carried out by using the neutron source reactor 'YAYOI' and a 60Co 7 source. In the experiments
using YAYOI, the fiber samples were set in an experimental hole which is close to the reactore
core, where the energy spectrum of the neutrons had its peak at several MeV and the dose from
the neurtons and the 7 rays were at almost the same level. The sample fibers were the OH
doped core type which had been manufactured by the Hitachi Cable Co., LTD.
In Fig.l(a) and Fig.l(b), the measured results of the radiation induced losses are shown.
It can be seen that, when irradiated with just 7 rays, the loss showed a saturation behavior.
On the other hand, in the experiments with YAYOI, the loss increased almost linearly with
irradiated dose, which is considered to be the effect from the fast neutron irradiation. From
these results, it can be said that application of the optical fibers to the environments with fast
neutrons are still difficult and another break through should be made. In the facilities without
neutrons, although the loss should increase gradually with long term irradiation, we can expect
to use optical fibers with long life time, because of the loss saturation behavior.
Total neutron fluence [crn2 ]
1.9x1015
3.9x1015
5,9x1015

7.9x1016

2500

2500

(a) Reactor irradiation

(b) Co-60 irradiation

510nrrr610 nm*-

•^2000

1003 nnr-

11500
81000
•D

500

0

5000
10000
15000
20000
Neutron+gamma dose [Gy(SiO2)J
(a) Irradiation with YAYOI (Neutron + Gamma)

5000
10000
15000
Gamma dose [Gy(SiO2)J

20000

(b) Irradiation with Co-60 Gamma rays

F i g . l Radiation induced loss behaviours of the fluorine doped core optical fibers.
3. PRINCIPLE OF RDTS AND THE RADIATION INDUCED ERRORS

When strong light is launched into optical fibers, most of the back scattered light originates
from Rayleigh scattering with the same wavelength. A small fraction of the scattered light,
however, is due to spontaneous Raman scattering resulting from interactions of the light with the
lattice vibration modes. The Raman scattered light consists of two components, with different
shifts of wavenumber that are one of characteristics for the fiber material. The component with
higher wavenumber is called Raman Stokes (Stokes for short), and the other is called Raman
anti-Stokes (anti-Stokes for short).
The ratio between the anti-Stokes and Stokes lines is dependent on the temperature as
follows:
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^

(1)

where Aa and Xs are the measured anti-Stokes and Stokes wavelengths, respectively, v the
wavenumber shift from the launched wavelength, h the Planck's constant, c the velocity of light
in the optical fiber, k the Boltzmann's constant and T the absolute temperature of the core of
the fiber, respectively. Using Eq.(l), we can measure the temperature at the position where
the Raman scattering occurred. In order to know the temperature distribution along the fiber,
Optical Time Domain Reflectometry (OTDR) method is applied, where distribution of physical
parameters are measured with the backscattered waveform of injected pulsed light' 3 '.
In RDTS, the difference of radiation induced losses for the Stokes and the anti-Stokes lights
causes incorrect temperature estimation. In currently available commercial fibers, there is a
general tendency that, at wavelength from visible to near IR region up to about llOOnm, radiation induced loss decreases with increasing wavelength' 8 " 9 '. In this case, from Eq.(l), measured
temperature appears lower than the correct value. In order to apply RDTSs to nuclear power
plants as a reliable and stable temperature monitor, special correction technique is necessary to
be developed. Here, we propose two methods for the correction.
4. CORRECTION TECHNIQUES FOR RADIATION INDUCED ERRORS
4.1 Correction with Two Thermocouple Data

To apply RDTS to areas where dose rate and temperature are almost uniform, a correction
method using the results measured with two thermocouples (TCs) has been studied. In this
method, besides measurements by the RDTS, temperatures are monitored at points A and B,
respectively, by thermocouples. Here, point C is an arbitrary point between points A and B. By
assuming that the radiation induced loss is spacially uniform between the points A and B, the
temperature at an arbitrary point C (T(C)) can be calculated as follows:
T(C)

TR(C)

1
i\
T(A)

I" m/

1
TR(A)
T T>{ A\

^ £ r ^
1
^ TV /i \
1
ABT(A)

1

1
T(B)

1

•

TTD^yl\

TR(A)

TV D \

TR(B)}'

w

where, IAB and IAC denote the distance of A-B and A-C, respectively. T(X) and TR(X) are the
measured temperatures by the thermocouples and the RDTS for the point X.
4.2 Correction with Loop Arrangement

In the method shown in 4.1, uniformity of
dose rate and temperature has been assumed.
When this assumption is incorrect, temperar

tures cannot be correctly measured.
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correction of the errors caused by spatially dis-

i

tributed irradiation, a loop-like arrangement has
been proposed' 10 '. In this technique, a sensor
„,
.
,
• T?- r,
fiber is set as shown in rig.2.
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Fie.2 Setup for the correction with loop
&

y

arrangement
The fiber is composed of two parts, which are between A and O (A-O), and between 0 and
D (0-D), respectively. The two parts are set as close as possible and the temperature so that
the radiation condition on these two parts can be assumed to be the same. Accordingly, the
distribution of radiation induced losses along these two parts can also be considered to be the
same.
By comparing the measured results for the points A and D, the effect of radiation induced
losses between A and D can be calculated. Also, from the results for the points B and C, the
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effect caused in B-C can be known. From the above two effects, we can estimate the radiation
induced effects in A-B, which should be the same as that in C-D. By setting the RDTS and the
fiber part from the RDTS to point A in an environment without irradiation, correct temperature
at the point A (T(A)) can be measured. From T(A) and the radiation induced effect in A-B,
correct temperature for the point B (T(B)) can be calculated as follows:
sO =

lBallBs

(3)

where \xa a n d Ixs denote the Anti-Stokes and Stokes light intensitis for the point X with the
effects of the irradiation, and IB<IO and IBSO a r e the Anti-Stokes and Stokes light intensities
for the point B after correction of the radiation induced effects. As all the parameters on the
right hand side can be known from the measured results, the correct temperature, T(B), can be
calculated from Eq.(l).
We have carried out an experiment using a 60 Co 7 source to check the feasibility of this
technique. It has been clearly shown that radiation induced effects can be corrected fairly well.
5. DEMONSTRATION EXPERIMENTS AT AN EXISTING NUCLEAR PLANTS
5.1 Experimental Setup and the Measured Results

In order to study the effects of long term irradiation and to examine the feasibility of the
correction method, further experiment at the
experimental fast reactor, JOYO, has been carried out. As shown in Fig.6, the sensor fiber
was wound along the outside surface of the therCold Le j
mal insulation SUS layer of the primary system
piping with 50cm pitch. Backscattered Raman
Cold Leg
lights were measured by the commercial RDTS
Hot Leg^
system (Hitachi Cable, Ltd., FTR110) with the
Optical Fibers for the RDTS
Thermocouples and Cables
laser wavelength of 1047 nm.
The sensor fiber was pure silica core polyFig.3 Experimcnta setup in the primary loop
imide jacketed one with core diameter of 5
area of JOYO.
which had been manufactured by Hitachi Cable, Ltd. Thermocouples were set at three points
(TC-1 ~ TC-3) along the fiber, and the temperatures were monitored for comparison with the
FTR measurements. The distances between the FTR and the thermocouples were 102m for
TC-1, 62m for TC-2 and 47m for TC-3. The measurements were continued through the 30th
and the 31th operation cycles of JOYO for about 5,000 hours. The 30th operation cycle was
from March 3 to May 20 of 1997, the 31th cycle was from July 14 to September 12 and the 32th
cycle was from December 16 to February 24, 1998..
In Fig.4, the measured temperature distributions are shown. The large fluctuations in the
measured temperature profile are considered to be due to the difference of the thermal insulator
thickness. Solid line denotes the results of before the start up the 30th operation cycle and the
dashed line shows the results of February 24, just before the shutdown of the 32th cycle. The
accumulated dose on February 24 reached more than 10' R. Irradiation induced negative errors
were clearly observed in the results of February 24.
Figure 5 shows the time dependence of the temperatures measured with FTR and thermocouples at the thermocouple positions. Because of the accumulation of the radiation induced
effects along the fiber, discrepancies were larger at the position of longer distance from the FTR.
At the beginning of the 30th operation cycle, the errors reached almost 30 °C quickly, but after
this initial growth, they showed a saturation tendency.
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Fig.4 Measreud temperature distribution
Fig.5 Time dependencies of measured
with the FTR,
temperature.
It has been shown that the dose rates in the primary loop area of JOYO are between 6.4xlO3
[R/h] and 7.7xlO3 [R/h]^11', and it can be assumed to be nearly constant. Moreover, the
temperatures on the surface of the piping are expected to be almost uniform in a stable reactoroperation. Therefore, the correction method assuming uniform loss distribution was applied.
Using the data of TC-1 and TC-3, the temperatures measured at other points were corrected.
The results are shown in Fig.6 for the data of
February 24. Without correction, the temperature
errors reached about 8 °C at the position of TC2. On the other hand, with correction, they were
reduced to about 2.5 °C.
As the correction method is based on the thermocouple data at TC-1 and TC-3, the error of the
temperature is larger at the middle part of the total length i.e. at the TC-2 position. Although large
errors appeared at the shutdown periods, the average errors during the stable operation were about
2.5 °C and remained almost constant. These re70
80
110 120
Position [m]
sults have indicated that, by using this correction
method, FTR can be applied to the temperature Fig.6 Measured and corrected temperature
distribution monitoring along the primary system
distribution.
piping of JOYO.
5.2 Discussion on the Feasibility of RDTS

In our experiments, temperature distributions were measured by averaging the backscattered
signals of 2 20 times and it took about 90 seconds for one output. Accordingly, the RDTS has
poor applicability as an accident monitor, where the accidents proceed very fast. However, as
a monitor for the accidents which proceed gradually, like small leakage of the coolant from the
pipings etc., RDTS will be useful. Also, by using larger core sensor fibers, the S/N ratios can
be improoved and quicker response can be achieved.
Another problem is its poor spatial resolution of several meters. If temperature changes in a
very restricted area, the correct temperature distribution cannot be measured with the RDTS .
For overcoming this difficulty, the way of fiber setting should be improved by winding the fiber
around the piping closely, by which the temperature changes at a longer length of fiber than in
the case of simple straight setting.
The total dose in these experiments reached more than 107 [R]. When fibers are set in the
primary loop area of light water reactors, this value corresponds to the total dose of more than
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10 years. From these results, we can say that the RDTS system can be installed into light water
reactors with enough life time. Also, for fast reactors, life time of more than several years can
be expected, because the increase of radiation induced errors has been already saturated.
6.CONCLUSIONS

From the irradiation experiments using a neutron source reactor and a 60 Co 7 source, it
has been shown that the radiation induced loss increases in quite different tendencies for the
two radiation sources. Besides the linear loss increase with the accumulated dose for the fast
neutrons, the loss showed a satulation tendency under irradiation with 7 rays.
As an example of the OFSs, the applicability of the RDTS to nuclear facilities has been
examined. In order to evaluate the effects of long term irradiation and to see the applicability of
RDTS to nuclear facilities, temperature distribution along the primary system piping of JOYO
has been measured continuously. Although maximum temperature errors reached almost 30 °C
at the end of the lOOm-long sensor fiber, they showed a saturation tendency after the rapid
growth at the beginning of the measurements. Correction technique using two thermocouples
has been tried and, because of the uniformity of the temperature and the dose rate, it has been
shown that temperature distribution can be measured fairly well with this technique. From
these results, it can be said that RDTS can be applied as a temperature distribution monitor in
nuclear facilities.
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Abstract
The oxygen potential in oxide fuel pellet is an important parameter to understand behavior of high
burn up fuel and its integrity. Zirconia solid electrolyte which is durable under irradiation and high
temperature is considered as candidate material for the oxygen potential. Combined use of solid
electrolyte and Ni/NiO as a solid standard electrode will realize small size oxygen sensor which can be
easily loaded in the fuel rod. Prototypes of the oxygen sensor made of these materials were irradiated
with neutrons in the Japan Materials Testing Reactor (JMTR), and characteristics of electromotive force
(EMF) by sensors were examined under irradiation. For a prototype using zirconia solid electrolyte
stabilized by Y2O3 (YSZ), measured EMF under irradiation was nearly equivalent to the value nuder
unirradiated condition, and very stable within a range of neutron fluence (E>lMeV) up to 1.52X 1023nr2
and for the time of 600h. However, the measured EMFs were slightly smaller than the theoretical
values. The reason for this decrease of the EMF was thought as due to insufficient adhesion forces
between solid electrolyte and standard electrode. After modification of the sensor to increase adhesion
force, EMF was measured again under irradiation. The results showed improvement of the
characteristics of the sensor in which measured EMFs were almost equivalent to the theoretical values.

1. Introduction
From the viewpoint of utilization of the high burn up fuels in LWRs, it is important to study the
oxygen potential of the high burn up fuel pellet, in order to certify the safety of the high burn up fuel.
However, there are no chemical oxygen potential sensor which can be used under irradiation and high
temperature. In the Japan Materials Testing Reactor (JMTR) of the Japan Atomic Energy Research
Institute (JAERI), oxygen potential sensor using zirconia solid electrolyte has been developed for use of
in-situ measurement. In the development test, three kinds of zirconia solid electrolyte stabilized by
CaO, MgO, Y2O3, respectively, were used. Oxygen sensors developed in JMTR use Ni/NiO solid
standard electrode by considering advantage to make the sensors small enough to be inserted into fuel
rod. Fe/FeO was used as the simulated fuel pellet in the tests, because the oxygen potential in Fe/FeO is
close to the value in UO2. Three kinds of tests were carried out as follows.
(1) Life span tests: The oxygen sensors using Ni/NiO standard electrode was exposed to the condition
with high temperature for long time, in order to obtain characteristic change of the sensor and the change
of EMF with time.
(2) In-situ tests: The neutron irradiation tests of the oxygen sensors were carried out in JMTR in order
to study the neutron irradiation effects on EMF of oxygen sensors, and the characteristics of EMF of
oxygen sensors under irradiation were examined within a range of neutron fluence (E>lMeV) up to 1.52
-
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X 1023nr2, and time up to 600 h.
(3) Improvement of reference electrode: During development tests, it was found that measured EMF
was smaller than the theoretical value. The reason of decrease of EMF was thought to be caused by the
gap between solid electrolyte and reference electrode,which was appeared by sintering of reference
electrode. For this reason, the tests with increased adhesion forces were carried out by putting extra
weight on the standard electrode.

2 Experimental
2-1 Materials of cell for oxygen sensors
The cells in the oxygen sensor can be shown as follows.
(+) Ni/NiO I solid electrolyte Fe/FeO (-)
The solid electrolytes [2-4] consist of 3 kinds of zirconia (product of Nikkato Corporation., 6mm
outer diameter, 4mm inside diameter, 50mm or 100mm length) which were stabilized by 1 lmol % CaO,
9mol % MgO, 8mol % Y2O3, respectively. Ni/NiO reference electrode [5] was produced from 99.9%
Ni powder (size of 63 p.m or less) and 99% purity NiO powder (about 9^m) with mol ratio of 7:3. For
the electrode, Ni rod of 2mm in diameter and 50mm in length was used. Fe/FeO electrode [6] was
produced by mixing over 99.9% Fe powder (50 p m or less) and 99.9% FeO powder (177 p m or less) in
the mol ratio of 4:1. A cell case made of electrolytic iron of 1 lmm in outer diameter was used.

2-2 Life span test
Schematic drawings of oxygen sensor is shown in Fig.l. Life span test of CSZ, MSZ, YSZ
sensors were carried out in order to understand the characteristics change with tome of sensors using
Ni/NiO reference electrode. Schematic diagram of measuring equipment for life span test is shown
Fig.2. Oxygen sensors (CSZ, MSZ, YSZ sensor)
were loaded in a vessel made of stainless steel
(47mm outer diameter, 360mm length) filled with
f] \[\
pure He gas, and sealed. This vessel was inserted in
the electric furnace, and EMF of the oxygen sensors
Oxgyen sensor

SUS vessel

AI2O3

— SUS pipe
Ni lead'

Thermocouple

Ni rod
Ceramic cement<

Ceramic wool Standard electrode
(Ni/NiO)

Solid electrolyte

AI2O3 powder

Comparison electrode
(Fe/FeO)

Electric furnace

Fig.2. Schematic diagram of measuring
equipment for life span test

Fe case
* 10.95

Fig.l. Structure of oxygen sensors
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was measured at about 973K. The longest test duration time was 2000h. A hybrid recorder was used to
measure the EMF and temperature of oxygen sensors.

2-3 In-situ tests
In-situ tests of oxygen sensors was carried out in order to study the temperature dependence of EMF
and the changes in EMF with time under irradiation. Oxygen sensors were loaded in a capsule for in1170

Fig.3. Structure of the capsule for irradiation tests
situ tests, and was irradiated by neutron in
JMTR. Schematic drawing of this capsule is
shown in Fig.3. Shape of oxygen sensors are
the same as the sensors used for life tests.
Oxygen sensors were irradiated with neutron for
fluences up to 1.5X1023nr2 (E>lMeV) , and
temperature of sensors during the irradiation was
about 973K~973K, and irradiated time was
about 600h.

He inlet

Thermocouple

He outlet
- Silicone rubber

Quartz tube

Ni weight

2-4 Improvement of reference electrode
Schematic drawing of the oxygen sensor for
improvement test of reference electrode are
>Nilead
shown in Fig.4. CSZ was used for this sensor.
Oxygen sensor is loaded in a quartz tube, and
extra Ni weights was put on the Ni/NiO
reference. This tests were carried out when Ni
Ni rod
weight was Og, 7.8g, 38g, 92g respectively.
This was inserted in the portable electric furnace
Solid electrolyte
AI2O3 tube
(ISOTEC Corporation, Pegasus 91L), and
characteristic of EMF of the oxygen sensors
were measured at temperatures between 973 K ~
Standard electrode
1273K repeatedly. The equilibrium EMF was
Sample electrode
(Ni/NiO)
measured after holding for about lh at each
(Fe/FeO)
Celamic wool
—
constant temperature. After characteristic test of
oxygen sensors, temperature of oxygen sensor
Fig.4. Schematic drawing of the oxygen
kept constant to be 1273K, and the change of the
sensor for improvement test
EMF of oxygen sensors was examined.
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300

1200

3-1 Life span test

1150

The time dependence of EMF of CSZ, MSZ,
YSZ sensor is shown in Fig.5. Temperature of
1100 :
sensors was about 1023K, and EMFs of CSZ,
MSZ, YSZ sensor at the start of the tests were
1050
239mV, 227mV and 232mV, respectively.
EMF of the CSZ, MSZ, YSZ sensor decreased
1000
with time to 31 Oh, to 210mV, 180mV and
210mV with 0.094mV/h, 0.15mV/h, 0.071mV/h
950
respectively. After that oxygen sensors were
cooled to the room temperature in the electric
900
furnace, and these were heated up to 1023K
500
1000
1500
2000
again. At this time EMF of the CSZ, MSZ, YSZ
Time, t/h
sensor were 238.2mV, 233mV and 237.7mV
Fig.5. Relationship between testing time
respectively, and EMF of these sensors were
and EMF.
increased compare with EMF at 31 Oh. Oxygen
sensors were cooled to the room temperature 5 times during the test. After the cooling, EMF was
recovered each time when they were heated up to 1023K again. However recovery of EMF was
decreased in repeating cooling,and measured values of EMF seemed to stabilize at about 200mV. The
reason of decrease of EMF was due to lowering contact between solid electrolyte and reference electrode
by sintering of reference electrode.

3-2 In-situ tests
In-situ tests of oxygen sensors were carried out in order to study the changes in EMF with time and
the temperature dependence of EMF under irradiation. The time dependence of EMF of oxygen sensors
under the irradiation is shown in Fig.6. EMF of the CSZ, MSZ, YSZ sensor was 142mV, 187mV and
210mV respectively at the start of the neutron irradiation tests, and decreased to 95mV and 130mV and
185mV after the irradiation for fluences up to about 6X10 22 nr 2 (E>lMeV) respectively (region 1).
After that, EMF of these sensors were recovered up to 1 lOmV and 140mV and 205m V at the fluence of
Neutron Fluence, * (E>1MeV)/m-2
5X10 22

0

IXIO"

1.5X10*3

250

>

300

200

250

is!

. —-

——

•

•

ft

0

150
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o
200

100

+

1
1

Neutron Ruence
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o 3.1X102'
a 4.6X10 22
a 7.1X10»
o 9.6X10 22
* 1.3X1023
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0

100

200

300

400

500

100
960
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.
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[
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.

.

.
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Temperature ,T/K

Fig.6. Relationship between testing time and
EMF under irradiation at 973K.

Fig.7. Relationship between temperature and
EMF under irradiation.
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about 7.5 X 1022nr2 (E>lMeV) respectively (region 2), and kept almost same value after the irradiation
for fluences up to 1.5X 1023nr2 (E>lMeV) respectively (region 3). EMF of YSZ sensor kept constant
about 200mV, although EMF of CSZ and MSZ sensor decreased. The temperature dependence of EMF
under the irradiation is shown in Fig.7. For the YSZ sensor, the characteristic test was carried out
between 973K—1073K at the fluences (E>lMeV) of 3.1 X 1021nv2, 4.6 X 1022nr2, 7.1 X 1022nr2, 9.6X
1022nr2 and 1.3 X 1023nr2. The characteristics of EMF of this type of sensor under irradiation were
nearly equal to the non-irradiated one from 973K to 1073K. These results shows the effect of irradiation
on EMF of this type of sensor is negligible. Relatively wide dispersion of the EMF at 973K was
reflecting EMF fluctuation observed during life span test.

3-3 Improvement of reference electrode
For existing sensor, there was a problem that EMF was smaller than the theoretical value. The
reason of decrease of EMF was not enough adhesion forces between solid electrolyte and standard
electrode by sintering of reference electrode. For this reason, the tests for increasing this adhesion
forces were carried out with Ni weight putting on the standard electrode. The temperature dependence
of oxygen sensor is shown in Fig.8.
The dotted line is calculated value required from the
thermodynamic data[7]. The EMF of all sensors was nearly equal to calculated value over 1073K.
However, there is the dispersion on the EMF of sensors at 973K. EMF of the sensor with 92g weight
was almost equal to the calculated value, though EMF of the sensors with Og, 7.8g, 38g weight were
smaller than the calculated value at 973K. The time dependence of EMF of the sensor with 92g weight is
shown in Fig.9. EMF of this sensor was about 285mV during about 600h at 1273K.
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+
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1100

1200

1300

Temperature ,T/K

Fig.8. Relationship between testing time and
EMF of the improvement sensor at 1273K.

Fig.9. Relationship between temperature and
EMF of the improvement sensor.

4 Conclusion
Characteristic tests of oxygen sensors under irradiation and non-irradiation conditions were carried
out. Conclusions are summarized as follows.
(l)Life span test
The EMF of the sensors decreased at the start of life span test, but recovered by re-heating after
cooling, eventually become stable at about 200mV after 2000h.
(2)In-situ tests
The EMF of YSZ sensor kept constant about 200mV within a neutron fluence of 1.5X 1023nr2
(E>lMeV) at 973K. The characteristics of EMF of YSZ sensor under irradiation were same as these of
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non-irradiation between 973K to 1073K.
(3)Improvement of reference electrode
EMF of the sensor with 92g weight was almost equal to the theoretical value at the temperature from
973K to 1273K, though EMF of the sensors with Og, 7.8g, 38g weight were smaller than the theoretical
value at 973K. EMF of the sensor with 92g weight was about 285m V during about 600h at 1273K.
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ABSTRACT
The ultrasonic wave control rod position detector (CRPD) used in the 5MW Nuclear Heating Test
Reactor (NHR-5) and the coils coding CRPD used extensively in water reactors have some defects.
Three new kinds of CRPDs are described in this paper. The first is the GRAY code rod position
detector; it consists of 5 grouped secondary coils and one coding bar. As the control rod (CR) is
withdrawn, the coding bar passes the coils and changes their output signals. By picking up and
processing the signals, 5 bits binary GRAY code which is related to the rod position is obtained. The
second is the self-encoding rod position detector; it consists of 8 secondary coils and a coding bar. As
the CR moves, 8 output signals indicating the rod position will be changed. The third is the digitalanalog rod position detector; it consists of two long opposite and two short secondary coils arranged on
the longitudinal axis of the rod housing and a coding bar. While the bar passes the coils, their outputs
which indicate the rod position will be changed. The comparison of the four kinds of CRPDs illustrates
that the new kinds are simpler in structure, more reliable in operation and lower manufacture cost. The
manufacture process of all the new kinds of detectors are the same as that of the coils coding CRPD,
and the latter is a ripe technology. So they can be used in NHRs and other water reactors.
Key words: control rod(CR), position detector, nuclear heating reactor(NHR)

1. INTRODUCTION
An accurate and reliable CRPD is important for safe operation of a reactor. In 1989, Tsinghua
University built the 5MW Nuclear Heating Test Reactor (NHR-5) in Beijing. This reactor is a kind of
water-cooled reactor for district heating, and it adopts an ultrasonic wave CRPD. The operation
experience in the 9 years illustrates that this detector has some defects. First, its interference-free ability
is low. Secondly, its interference to other instruments in the_ reactor is large. Thirdly, it requires that
there should be no bubble in the coolant because any bubble may lead to wrong indication of the CR.
On the other hand, China plans to build another NHR in Daqing area. So new detectors were studied
and designed.
Along with development of nuclear energy, many kinds of detectors were developed and used to
indicate the CR position in reactors. Among the detectors, the inductance CRPDs are used widely in
water reactors. They include the analog inductance CRPD1, automatic rod position indicator2 and the
coils coding rod position detector3. A coils coding CRPD has many coils which are joined together in
suitable groups. As the CR moves, the output signals of these grouped coils change. By collecting and
processing the output signals, the code named GRAY code is acquired and indicates the rod position.
An example shown in Fig.l is the CRPD of Daya Bay Nuclear Power Plant4 designed by
FRAMATOME.
Although a coil coding CRPD has a high indication precision, it also has some defects. First, it
requires too many coils to indicate the rod position and each coil shows only one indicating point, so the
coils' efficiency is low. Secondly, to reduce the number of wires, the secondary coils are joined together
* Present Address: Department of Advanced Nuclear Heat Technology, JAERI,
Oarai-mach, Ibaraki-ken, 311-1394, JAPAN. (Oct. 1998-Oct. 1999)
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in the detector. This will cause more difficulty in winding the coils and will decrease the reliability of the
detector, i.e. the more coils there are, the lower will be the reliability. In short, the coils coding rod
position indicator is used widely but it does not provide the ideal solution. Therefore, the new kinds
detectors were studied. In this paper, three new kinds of CRPDs are described.
S1S2
S31

Fig. 1. The CRPD of Daya Bay Nuclear Power Plant.
2. CODE PRINCIPLE OF A CODING BAR
Although a GRAY code CRPD is the same as the traditional detector in the aspect of using
inductance coils and a bar, they have many differences in structure, coding principle, etc. These
differences are the improved idea for the new kinds of CRPDs described below.
According to the law of electromagnetic induction, as a magnetic core end enters or leaves coils, it
shall change the impedance of the coils. For a traditional detector such as the coils coding CRPD, its
bar is a magnetic core and has only one end to cause the coils impedance changes while the core passes
them. But for the new kinds of CRPDs, a bar usually consists of m section of magnetic cores and q
section of non-magnetic portions, therefor the bar has many ends to cause coils' impedance changes and
it is named a coding bar.
In order to introduce the new CRPDs, it is necessary to understand the coding principle of a coding
bar as it passes differential transformer.
Figure 2 shows the operating principle when a magnetic core end enters the differential transformer.

["•"Trini"""""*' S99S9S9SJ9SB8fi
IXIsi
S2|Xl \±
o

- 2

I

<f|^l x —— DJ3"

<3eXKX3

{
X

y

A(pyMn\
X

LS

Fig. 3 A magnetic core end leaves
differential transformers

Fig. 2 A magnetic core end enters
differential transformers

In Fig.2(a), 1 indicates the primary winding, 2 is the secondary coil and 3 is the magnetic core. The
primary winding is supplied with an alternating current and creates a uniform magnetic field. The two
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secondary coils S1 and S2 are placed perpendicularly to the axis of the field at equal distances P from
an origin 0. If a magnetic core is moved along the axis of the differential transformer, the induced
voltages V\=f\ (x) and V2 = f2 (x) change in the coils with the position x at the end of the winding, as
shown in Fig.2(b).
If the coils SI and S2 are connected in opposition and have the same winding, then the output signal
is V(x) - V\- Vi =f\ (x)-fi (x), as shown in Fig.2(c). This voltage V (x) can be detected and processed by
a trigger whose threshold is set at V(F)=f\ (P)-fi. (P). A logical signal LS (Fig.2(d)) is then produced
such that LS = 0 for x <-P and x>+P, and that LS = 1 f o r - P < x < + P .
Fig. 3 shows the operating principle while a magnetic core end leaves the differential transformer; its
analysis is the same as for Fig. 2.
It is clear that the ends of a magnetic core of a coding bar can induce output signal variation in the
differential transformer while the ends enter or leave these coils. Suppose there are j ends of the
magnetic cores of a coding bar that can enter or leave the center of the coils and thereby induce output
signal variation, then the coding end number of the bar isy (j = 1, 2, 3,... ).
3. GRAY CODE ROD POSITION DETECTOR
A GRAY CRPD consists of a coding bar and k coding transformers, which contains a long primary
winding and k secondary coils linked differentially together in groups. The coding bar possesses m
sections of magnetic cores and q sections of non-magnetic portions arranged alternately on the
longitudinal axis. As the coding bar moves in the center of the coils, the alternating current of the
primary winding causes the secondary coils to create inductance alternating current signals. The control
rod position can be judged by picking up and processing the outputs to get n bits of GRAY code: 'Do,

D\,D2,...Dn-l\
Suppose the number of the CR position indicating points is N = 31. If a coding bar is designed with
two coding ends, i.e. j = 2, after studying the relationship between the bar and the coils' arrangement,
then the number of the coils and the structure of the detector are decided. Fig. 4 shows this coding bar.
According to it, the GRAY code CRPD is designed. Fig. 5 shows this detector which contains a primary
winding, 16 secondary coils and a coding bar.
Non-magnetic portion
Magnetic core
/
/

Hi
-m

16P

3 IP
Fig. 4 The coding bar with two coding ends

These secondary coils are placed along the length of the rod axis and arranged in pairs to form
differential transforms. These coils are divided into five groups, resulting in five bits of GRAY code
(see Table 1). With the GRAY code, the passage from a number n to its immediate neighbour n+1 or n1 changes the status of only one bit of the code. This characteristic avoids all coding faults which may
arise during continuous movement of the bar, as a result of non-simultaneous changes in the status of
several bits of an ambiguous code, such as pure binary code.
In general, if the indicating points of a rod position is N and the coding ends of a coding bar is j (j
=1, 2, 3,...), then the number of magnetic cores m, non-magnetic portions q and the requisite secondary
coils k are at least such that:
If; = 2/, i = 1, 2, 3,..., then m =jI 2 = i and q =j 12 = i;
If/ = 2 / - l , / = l , 2, 3,..., thenm = [ ; 7 2 ] + 1 = i and9 = m -1 = 1-1;

UN * ij,N-ij < 1,7 = 1, 2, 3,..., then jt = [NI j ] +j= i +j;
UN=ij,i= 1,2, 3,..., then k = N/j+J-l = i+j - 1.
According to the equation above, it is not difficult to choose a suitable combination of the number of
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the secondary coils and the structure of a coding bar to design a detector. Certainly, for designing a
detector, the secondary coils' arrangement and their connection ways should be considered.
3 IP

Fig.5. The GRAY code CRPD for N=31 andy=2
Table 1. Relationship between the GRAY code and the rod position
Rod position
0
1
2
3
4
5
6
7

DA...

Do

00000
00001
0 0 0 11
00010
00 110
00111
00 10 1
00 100

Rod position
8
9
10
11
12
13
14
15

DA... Do

0
0
0
0
0
0
0
0

1100
110 1
1111
1110
10 10
1011
100 1
1000

Rod position
16
17
18
19
20
21
22
23

DA... Do
1 1000
1100 1
11011
11010
11110
11111
1110 1

11100

Rod position
24
25
26
27
28
29
30
31

DA...

Do

10100
1010 1
10 111
10 110
100 10
100 11
1000 1
10000

In particular, when N = 31 and J = 1, the coding bar is a magnetic core, i.e. m = 1 and q = 0. It is the
GRAY code CRPD that is the coils coding CRPD shown in Fig. 1.
4. SELF-ENCODING ROD POSITION DETECTOR
Fig. 6 illustrates the self-encoding CRPD for the indicating points JV=3 1.

Fig. 6. The self-encoding CRPD for #=31 and;=6
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This detector consists of a primary winding, 7 secondary coils and a coding bar. The width of the
coils is W; the distance of two neighbour coils is 2P (P is the distance of the neighbour indicating
points); The length of the detector is about 13P. The bar is made up of 3 magnetic and 3 non-magnetic
sections. The lengths of the magnetic sections are respectively 3P, IP, 1 IP and the lengths of the nonmagnetic sections are respectively IP, 3P,... Opposite to the coils coding position detector, the
secondary coils of this detector do not encode, but its bar encodes. As the coding bar moves, the
alternating current of the primary winding causes the coils to create inductance signals. After analyzing
and processing the output signals, seven bits binary code: 'Do, D\, ... ZV can be obtained (see Table 2).
Table 2 Relationship between the binary code of the self-encoding CRPD and the rod position
Rod position
0
1
2
3
4
5
6
7
8
9

As...A, Rod position
0000001
0000011
0000010
0000110
0000100
0001100
0001000
0011000
0010000
0110000

9
9
10
11
11
11
12
13
14
15

As ...Do Rod position
0010001
16
17
0110001
18
0100001
19
0100011
1100001
19
1100011
19
1000011
20
1000111
21
0000111
21
0001111
21

A6...Ao
0001110
0011110
0011100
0011101
0111100
0111101
0111001
0111011
1111001
1111011

Rod position
22
23
24
25
26
27
28
29
30
31

As ...A)
1110011
1110111
1100111
1101111
1001111
0011111
0111111
0111111
0111110
1111110

5. DIGITAL-ANALOG ROD POSITION DETECTOR
Fig. 7 illustrates the digital-analog CRPD for the indicating points N=31.

Fig. 7. The digital-analog CRPD for W=31 and;=2

This detector contains a primary winding, 4 secondary coils and a coding bar. All the coils are
arranged on the longitudinal axis of the rod housing. Among them, two are long and are linked
differentially, and each width of them is IP. The length of the detector is about IIP. The coding bar is
made up of a magnetic and a non-magnetic sections. As the CR moves, the bar passes the coils, the
alternating current of the primary winding causes the coils to create inductance signals. The CR position
can be judged by analyzing and processing the outputs to obtain 2 bits of GRAY code: 'Do and D\ and
an analogue signal K(X>. Table 3 illustrates the relationship between the rod position and the digitalanalog signals.
Generally, the suitable collocation of a coding bar with secondary coils can form various digitalanalog CRPDs. In particular, if there is only one long secondary coil and the bar is a magnetic core, the
detector is the analogue inductance CRPD; else if each long coil is shorten and there is a coil at an
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indicating point, and the bar is a magnetic core, it becomes automatic rod position indicator; and else if
the coils are linked differentially together in suitable groups, it is the coils coding CRPD shown in Fig. 1.
So the analog-digital CRPDs are the general detectors of all the inductance CRPDs.
Table 3 Relationship between the signals of the digital-analog CRPD and the rod position
Rod position
N
0
1-7
8
9-15

Analogue signal
V(x)

0
O<V^<Vo
Vo

0 < V(x, < Vo

G R A Y code Rod position

AA
0
0
0
0

0
0
1
1

N
16
17-23

Analogue signal
F {x)

0
0 < Vt <Vo

24

Vo

25-31

o < v(x) <Vo

GRAY code

AA
1
1
1
1

l
l
0
0

6. COMPARISON
For illustrating the advantage of the three new kinds of inductance CRPDs, the comparison among the
four CRPDs for the indicating points N=31 is shown in Table 4.
Table 4 Comparison among the four CRPDs for N=31
CRPD
No. of coils
Coils coding
31
16
GRAY code
Self-encoding
7
4
Digital-analog

Length
32P
17P
13P
HP

Precision Reliability
No. of wires
Structure
6
Lowest
Most complicated
±0.5P
6
Simple
±0.5F
High
8
±0.5P
Simple
Highest
4
Simplest
about ±0.5P High

Cost
Highest
Low
Lowest
Low

7. CONCLUSION
According to the analysis above, it is obvious that the three new kinds of CRPDs are better than the
coils coding CRPD shown in Fig.l in almost every properties such as structure, reliability and cost.
Furthermore, the manufacture progress of these detectors is the same as that of the coils coding CRPD,
and the latter is a ripe technology. So they can be used in NHRs and other water reactors.
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ABSTRACT
Nal detectors are chosen to detect fuel failure in the HANARO. Three Nal detectors are placed
below the common return line of the primary cooling loop. Each detector is shielded by lead except a
small window because of very high radiation level at the detector position due to N16. Measuring gross
gamma within the energy band of fission products' gammas of 0.6-2.OMeV is not so sensitive to detect
the fuel failure because N16 emits high energy gammas above 6MeV and builds high Compton
background to the Nal detector. The N16 effect is compensated by using two single channel analyzers
and the net count rate of fission products' gamma energy band is used to trip the reactor. It is sensitive
to detect the fuel failure but not so stable because of the detector sensitive to the high voltage,
statistical fluctuation of count rate and the variation of energy spectrum during the change of reactor
power. The net count rate increases when the reactor power is decreasing because of the slower decay
of activation products such as Al28 and Mg27 than the rapid decay of N16, which causes unscheduled
reactor trip.
The method detecting delayed neutrons is tested using BF3 proportional counters to overcome the
current Nal system. The effect of high energy gammas to the neutron pulse spectrum and the source of
neutrons in the primary cooling loop are determined, and a method to enhance the sensitivity detecting
fuel failure is searched. If the detector position is appropriately reflected by polyethylene, its
sensitivity is much enhanced. When a detector of 1.5 cps/(n/cm2-s) sensitivity is located at 4 seconds
distance from the core, its sensitivity is estimated about 6.0X10"8 g-U^Vcps at 30 MW reactor power. It
is sensitive enough to detect fuel failure, and the count rate is high enough for stable signal with short
counting time.
1. INTRODUCTION
In research reactors, any fuel failure should be detected as soon as possible for the reactor safety
and for the radiation protection of all personnel in the reactor hall. As the reactor operates, fission
products are produced inside the fuel, and the fuel failure results in the release of fission products into
the coolant. Thus, monitoring of gammas or delayed neutrons from the coolant makes early detection
of fuel failure possible. It is important in the failed fuel detection system (FFDS) how fast and accurate
the fuel failure be detected[l].
The HANARO, open-tank-in pool type reactor, is cooled by light water. During normal operation,
main radiation sources in the coolant are activation products such as N16, Ar41, Na24, etc., and fission
products. Activation products are generated from neutron irradiation of coolant, cladding and
structural material, and fission products are from contaminated uranium on the fuel surface. The
surface contamination of the HANARO fuel is permitted for manufacturing up to 5mg natural
U/m2[2],
In the HANARO, FFDS consists of Nal detectors by monitoring gamma activity in the coolant.
Any fuel failure will result in the release of fission products contained in the fuel and the increase of
coolant activity to the detector. In this paper, the experiences on the current FFDS from the reactor
operation are described and test results for the measurement of delayed neutrons for fuel failure
detection using BF3 counters are discussed.
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2. FUEL FAILURE DETECTION SYSTEM AND ITS EXPERIENCE
2.1 FFDS System
Three Nal detectors are located below the common return line of the primary cooling loop. The
Nal detector is shielded by 9" thick lead except a collimator of 1/2" diameter because the HANARO
has no decay tank and the radiation level at the detector position is very high due to the N16. The Nal
crystal is 1.5" in diameter and 1" in length.
Major gamma energies of fission products and activation products except N16 are lower than 2MeV.
16
N decays by emitting high energy gammas above 6MeV. Measuring total gamma activity below
2MeV is not so sensitive to detect fuel failure because the high energy gamma from the N16 builds
high Compton background to the detector. Thus, this N16 effect is compensated by using two single
channel analyzers (SCA). That is, SCA#1 counts gammas of 0.6-2.OMeV and SCA#2 counts gammas
above 2MeV. From the pulse height spectrum of N16, ratio of count rates in the energy range of 0.62.OMeV and above 2.OMeV is approximately estimated. Net count rate is then calculated by
subtracting SCA#2 count rate multiplied by this ratio from SCA#1 count rate.
Using the source strengths in the coolant, the net count rate expected during normal operation is
estimated. Also, the expected count rate from the fission products inside the irradiated fuel to the
detector is approximately evaluated. Criteria for the fuel failure detection is set in order to detect the
1% release of the total fission product inventory in the single fuel rod.
2.2 Experience on the FFDS
From the commissioning stage, the FFDS is examined whether the system is stable enough to
detect the fuel failure as the reactor operates. As a result, the net count rate defined above was revealed
to be not so stable because the pulse height spectrum of a Nal detector is sensitive to the high voltage
supplied to the system, statistical fluctuations of count rates in SCA#1 and SCA#2 are reflected to the
net count rate, and the energy spectrum in the coolant varies when the reactor power changes.
The Compton background in the energy band of 0.6-2.OMeV from N16 is much higher than expected
because of the interactions of high energy gammas above 6MeV with lead shield around the detector.
Especially, when the reactor power is decreasing, the net count rate increases because N16 and its
contribution to the Nal detector decays out rapidly whereas other activation products have half lives
over several minutes to decay slower, by which unscheduled reactor trip is caused followed by the
startup of emergency ventilation system.

3. DELAYED NEUTRON DETECTION
To avoid the problems mentioned in section 2 for the current FFDS, the method detecting delayed
neutrons is tested for a year using BF3 proportional counters. The effect of high energy gammas to the
neutron pulse spectrum in the BF3 and the source of neutrons in the primary cooling circuit and a
method to enhance the sensitivity detecting neutrons are studied[3,4].
The high energy gamma effect to the BF3 counter is examined by comparing the measured pulse
height spectrum with the typical one given by the supplier. No noticeable effect of high energy
gammas to the neutron pulse spectrum is found when the detector is not shielded. Also, the changes of
count rates at the BF3 detector are checked when lead and/or cadmium shield the BF3, and it is
confirmed that the main contribution to the detector is from neutrons.
The possible neutron sources at BF3 around the primary cooling loop are delayed neutrons coming
from the contaminated uranium at the fuel surface, and photoneutrons from the deuterium in the
coolant. Considering the threshold energy for the D( y ,n) reaction of 2.225MeV and source intensity
in the coolant, gamma emitted from the N16 is the only source for the photoneutron production. If it is
very strong, then the neutron detection cannot be so sensitive for the detection of fuel failure. So as to
measure the portion of photoneutrons in the primary cooling pipes, the difference of half lives between
N16 and delayed neutron precursors are utilized. The variation of BF3 rates before and after the reactor
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shutdown is measured together with the power variation using CICs. The variations of photoneutron
and delayed neutron count rates according to the measured power history after reactor trip, are
calculated by using the coolant flow rate and half lives of N16 and delayed neutron precursors. They
are compared with the measured result, and the portion of each neutron source resulting in good
agreement between them is searched. Fig. 1 shows the measured and calculated count rates assuming
the effects of core inlet and outlet pipes and the contribution of delayed neutrons and photoneutrons to
the detector. As a result, it is understood that the count rates from photoneutrons are about half of that
from delayed neutrons.

1E-4,
Core inlet
0)

1E-5,

Reactor
power

jco

K. 1E-6J

1E-7,
0

Core outlet

: Measured
: Calculated
50

100

150

200

Time(sec)

Figure 1. Measured and calculated neutron count rate before and after the reactor shutdown

A method to enhance the sensitivity detecting neutrons is searched. BF3 counters are positioned near
the primary cooling pipe and polyethylene reflector is arranged around the detector. With this, the
sensitivity of BF3 is much enhanced. When a BF3 counter of 1.5 cps/(n/cm2-s) sensitivity is located at
the position of the coolant reaching at 4 seconds from the core, its sensitivity to detect fuel exposed to
coolant in the core is estimated about 6.0x10"* g-lFVcps at 30 MW reactor power. It is sensitive
enough to detect fuel failure, and the count rate is high enough for stable signal with short counting
time.
4. SUMMARY
In HANARO, Nal detectors are chosen to detect fuel failure. Three Nal detectors are placed below
the common return line of the primary cooling loop. Each detector is shielded by lead except a small
window because the HANARO does not have a decay tank and the radiation level at the detector
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position is very high due to N16. Measuring gross gamma within the energy band of fission products'
gammas, is not so sensitive to detect the fuel failure due to the N16 activity. This N16 effect is
compensated by using two SCAs and the net count rate of fission products' gamma energy band is
used to trip the reactor. It is sensitive to detect the fuel failure but not so stable because of the high
voltage, statistical fluctuation of two count rates and the energy spectrum variation according to the
reactor power.
To cure the problem in the FFDS using Nal detector, the method detecting delayed neutrons is
tested for a year using BF3 proportional counters. The effect of high energy gammas to the neutron
pulse spectrum and the source of neutrons in the primary cooling circuit are determined, and a method
to enhance the sensitivity detecting neutrons is searched. No noticeable effect of high energy gammas
to the neutron pulse spectrum is found. The neutron sources are delayed neutrons coming from the
contaminated uranium at the fuel surface, and photoneutrons from deuterium in the coolant. If the
detector is appropriately reflected by polyethylene, its sensitivity is proved to be much enhanced.
When a detector of 1.5 cps/(n/cm2-s) sensitivity is used, its sensitivity to detect fuel exposed to
coolant in the core is estimated about 6.0X10"8 g-U235/cps at 30 MW reactor power. It is sensitive
enough to detect fuel failure, and the count rate is high enough for stable signal with short counting
time.
We are discussing with the supplier about the system replacement. It will be limited to the
detectors and preamplifiers that match the existing system and are qualified for the reactor safety
channel.
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ABSTRACT
The JRR-3M thermal neutron radiography facility (JRR-3M TNRF) was completed in the
JRR-3M of the Japan Atomic Energy Research Institute in 1991 and has been utilized as
research tools for various kinds of research fields such as thermal hydraulic researches,
agricultural researches, medical researches, archaeological researches and so on. High
performance of the JRR-3M TNRF such as high neutron flux, high collimator ratio and wide
radiographing field has enabled advanced researches and stimulated developments of advanced
neutron radiography (NR) systems for higher spatial resolution and for higher temporal
resolution. Static NR systems using neutron imaging plates or a cooled CCD camera with high
spatial resolution, a real-time NR system using a silicon intensifier target tube camera and a
high-frame-rate NR system using a combination of an image intensifier and a high speed digital
video camera with high temporal resolution have been developed to fill the requirements from
researchers.

1. INTRODUCTION
The JRR-3M thermal neutron radiography facility (JRR-3M TNRF) was completed in the
JRR-3M of the Japan Atomic Energy Research Institute (JAERI) in 1991 !) and has been
utilized as research tools for various kinds of research fields such as thermal hydraulic
researches, agricultural researches, medical researches, archaeological researches and so on.2)
The confirmed high performances such as high neutron flux over 108 n/cm2s and high
collimator ratio larger than 100 have enabled advancement of neutron radiography (NR)
technique. Before the advent of the JRR-3M TNRF, most applied imaging systems were film
method in which a combination of a gadolinium screen and a X-ray film was used and a
television method in which a combination of a fluorescent converter and a high sensitive
television camera was used.
Developments of NR systems have been conducted for higher spatial resolution and higher
temporal resolution in response to users' demands. Higher spatial resolution is hardly
compatible with higher temporal resolution. Therefore, NR systems in the JRR-3M TNRF are
prepared for static NR, real-time NR, high-frame-rate NR, respectively and are selected
dependent on the purpose of the experiment. Real-time NR is a compromised system as for
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spatial resolution and temporal resolution and was initially introduced to the facility.

2. STATIC NR SYSTEMS

2.1 Neutron imaging plate
An imaging plate (IP) was first developed for two dimensional detectors for ionizing
radiation such as X-, f$-, y-rays. Introducing converter materials such as gadolinium or lithium
into the IP enabled practical utilization of IPs for NR applications.^ A neutron IP (NIP) is
currently available as BAS-ND supplied by Fuji Photo Film Co., Ltd. After NIPs were on the
market, the use of NIPs have extended and are taking place of a film method for capturing NR
images of static samples. Although the film method still is considered to be superior to the
NIP in spatial resolution, distinctive features of the NIP such as wide dynamic range and
digital image data storing increases the number of use of the NIP. Typical exposure time is less
than 1 s in TNRF-2 (No.2 room of the JRR-3M TNRF) and less than 1/20 of the exposure
time for the film method. Therefore, this system is especially suited for inspections of
materials in which lower neutron exposure is highly required, such as inspections of
archaeological objects.
The NIP was applied to take the NR image of the haft which was excavated with a harness
and others at Nakane-Kasaya tumulus in Ibaraki prefecture.4) As shown in Fig. la, the outside
was made of a gilt bronze and a thin silver film. The inner layout, materials and shape of the
sample were confirmed by the comparison of images obtained using the NIP and the IP which
was just set behind the NIP with close contact. The image from the IP was mostly formed by
y ray in the thermal neutron beam and gave similar information to X-ray radiography.

a

b

Fig. 1 JtaspectioR of the haft with the NIP and the IF. photograph: a, image by the
NIP: b, image by the IF: c,

2.2 High resolution static imaging system
For capturing consecutive NR images with high resolution, a combination of a fluorescent
converter and a cooled charge coupled device (C-CCD) camera is used.5) This imaging system

-

362 -

JAERI-Conf

99-006

consists of the ZnS(Ag) with 6LiF fluorescent converter made by Kasei Optonix Ltd., two
quartz glass mirrors, the lens (Micro NIKKOR f 105mm or f55mm), and the C-CCD camera
(C4880 made by Hamamatsu photonics K.K.). These are optically connected to each other in
a light tight box as shown in Fig. 2. 10 cm thick polyethylene and 10 cm thick lead shield the
CCD chip from neutrons and gamma rays. Single pixel area in the NR image corresponds to 80
H-m x 80 |im on the converter for the fl05 mm lens, and 160 |im x 160 \im for the f55mm lens.
For higher
spatial
resolution, developments of Neutron beam
a fluorescent converter were
inevitable, because
the
Fttst mirror
spatial resolution of the
(quartz glass mirror)
aforementioned fluorescent
Light tight box
converter was expected to
be about, 100 |im which is
larger than corresponding
size of one pixel of the CCD
chip on the converter in case
'olyethylene
of the fl05 mm lens. To
improve spatial resolution,
thinner type fluorescent
Lead
Second mirror
converters were fabricated
(quartz glass mirror)
and
examined.6)
The
Fig. 2 Schematic view of the high resolution static
specifications and measured
imaging system
spread functions of
converters are shown in Table 1. Thinner the converter provides higher spatial resolution.
Because of poor light output efficiency, however, almost twice exposure time is needed for the
JN-10 converter compared with the NRC95 converter to obtain same digital counts.
Table 1 Specification and edge spread function for available fluorescent
converters

Name

Manufacturer

Particle size
mean diameter
(^m)

Composition

JN-10
Nichia Chemical
6
JN-30
LiF/ZnS(Ag)
Industries, Ltd.
JN-50
(4:6 in weight)
NRC95* Kasei Optonix Ltd.

6

LiF
: 4.0
ZnS(Ag): 2.7
6
LiF
: 4.0
ZnS(Ag): 8.0

Coating weight Edge spread function
(mg/cm2)
(Urn)
14.7
57
31.3
88
43.6
85
45
139

*NRC95 is identical to the ZnS(Ag) with 6LiF fluorescent converter mentioned in system configuration.

The C-CCD system is mostly used for taking projection images of three dimensional (3d)
computed tomography (CT) with computer controlled turn table installed in the TNRF-2.7)
Capturing a projection image and rotating the sample at the defined angle are repeated.
Although only 4 s exposure is enough for capturing a projection image with a combination of
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the NRC95 converter and a
flO5mm lens, the turn table
control and the image data
transferring and storing in the
computer hard disk take more than
10 s. Therefore, capturing 180
projection images for half rotation
takes about 45 min. Inevitable
noises in projection images due to
radiation are corrected with the
intelligent filter reported in ref. [5].
One of the applications using the
system was 3d CTs of plants such
as a lily bud as shown in Fig. 3.
The detail inside a bud which was
Computed tomograms
hardly
recognized
by
the
Projection image
projection image was clearly
observed by the computed pig. 3 Three dimensioBal computed tomography
tomograms. This result supported
of a lily trad
application of the system to plant
research. 3d CTs of a carnation flower were conducted before and after drying treatment and
brought the information that the water in stem and upper part of the stem was decreased
drastically by drying treatment.^

3. REAL-TIME NR SYSTEM
Advantage of high neutron flux in TNRF-2 makes real-time NR possible. For real-time NR,
the silicon intensifier target tube (SIT: C1000-68 made by Hamamatsu photonics K.K.)
camera is used instead of the C-CCD camera The SIT camera with the zooming lens (VI0 x
18R made by Canon) is set at the position of the second mirror in the light tight box shown in
Fig. 2. This system was initially introduced into the JRR-3M TNRF and was used extensively
for various scientific fields, particularly thermal hydraulic research9' 10), its application was
strictly limited to measurement of time-averaged void fraction or to visualization of relatively
slow phenomena.

4. HIGH FRAME RATE NR SYSTEM
The real-time NR has been applied to visualization and measurements of relatively slow
phenomena so far. Because the temporal resolution of the real-time NR is limited to be 30
frames/s, rapid transient phenomena such as simulated steam explosion of nuclear reactor and
melted metal-water interaction could not be observed by the system. Kyoto university JAERI joint research group conducted experiments on visualization of fluid phenomena in a
metallic vessel using a high-frame-rate video camera and confirmed that high-frame-rate
NR(HFRNR) have significant advantages both in visualizing and measuring high-speed
phenomena when the visible light is not applicable.11'12)
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A HFRNR system has been developed with evaluation of the experimental results and
become available in TNRF-2. The block diagram of the HFRNR system is shown in Fig. 4.
NRC95 type fluorescent converter is selected among available fluorescent converters
mentioned before, because of high light output efficiency and rapid decay of scintillation.
Visible light from the converter is reflected by two quartz glass mirrors and focused on the
photocathode of the image intensifier through the lens. The weak light is intensified by the
image intensifier (C6276MOD made by Photron Ltd.), in which a proximity focused image
intensifier with double microchannel plates and an inverter type image intensifier are optically
connected, and transferred to the high speed digital video camera (FASTCAM ultima-UVS
made by Photron Ltd.) thorough the L shaped relay lens. Recording speed can be selected
dependent on the purpose of the experiment. Shuttering speed can be determined by changing
the gate time of the image intensifier. The digital image data on the RAM of the camera
controller are transferred to the PC via GPIB connection or recorded on the laser disc as NTSC
format through a digital-analog converter.
The HFRNR were applied to visualization of simulated molten-fuel behavior in the
pressure vessel lower head related to lower head behavior during TMI accident13),
visualization and void fraction measurement of subcooled boiling water flow in a narrow
rectangular channel related to developments of a solid target of the spallation neutron source in
a high-intensity proton accelerator and plasma-facing components of a fusion reactor14^,
visualization of study of molten metal-water interaction related to safety evaluation on severe
accident15\
Neutron
beam

Laser video disc recorder
Video Signal (NTSC)
Distal data (GPIB)

Fluorescent
converter

Fig. 4 Block diagram of a high-frame-rate neutron radiography system

5. CONCLUDING REMARK
High performance of the JRR-3M TNRF such as high neutron flux, high collimator ratio
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and wide radiographing field enabled advanced NR systems for higher spatial resolution and
for higher temporal resolution. The static NR systems using NIPs or a C-CCD camera with
high spatial resolution, the real-time NR system and the HFRNR system with high temporal
resolution have been developed to fill the requirements from researchers. The static NR
system using NIPs was applied to inspect the archaeological object and confirmed to be
effective for inspections of samples in which lower neutron exposure is highly required. The
other static NR system using the C-CCD camera was applied to obtain projection images for
3d CTs of a lily bud. The reconstructed CTs showed the structure inside a bud in detail and
applicability of the system to plant research was suggested. The HFRNR system made
visualization and measurements of high speed fluid phenomena which are almost impossible in
other NR facilities possible. Advanced NR systems in JRR-3M TNRF will extend applicable
research fields and prompt progression of studies which are being conducted in the facility.
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ABSTRACT
Traditional parameters, neutron flux, cadmium ratio, neutron-to-gamma ratio and a
geometrical parameter have been used to characterize neutron radiography facilities. The
parameters will be reconsidered as a point of view how to get a neutron beam with a high quality
to obtain the best image. A usefulness of filter effects will be also discussed to enhance the
validity of the neutron radiography (NR) facility. A new parameter, figure of merit F, has been
proposed as a measure of geometric effectiveness of the facility.

1. INTRODUCTION
The designs of neutron collimators in world have been reported in various literatures and
summarized as a database [1]. Neutron beams have been characterized by parameters: a neutron
flux, a Cd ratio, a neutron-to-gamma (n/y) ratio, a geometrical parameter (L/D), etc. The
densitometric information of radiography image using the beam has a potential to describe the
quantity of transmitted neutrons. Today, many researchers need to analyze their radiograms
quantitatively. The main interest in the case is the neutron spectrum or the energy information
which is related to total macroscopic cross sections for arbitrary materials.
Individual facilities yield different spectra having inherent characteristics due to specified
source and collimator design. Then, the beams should result different transmission characters.
Those undefined characteristics prevent to establish traceability between images given by different
facilities as well as to analyze quantitatively transmission phenomena. In the cases, the traditional
image quality indicator (IQI) [2] and similar devices [3] are no longer the best choice to describe
differences that are more detailed. In this study, the traditional parameters will be looked over
again on basis of an ideal design concept for future qualified neutron collimators.
2. PARAMETERS AND BASIS OF DESIGN FOR FUTURE FACILITY
2.1 Neutron Flux
Variety of collimators for neutron radiography were realized and almost of neutron beams
have a flux intensity of 106 n/(cm2 s). Some other neutron beams have an order of 104 n/(cm2 s)
such as neutron generators using such as a 252Cf source. Few facilities having an order of 108
-
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n/(cm2 s) have been also reported in elsewhere [1]. Some reported intensities seem not always to
have the best value based on the given source parameters. Those facilities may not be designed by
rather less important requirements.
Neutron flux is the most important parameter to obtain a high quality image, because the
value is strongly relating to the statistical character. For instance, a metal Gd converter with
thickness of 25 |im is frequently used to detect neutrons in the direct method. The converter is
able to absorb essentially all thermal neutrons in an energy region less than 0.4 eV. As result, it is
experimentally confirmed that the neutron quanta are main source of the statistical character for a
case of a neutron sensitive imaging plate. The best inherent unsharpness has found to be 20 fxm
for the conventional Gd-film system [4], 60 |Lim for an imaging plate (BaFBr:Eu+2+Gd2O3) [5],
and 100 |im for other light emission type imaging system such as ZnS(Ag)+6LiF and
Gd2O2S(Te) converters. It has been experimentally proved that the statistical character of output
image per unit area is directly described by number of neutrons for a neutron sensitive imaging
plate [5]. Then, if 1 % of statistical uncertainty is expected for the unit area of 20 Jim-square,
required total fluence is estimated to be 2.5 x 109 n/cm2. Where inherent signal fluctuations such
as granularity and instrumental noise of a signal detection system are ignored for simplification.
Then, an exposure time of 40 min is needed to get the good quality radiographic image for 106
n/(cm2 s). The estimation is reasonable to experimental evidences.
Besides, a real time imaging technique have been applied in many research and industrial
fields. In the case, the best spatial resolution is expected to be 100 (im2 to date. The same
discussion results a recommended flux of 3 x 109 n/(cm2 s) to get a frame of image with 1 %
statistical fluctuation at 30 fps (frame per second). It is, however, difficult to attain a signal-tonoise ratio (S/N) higher than 100 for an actual electrical imaging system which corresponds to
1 % statistical uncertainty. Then, S/N of 20 and a spatial resolution of 100 pm2 are reassumed for
a 30 fps system. It corresponds to 5 % of statistical uncertainty and the best image is obtained by
a beam of 108 n/(cm2 s). The intensity is practically available such as the JRR-3M in JAERI.
2.2 Diaphragm and D Value
The size D of the diaphragm is directly related to the output neutron intensity 0O at an
imaging position through the relation [1],

<P0 = fa/(4VD)2 =

fa/(4UD)2.

(1)

Where fa is an intensity at the diaphragm and assumed here to be the same as the source intensity
(j)s. When a much higher 0O is required than the originally designed value. At the same time, when
a deterioration of spatial resolution is not so important such as real time imaging. The value (f>0 can
be adjusted by increasing D or decreasing L instead any change of fa. A diaphragm having
variable D system and a changeable imaging post are especially preferable to satisfy varieties of
purposes.
As shown in Fig. 1, D are frequently placed at Ls apart from the neutron source fa. In the
case, right side in eq. (1) holds as it is, when fa is homogeneous over the bright region Ds,
Ds = D+(Eh-D0)(L/L).

(2)

As result, the homogeneous output area of Do is expected. Thus, the diaphragm position L and
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Fig. 1.

Schematic diagram of neutron flow and related geometrical parameters
on a collimator for radiography.

the related effective bright region Ds is additive important design parameters.
It is reported that some neutron collimators have a square or a rectangular opening. Those
diaphragms do not have any merit but lead an asymmetric geometrical uncertainty on an imaging
plane [6]. A circular shape with a diameter D of diaphragm is strongly recommended to avoid
such unwanted asymmetry effect, even if a section of neutron guide tube and its opening are
designed to have a square or a rectangular in shape.
Usual beam includes much or less epi-thermal and fast neutron components. However,
there are some diaphragms considered only for thermal neutrons and ignored to stop fast neutrons
and gamma rays. Such the imperfect collimator is not suitable for enhancement of potential ability
such the additive energy ranges, and should lead a degradation of image quality for contrast and
spatial resolution. Similarly, the body of diaphragm must be designed taken into considered to
prevent epi-thermal and fast neutrons, and also gamma rays as possibly as we can.
2.3 L Value
It is well known that a deterioration of image quality is unavoidable due to geometric blur
which can be expressed by / / (L/D). Where / (< L) is distance from an object position to the
imaging device. Then, a lower L/D results much serious blur on image than inherent unsharpness
of the imaging device.
In addition to the blur effect, the image size is enlarged depending on / and L, and the
degree of magnification factor M is given by
(3)
The importance of L has been less considered than the L/D. However, the correction factor
becomes important quantity for a dimensional measurement.
As an example, if L=2 m and /=10 cm were assumed, M=1.05 is expected. It is true that
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the deformation can be easily corrected for a dimensional measurement using known L and /.
Some cases, however, the effect becomes serious especially for tomograms, since it requires to
treat variety of / for a specified interesting point.
Another example, when L=10, M becomes 1.01 at /=10 cm. Conclusively, a longer L
facility is essential to minimize the image deformation taking into consider of an acceptable 0O.
When a collimator with longer L than a few meters is used, an appreciable loss of neutrons is
expected by absorption and scattering effects along the flight path. To prevent those loss, it is
recommended to insert a vacuum chamber or a He gas filled chamber in the beam path.

2.4 Filters
Some of reported facilities contain various types of filters which were mainly intended to
improve n/y or to adjust a deformed spectrum to Maxwellian. Filter systems made of Bi and Pb
have been frequently used for improvement of n/y value. However, the evidence of spectrum
deformation has been ignored until quite recently. Because no beam evaluation tool has been
obtained in many cases such as a TOF system.
Spectrum data, which are much or less modulated by use of the filter system, are the most
important parameter to known transmission quantities. Recently, a correlation between various
filtered beams and total macroscopic cross sections were systematically studied using several
materials [7,8]. Where the beam qualities were evaluated as effective energy by a beam quality
indicator (BQI) which has been recently developed to qualify continuum beams [9].
One of typical case, Leeflang et al. [10] shows the filtered NR facility which positively
intended to modify their beam quality. The sub-thermal beam was obtained by use of a cooled
Be(50 K)-Bi(50 K) filter system which installed in the HB8-HFR, The Netherlands. Effective
energy of the filtered beam was estimated to be 3.2 meV by the BQI [11]. Later, the author has
systematically studied the filter effect using Be, Bi and Pb at room temperature inserted into the
beam port of the Rikkyo-TRIGA-II (RUR) [12]. Appreciable lowering of effective energies was
proved for those filters. Effective energies of various facilities in world were summarized
including various filtered beams with the recent updated results [8].
In addition to the spectrum modulations, it is expected that a neutron path should be
deformed by the inserted filter. The effect has been studied using the HB8-HFR filter system
inserted into near a midpoint of the collimator [11]. The Si(room temperature)-Bi(50K) filter
system, whose effective energy was 13.0 meV instead of expected thermal neutrons was
observed with negligible distortion of beam path by scattering effect. However, the sub-thermal
beam filtered by the Be(50K)-Bi(50K) system included 32 % of deformed beam component. It is
also proved that the deformed beam act as another divergent beam from a larger D diaphragm
(=96 mm())) which virtually placed at the same plane of the real diaphragm D (=45 mm(|>). L/D of
deformed beam was estimated to be 75 (32 %) comparing with 160 (68 %) for undeformed value.
Conclusively, the beam inserted with the filter system was proved no serious distortion on
images.

2.5 Other Less Important Parameters
Cd ratio:
The Cd ratio has been frequently used to characterize a beam quality. The
parameter cannot give any information for the spectrum shape less than the Cd cutoff energy, and
is not important except to know possibilities for an epi-thermal and a fast neutron imaging.
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Neutron-tO-gamma ray ratio (n/y): The content of gamma rays was considered an
important parameter as a background for imaging devices. However, the importance of the
parameter depends on a degree of gamma ray response of imaging device and on an expected
quality of the obtained image. Moreover, if desired to reduce n/y, we can easily improve the value
by use of a suitable y ray filter by a sacrifice of their intensity.
Background component: An imaging position usually consists a sample holder, a
beam stopper, biological shieldings at an output area of a beam shutter. Those elements and an
object itself inevitably generate secondary radiations and result much or less appreciable
background components on an imaging devices. The signal due to the background components
including gamma rays from the diaphragm are often exceeded 10 % of incident neutron intensity
for thermal neutron beams and also a few per cent for output of cold neutron guide tubes [13].
Since a reduction of the background components are usually very difficult, the estimation and the
correction of background components are important to quantitative studies.
3. FIGURE OF MERIT FOR NR FACILITY
A different collimator has different source intensity and geometrical parameters. A
parameter is preferable to make reasonable comparison of the capability between arbitrary beams.
Here, a new quantity, figure of merit F, is defined by
F=(4Z/D) 2 (0 O /0 S ).

(4a)

When 0S can be exactly estimated or measured, and when the collimator has no transmission loss
by the filled gas without filter. F =1 is expected from eq. (1). When 0S is not known as many
cases. An intensity at a core center 0core may be used as a substitution of <j)s together with a
parameter k =<j>/ <pC0Ie. Eq.(4a) is written by
F=(l/k)(4UD)2(<t>0/(j>cJ,

k<\.

(4b)

Unfortunately, k is not known in many cases. When the unknown constant k is ignored, F is
found between 0.2 and 0.5 depending on the moderator and reflector designs. Actually, such the
F values were found to be 0.20 of the JRR-3M TNRF2 (directly extracted from the surrounded
D2O moderator vessel) and 0.33 of the RUR/N2 (from the tangential beam port extracted in the
graphite reflector) [14]. On the contrary, for indirectly extracted beam give much low F values,
that is, the F values of the KUR/E2 was 0.003 and the RUR/V was 0.07 [14].
Some neutron radiography facilities in world show extremely low F values when compared
to many other neutron radiography facilities having no filter systems. If a filter of more suitable
material and a reasonable thickness would be used, and if a sufficient biological shielding could
be available, a much higher neutron intensity and/or a much higher L/D would be expected for the
low F facilities. The combination of a fine grain X ray film and a Gd converter is the most popular
imaging system, and it is only weakly sensitive to gamma rays relative to that of neutrons.
Moreover, the system is not affected by neutrons in the energy range higher than 0.1 eV due to
the cutoff characteristics of the Gd converter. In this case, the excessive filtration should be no
advantage but rather would be a detriment for thermal neutron radiography. There are several

- 371 -

JAERI-Conf"

99-006

facilities having F values less than 1 % for exceeding 1013 n/(cm2s) of 0core. For the beam system,
if the excess filter material can be removed and a suitable aperture D installed, the same facility
having F=0.2 is easily attained. The redesigned facility may produces a flux of 1 x 106 n/(cm2s)
for VD=300 or 1 x 107 n/(cm2s) for L/D=l00.
4. CONCLUSION
Neutron flux, geometrical parameters (L/D, D and L), and effects of filtered beam are
mainly discussed in details. In the study, anew parameter, figure of merit F, is introduced as a
measure of geometric performance which gives for the effectiveness of an NR facility.
Now we can easily found a guideline of a new NR design. For instance, if we are
considered an idealistic NR facility having a variable L and D, and if the source intensity can be
assumed to be 0core =1 x 1014 n/(cm2), following versatile performances are expected. For a high
resolution image, L=10 m at an imaging post and D=\ cm-()) (L/D=l000) can be selected. An
output intensity of 0O=3 x 106 n/(cm2s) is expected in this case.
On the contrary, a second imaging post at L=3 m is selected for a requirement of a high flux
experiment. The valuable D is enlarged to 3 cm-(|) (L/D=l00) in this case. The system results 0o=3
x 108 n/(cm2s). Thus, the NR facility should be applicable variety of requirements.
Based on the above expected flux, we can easily modulate neutron spectra from thermal to
sub-thermal region by inserting a filter system in exchange of an appreciable intensity loss [12].
In the case, n/y should be improve at the same time.
An output beam size is another importance. If the size is expected to be D0=4Q cm-(f> and if
L s =l mis assumed. For L=10mand D=\ cm-(|>, a homogeneous intensity areaDs wider than 5
cm-<|) is required using eq.(2), and for L=3 m and D=3 cm-<t>, then Ds>17 cm-(j) is required.
Like that, basic performance of collimator design should be easily given by a simple desk
study. The concept can also suggest a possibility of improvement and its limitation of existing NR
facilities.
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ABSTRACT
The first prompt gamma activation analysis (PGAA) was designed, constructed and
installed at a 6 inch diameter neutron beam port of the Thai Research Reactor-1/Modified 1
(TRR-1/M1) since 1989. Beam characteristics were made by Gd foil irradiation, X-ray film
exposing and densitometry scanning consequently. The thermal neutron flux at sample
position was measured by Au foil activation, and was about lxl0 7 n.cm2.sec"1 at 700 kW
operating power. The experiments have been conducted successfully.
In 1998, the PGAA facility has been developed for the reactor operating power at 1.2
MW. The new PGAA system, e.g., beam shutter, gamma collimator and biological shields
have been designed to reduce the leakage of neutrons and gamma radiation to the acceptance
levels in accordance with the International Commission on Radiation Protection Publication
60 (ICRP 60). The construction and installation will be completed in April 1999.

1. INTRODUCTION
Prompt-gamma activation analysis (PGAA) is an elemental and isotopic analytical
technique in which prompt y-rays emitted within 10"4 s. The spectrum of gamma rays emitted
from a sample is recorded when it is immersed in a beam of neutrons. As in neutron activation
analysis (NAA), both neutrons and gamma rays are highly penetrating and affected little or
not at all by chemical composition, oxidation state, or physical state of the matrix [1]. The
procedure of this technique is purely instrumental, sample preparation consisting of simply
mounting a suitable specimen size in the neutron beam in front of a gamma ray detector. For
these reasons, PGAA is valuable as a complement to analytical methods which involve
chemistry, particularly the difficult chemistry involved in covering a solid sample
quantitatively into a solution. PGAA is especially applicable to the determination of several
elements that are difficult to measure by chemical methods, including the low-Z major or
minor elements such as hydrogen, silicon, phosphorus, and sulfur, and with less sensitivity
carbon and nitrogen. It is also sensitive, of course, to those elements with a large neutron
capture cross section and a high gamma-ray yield, especially boron, cadmium, samarium, and
gadolinium.
-
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In 1989 PGAA system was set up at southeast beam port of the reactor pool. The
purpose for using this technique in Thailand is analyze suitable elements in various samples
such as geological, mineral, sediment, coal, etc.
2. THE PRIMARY SYSTEM
TRR-1/M1 is a light water moderator and cooling pool type reactor. The normal
power operation is 1.2 MW with a maximum thermal neutron flux of 3.1x1013 n.cm"2.sec"'
and fast neutron flux of 2.3xlO13 n.cm"2.sec"'. The utilization of this reactor is an isotope
production, NAA, and beam experiments. Three of four beam experiments such as neutron
radiography, neutron scattering and PGAA have been installed.
At PGAA beam tube, thermal neutrons are collimated by series of annular collimators
as shown in fig. 1. The collimation annuli were constructed and compose of materials that
thermalize the fast neutrons, collimate the thermal neutrons, and attenuate the y-rays. [2-4]

oo > 15.t cm
10 • 13.» cm
Wall.' O.t cm

Reactor Core
Lead
Teak
Fe
Borated Paraffin

Fig. 1 Layout of neutron collimator
Horizontal slide shutter about 30 cm thick of lead and borated paraffin was placed at
the end of the beam tube to shut off the neutrons. Sample made an angle 45° to the neutron
beam is irradiated at 50 cm from the reactor wall. Prompt y-rays from sample are measured by
hyper-pure germanium detector. Large amounts of shielding and moderating materials are
required due to the existence of y-rays, epithermal and fast neutrons. Therefore the detector
can be positioned at distance about 50 cm from the sample. Neutron beam will stop at the end
of the system by heavy concrete.
Beam characteristics were measured by irradiation a Gd foil in the sample location
and later exposing it to X-ray film, which was scanned with a densitometer. The neutron flux
was measured by irradiating Au foils, which yielded a value about lxl0 7 n.cm2.sec"' at center
position.
Many Experiments with the prompt gamma ray measurement has been done
successfully, e.g. analysis of boron in talcum powder and in detergent. The sensitivity of
boron analysis is around 0.1 ppm.
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Beam stopper

Fig.2 Side view of shutter, detector and shielding, and beam stopper
Due to the problems of very high background radiation around the PGAA facility, the
reactor can be operated at power 700 kW in stead of normal power 1.2 MW. To solve these
problems, the new design needs to be done for getting higher analysis sensitivity and radiation
safety for both detector and researchers.
3 NEW DESIGN
In order to develop the PGAA facility to have higher analysis sensitivity with
operating the research reactor of 1.2 MW. The new PGAA system has been design. This is
included neutron beam shutter, gamma collimator and biological shields. Details of these
apparatus are described as follows.
3.1 Shutter
The rotating shutter as shown in Fig. 3 (A), which surrounds with rectangular box, will
be replaced for the horizontal slide shutter in order to reduce the leakage of neutrons and
gamma radiation. Section of borated paraffin and lead that have a hole about 4 cm in diameter
will contain in the shutter. The rectangular box is filled with a mixture of steel shot, natural
U2O3 and paraffin to reduce radiation which scattered out side the beam shutter. The
thickness of shutter is 30 cm.
3.2 Gamma collimator
To increase the sensitivity of the system, the rectangular aperture will be prepared for
the removable gamma collimator. The collimator will collimate prompt gamma from sample
to detector. The collimator can be change in shape, size, and material to the appropriate
application.
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3.3 Biological shield
Around the system will shield with 30 cm thick boxes. These boxes will fill with steel
shot and paraffin. Paraffin will be neutron moderator while steel shot will capture the thermal
neutron and also absorb both prompt gamma and gamma radiation from the other source.
These shielding should be provided neutron and gamma radiation in accordance with the
International Commission on Radiation Protection Publication 60 (ICRP 60).

Rotating Shutter

Rectangular Aperture

(A)

(B)

•

(C)

Fig. 3 Structure and complete construction of new system
(A) A rotating shutter
(B) The rectangular aperture for removable gamma collimator
(C) The biological shielding when the installation complete
Beam uniform, neutrons flux at sample position, efficiency calibration and etc will be
done at reactor power of 1.2 MW after the construction and installation complete in April
1999.
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ABSTRACT
As a method to obtain high thermal neutron flux with low background for a prompt gamma
neutron activation analysis (PGAA) system which will be constructed at HANARO, a 30 MW
research reactor in Korea Atomic Energy Research Institute, diffraction of a spare white beam
before any filtering is adopted. The PGAA system will use a thermal neutron beam diffracted
vertically by pyrolytic graphite (PG) crystals with the mosaic spread of 0.8 degree at near the
surface of reactor biological shield. The ratio of diffracted beam flux to white beam is
determined by the integrated reflectivity of the monochromator. To estimate neutron flux after
diffraction, convolution of the incident beam divergence and crystal mosaicity is simulated using
the Monte Carlo method. If the beam is focussed by the bent PGs, the expected flux at the
sample position is about 3 X 108 n/cm2-s which is about 4 % of white beam flux.
The characteristics of neutron beam diffracted by the PG are investigated experimentally to
confirm the neutron flux and its profile at the PGAA system. The comparative experiment is
performed in the CN horizontal beam line of HANARO. Diffracted spectra with the Bragg
angles of 22.5 and 45 degree are measured by using time-of-flight spectrometer and fluxes
before and after diffraction are determined by gold-wire activation. The theoretical estimation
agrees with the experimental verification within 20 %.

1. Introduction
BNCT(Boron Neutron Capture Therapy) is a potentially effective method for the treatment
of highly invasive and malignant tumors such as glioblastoma or melanoma[l], and a project to
install the BNCT facility at HANARO, 30 MW multipurpose research reactor in Korea Atomic
Energy Research Institute(KAERI), is in progress. Since the neutron dose in BNCT depends on
the B-10 concentrations in the tumor and normal cells, its estimation by measuring the B-10
concentrations in the blood samples of patient just before and after the neutron irradiation is very
important for the determination of irradiation time and dose. The Prompt Gamma Activation
-
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Analysis has been widely used in the field of quantitative analysis of multiple elements. It
allows a rapid and non-destructive determination of B-10 concentration in a biological
sample[2,3]- The diffraction of a spare white beam before any filtering is adopted to obtain
the high thermal neutron flux with low background for PGAA. The reason choosing diffracted
beam is explained in the reference 4. The existing facility using diffracted beam is found in
MITR-II only[3], where high energy neutrons in the incident beam are filtered by sapphire and
low energy neutrons diffracted by (002) of PGs are utilized. In HANARO, it is intended to
increase the thermal neutron flux at the sample position by allowing all (002n) diffractions of PG
with the expectation that the portion of fast neutrons in the diffracted beam is very low.
In this work, the design feature of the HANARO PGAA system, and analytical and
experimental approaches to estimate its performance, are presented. The characteristics of
neutron beam diffracted by the monochrometer are investigated, and the method to increase the
neutron flux at the sample position is discussed.

2. Conceptual Design of PGAA System at HANARO
Since the 478 keV peak by the 7Li* after l0B(n,a)7Li* reaction is on the Compton plateau and
the time allowed to determine the boron concentration for the BNCT is limited, high thermal
neutron flux with low background of fast neutrons and gamma rays is the basic requirement. The
conceptual design of the PGAA system at the ST1 beam tube of HANARO to satisfy this
requirement is depicted in Fig. 1.
Beam hole

Floor

Fig. 1. Conceptual design of HANARO PGAA system
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The geometrical conditions of beam extraction system are as follows.
- Dimension of neutron beam nose : 7(x) X 12(y) cm2
- Dimension of PG crystal : 7.5(x) X 5(y) cm2
- Distance from nose to PG crystal : 394 cm
- Bragg angle : 45 degree
- Distance from PG crystal to sample position : 150 cm
Two PGs diffract the top and bottom parts of horizontal incident beam to vertical direction.
The beam at these parts is not used by the polarized neutron spectrometer (PNS) to be installed
at the right hand side of the figure. Therefore, no interference between two facilities is expected.
The white beam flux at the crystal position is expected to be 7.5x109 n/cm2-s. Since the thermal
neutron beam for PGAA is completely away from the direction of white beam and the
background radiation level at the top of the PNS shield was measured sufficiently low, the
background is expected to be low.

3. Experiments
The characteristics of the neutron beam diffracted by the PG crystal are investigated
experimentally to confirm the theoretical estimation of the neutron flux and its profile at the
sample position of the PGAA system. Since the ST1 beam tube of HANARO is not ready for
experimental tests, the comparative experiment is performed at the CN horizontal beam line[5].
Diffracted spectra with the Bragg angles of 22.5 and 45 degree are measured by using time-offlight spectrometer and the fluxes before and after diffraction are determined by the gold-wire
activation analyses. The experimental setup and time-of-flight neutron spectrum reflected from a
PG crystal at Bragg angle of #=45 degree are shown in Fig. 2.

10000
neutron

2
3
4
Wavelength [A]

5

Fig. 2. The experimental setup and TOF neutron spectrum.
The mosaic spread of the PG crystal[6] used in this experiment is 0.4 degree, and collimation
of incident beam is 10 X 30 mm2. The diameter of Au-wire used for the flux measurement is 0.1
mm.
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4. Calculation and Results
The integrated reflectivity for a flat crystal in symmetrical reflection geometry is
approximately written by[7,8]
RE = Re2Ecot8

(1)

where, 6 is the glancing angle of incident neutron with the energy E, and Re is given by
Re = O.6](/3Qto/sin0)05

(2)

g = ;i3F2/Fc2sin20

(3)

where, F is the structure factor, VQ is the unit cell volume, t0 is the thickness of the crystal, (3
is the FWHM of the rocking curve, and X is the neutron wavelength. The reflected neutron flux
can be calculated by summing the Bragg reflections of n=l,2,3, • • • for the specific glancing
angle.
The calculated ratios of the reflected flux to the incident beam of Maxwellian spectrum with
neutron temperature equal to the experiment and the measured values, are shown in Table 1. The
attenuation of neutrons in the beam path is considered in calculation. The effect of spectrun,
hardening due to the slowing down of higher energy neutrons is confirmed to be negligible, and
the measured thermal neutron spectrum for incident beam agrees very well with Maxwellian.
Table 1. The comparison of calculation and measurement for the reflected ratio
of neutron beam incident to PG crystal with /?=0.4 degree.
Calculation
Plane

Measurement

Relative fraction for
Reflection the ratio of (004)
ratio
at 6>=22.5°

Peak area
of TOF
spectrum

Relative fraction for
the area of (004) peak
at 0=22.5°

(002)

0.00069

0.055

5.72 X104

0.014

(004)

0.00258

0.206

8.84 X105

0.221

(006)

0.00359

0.287

1.06 X106

0.265

(008)

0.00282

0.226

5.63 X105

0.141

(00,10)

0.00144

0.115

1.82 X105

0.046

Total(without
incident beam
divergence)
Total(with
incident beam
divergence)

0.01112
Reflection ratio obtained from
Au-wire activation : 0.0079

0.00650

The calculated values reasonably agree with measurements for (004) and (006) diffractions
but deviate significantly for others. The source of the disagreement is under survey for the
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effects of the Debye-Waller factor[9] and the approximation in the above equations. Total
reflected ratio determined by Au-wire activation agrees with the theoretical estimation within
20 %.
Since the neutron flux can be increased by focusing the neutron beam[10], the PG crystal
will be bent. Fig. 3 represents the neutron beam path for the focusing geometry.

Fig. 3. The neutron beam path for the focusing geometry.

Beam section at each position is triangle at A, rectangle at B and trapezoid at another
position. Neutron beam intensity must be high and uniform within the sample size. So, the focal
length and radius of curvature of crystal should be determined so as the sample position becomes
B.
To estimate the neutron flux distribution after diffraction, the convolution of the incident
beam divergence and crystal mosaicity is simulated using simple Monte Carlo method and
gaussian convolution. The predicted neutron flux distributions in the sample position are shown
in Fig. 4.
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Fig. 4. The predicted neutron flux distributions in the x-, y-axes of the sample position.

The integrated reflectivity increases with the square root of the mosaic spread /?, but the
beam divergence also increases. The neutron flux at the sample position is calculated with
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considering above two effects and focusing property of the bent PG reflection system. In the
cases of /3=QA, 0.8, 1.2 degree, 1.68, 2.00, 1.86 % of the incident neutron flux to the crystal are
obtained at the sample position. So, we will use the PG crystal with /M3.8 degree. Since the two
PG crystals will be used as shown in Fig. 1, the expected flux at the sample position is about 4 %
of white beam flux which is about 3X 10s n/cm2-s. Since the integrated reflectivity increases
with the square root of crystal thickness, the neutron flux could be increased more by using
multiple layers of PGs. It is judged, however, that the flux of currently predicted value is high
enough.

5. Conclusion
As a method to obtain high thermal neutron flux with low background for the PGAA,
diffraction of a spare white beam before any filtering is adopted. The PGAA system will use a
thermal neutron beam diffracted vertically by PGs with the mosaic spread of 0.8 degree. The
characteristics of neutron beam diffracted by the PG are investigated to estimate the neutron flux
and its profile. If the beam is focussed by bent PGs, the expected flux at the sample position is
about 4 % of white beam flux which is about 3 X 108 n/cm2-s. There is more room to increase the
flux but it is judged that the flux of currently predicted value is high enough.
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ABSTRACT
For heat load determination in the CNS hole of Hanaro reactor, the following techniques were
executed : 1) Measurement of thermal, epithermal and fast neutron fluxes by activation method 2)
Measurement of heating rate by y-quantum absorption by Bragg-Gray ionization chamber 3)
Calculation of a neutron spectrum by Monte-Carlo method and normalization on experimental neutron
fluxes 4) Consideration of the difference between the real and measurement condition. For y-heating
rate measurement the Bragg-Gray ionization chamber(IC-Gray) was used, which was developed in
PNPI, Russia. The results of thermal and fast neutron fluxes for both schemes (experimental and CNS
model) are in a good agreement with those calculated by MCNP, therefore the heat release data in
hydrogen from neutron have high reliability. Analysis of heat release data from y-rays has shown that
the experimental results are underestimated. The cause of underestimation can be explained by two
cases. One is the different circumstance that the measurement was executed in CNS channel filled
with light water, but the calculation was carried out in the vacuum channel. And the other is the fact
that the calibration of IC-Gray was executed in the different range from that of real measurement.
Therefore the measurement by IC-Gray was used only for calibration of the calculation code, and the
calculation data by MCNP will be used as a ground data of design.

1. INTRODUCTION
Cold neutron source facility is going to be built up in 30 MW reactor Hanaro in order to provide its
scientific community a full range of neutron experimental devices. The liquid hydrogen cold neutron
moderator currently under development will be positioned inside a vertical hole with the diameter of
16 cm in the heavy water reflector of the reactor. In the design of cold neutron source(CNS), it is very
important to measure the heat load experimentally for sizing of heat removal system and selection of
the refrigerator etc.. Heat release in CNS is basically stipulated by transfer of energy at collisions of
fast neutrons with nucleus and absorption of the y-quantum directly by cold moderator and the
construction material. Heating rate can vary in a very wide range and depends on CNS arrangement in
reactor. For heating rate determination, neutron flux was measured by activation and wire method, and
heating rate by y-quantum absorption was measured directly by using Bragg-Gray ionization chamber.
Calculation of a neutron spectrum was executed and normalized by MCNP method.
2. TECHNIQUE OF y-HEATING RATE MEASUREMENT
For y-heating measurement it is possible to use quasi-adiabatic calorimeter of Bragg-Gray
ionization chamber(IC-Gray) as shown in Figure 1. Usually a calorimeter permits to measure heating
rate in a 0.01-4 W/g range within an error of about 10 %. The results of measurements by calorimeters
have shown coincidences within good error ranges, which confirms reliability of used techniques. ICGray is worse than calorimeter on accuracy of measurement, but considerably surpasses in
-
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convenience of work and ranges of heating rate measurement. IC-Gray was used for measuring yheating rate in range of 10~6~10 W/g, which was developed in PNPI, Russia. This is a kind of ion
chamber that is made to measure the current proportional to the heat load produced by y-heat.
Comparative measurements of heating rate on WWR-M reactor between IC-Gray and quasi-adiabatic
calorimeter were executed, which showed the accuracy of 15 %. IC-Gray chamber has cylindrical
structure of aluminum material, which has the dimensions of 70 mm height, 18 mm external diameter.
There are external electrode of external diameter of 15 mm, internal diameter of 6.6 mm, i.e of 4.2 mm
thickness, and central cylindrical electrode of 5 mm diameter. The design of a cylinder ionization
chamber has an air layer of cylindrical type of 0.8 mm between central electrode and external
electrode. And there are two electric terminals for connecting to Pico-ammeter in the above, and the
isolation of chamber is made from a kind of rubber lining of Floroplast-4 material. IC-Gray chamber
used for measurement was calibrated at average energy of y-quantum Ey= 0.661 MeV. The K-factor for
this energy is equal to 7.4 x 104 W/g. The factor K depends on average y-quantum and the dependence
of K-factor at relative unit was determined from measurements in different y-fields. This dependence
permits to obtain the absolute value coefficient K at any energies of y-quantum.

9

1,2 : Central and External Electrodes 3 : Security Electrode;
4,5,11 : Isolators
6 : Protective casing
7 : Cover; 8 : Rubber Lining,
9, 10: Removals

Figure 1. IC-Gray Chamber

3. MEASUREMENTS PROCEDURE
For measurement, the special dry experimental channel of 25 mm inside diameter was installed in
CNS vertical hole as shown Figure 2. This is made of Al-60 series and was bent in the lower-mid point
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to prevent radiation from coming up through the empty space inside. For reactor power monitoring,
the NAA1 channel was used. The following measurement procedures are as follows : 1) Activation
detecting unit, which involves activation wire(Gold wire) and foils(Au, In, Ni foils) to be irradiated for
measurement of neutron flux and the weight and the supporting wire for guiding them to the
irradiation point, was irradiated at reactor power about 10 kW in CNS-channel for determining
thermal, epithermal and fast neutron flux distribution along the CNS channel. 2) A distribution of yheating rate along CNS channel were measured by IC-Gray at reactor power about 1 MW. 3)
Activation detection unit, which involves Gold wire and Fe, Ni foils was irradiated at reactor power 17
MW in CNS channel for determination and fast absolute fluxes.
The supporting wire of the activation detecting unit made of SUS wire of 0.1 mm diameter has a
weight at one end to make itself straight as shown in Fig 4. The wire and foils are attached to all along
the supporting wire of 1.2 m to measure the flux in the whole length. Measurement by IC-Gray were
executed at 1 MW of reactor power under the following sequences : 1) IG-Gray was loaded into a
bottom of the CNS channel. 2) Reactor starts up to about 1 MW power. 3) Measurements of y-heating
rate distribution along the CNS channel were provided by moving IC-Gray with 5-10 cm steps.

Figure 2. Aluminum dry experimental channel

4. RESULTS
4.1 Neutron flux
The neutrons and gamma spectra calculation was executed under MCNP and Venture code. The
results by measurement and MCNP are presented in Table 1, which were carried out for point located
at 9 cm above mid-plane of the core. The cadmium ratios are shown in Table 2.

-
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Table 1. Neutron flux

<D,A (2200 m/s)
(average)
<D / (E>lMeV)
a

Measurement
Foil
Wire
(1.64±0.08)xl0 12
1.73xlO12
1.85xlO12
1.95xlO12
(2.1±O.3)xlO10

MCNP
1.24xl012(0.0289)a
1.54xl010(0.0289)

Fractional standard deviation

Table 2. Cadmium Ratio of Foils
Measuring
CNS
NAA1

Ro,
681.2

RFe
-

RA,,

86.5
287.1

303.6

Table 3. Measurement of current by IC-Gray in axial direction
H(cm)

H(cm)

U/JA)

H(cm)

l(fiA)

0

11.5

+40

23.5

+80

16.5

+5

13.4

+45

23.7

+85

13.0

+10

16.5

+50

23.3

+90

11.1

+15

18.0

+55

22.8

+95

9.5

+20

19.5

+60

22.3

+100

8.1

+25

20.8

+65

21.2

+105

6.8

+30

22.4

+70

20.0

+110

5.4

+35

22.7

+75

18.7

+115

4.2

In the simulation by MCNP, aluminum channel having 25 mm internal diameter and 5 mm
thickness was modeled to be inserted in the CN hole, and all fuels were assumed to be new ones. As
measurement values of thermal neutron are obtained using nuclear reaction cross-section at 2200
m/sec and calculation values are neutron flux of E<0.625 eV, neutron fluxes are compared by
multiplying l/^fn to the measurement ones. MCNP calculation estimates 30-40% less than
measurement, however, the values by VENTURE and MCNP predict results similarly. Comparisons
between two calculations and measurement are provided in Figure 3 and 4 for distribution of absolute
and relative neutron fluxes in the axial direction respectively. The absolute values in Figure 4 show
some discrepancy but the relative values in Figure 5 are generally in good agreement with the
measurement. The discrepancy is caused mainly from the difference with the real value for reactor
power at the experiment, and trivially from normalization factors used when changing the result of
MCNP to absolute value.
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4.2 y-heating rate
y-heating measured by IC-Gray at 9 cm above the mid-point of the vertical hole is
qyAl = (1.9 ± O.2O)XlO~3, however, the value by MCNP is q/' = 7. lxl0" 3 (fsd=0.0369) watt/g-MW.
Gamma value in MCNP calculation does not include the effect by delayed gamma which is estimated
20% of the value obtained by MCNP calculation by experience. Axial distributions of current by ICGray and y-heating calculated by MCNP are provided in Figure 5 for comparison.
The distribution in the upper part is well agreed, but the measurement values in the lower part are
bigger than those by MCNP. It is little surprising to find that the calculated value of qy by MCNP is
about 4 times greater than the experimental values. This is caused from the circumstance that the
measurements were carried out in CNS channel filled with light water. It is seen from detailed
calculation that about 60% of q

is contributed from y-rays produced in (n, y) reaction in light water.
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So we can conclude as follows : 1) Design of IC-Gray didn't measure 2.23 MeV gamma produced by
(n, y) reaction of H in light water. The chamber was calibrated in a field of y-rays with Ey = 0.662 MeV,
but y-energy in CNS hole is, 2.23 MeV(l MeV in average), so two values have a little big difference.
The calibration factor of IC-Gray is shown as relative values in Figure 6. The calibration factors of y <
2 MeV is about 20% higher than those of y < 0.662 MeV. Therefore, the calculation results by MCNP
is recommended as ground data of heat release in CNS hole.
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5. CONCLUSION
The results of fluxes of thermal and fast neutrons for both experimental and calculation schemes are
in a good agreement. Therefore data for heat release in hydrogen from neutron have high reliability.
However, estimation for y-heat release has shown that the experimental results are underestimated. In
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addition, there is no mention for effect of delayed gamma, which is anticipated to be about 20% of
total y-heat. Therefore review is required for reliability of IC-Gray chamber and effect of delayed
gamma.
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Slow Neutron Beam Control using Multilayer Supermirror
and Capillary Guide at JRR-3M
Kazuhiko SOYAMA
Center for Neutron Science
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken 319-1195 JAPAN
E-mail :soyama@jrr3fep2. tokai.jaeri. go.jp
Development of neutron optical devices at JRR-3M is reported. In order to reduce the
interface roughness and enhance the reflectivity of supermirrors, ion polishing technique has
been investigated for Ni/Ti multilayers. The optimum ion beam conditions of ion polishing
time, ion energy and incident angle were determined, and the reflectivity of Ni/Ti has been
successfully enhanced. For the application of supermirror, a natural nickel guide tube has
been replaced with a supermirror guide tube at JRR-3M. It was evaluated using MonteCarlo code that the total intensity at the end of a supermirror guide tube is 5.6 times that of the
exiting nickel guide tube. A silicate glass multi-capillary fiber fabricated and studied for the
neutron transmission characteristics has been conducted.
Keywords
optics

Supermirror, Ion polishing, Neutron bender, Capillary fiber, JRR-3M, Neutron

1

INTRODUCTION

Slow neutron is becoming a more and more useful microscopic probe to study basic and
applied sciences in the 21 st century, because it is the only microscopic probe that can provides
information about structural and dynamical properties of the matters in the condensed matter
physics, chemistry and biology sciences.
In order to satisfy a demand for an intense neutron beam, the JRR-3 (Japan Research
Reactor No.3) of JAERI was upgraded to be a new high performance research reactor JRR3M with neutron guide tubes (Kawabata, Suzuki et al. 1992) on a cold neutron source, and it
has supplied many neutron users with intense neutrons. The requested beam time at JRR-3M
in 1997 already exceed three times as much as available beam time.
Thin film optical devices which are based on the neutron's optical phenomena including
refraction, external total reflection and Bragg reflection, play important roles at these neutron
sources. These devices are utilized to transport, deflect, monochromate, focus, and polarize
neutron beam. Improvements in these devices enhance the utilization efficiency of neutron
source.
Especially the supermirror (Mezei 1976) consists of a number of bilayers with variable dspacing is available to reflect a neutron beam with a wide range of wavelengths. It can
extend the effective critical angle of total reflection 2 - 3 times larger than that of natural
nickel. The intensity at the end of a supermirror guide tube can be one order of magnitude
higher than that of the existing nickel guide. Furthermore the supermirror can decrease the
radius curvature of a neutron bender, which deflects a "white"-beam from a main beam line
and set a new instrument in a limited experimental space.
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Development of a supermirror fabrication technique and its application devices have been
conducted at JAERI in order to utilize neutron beams more effectively. In this report, a new
multilayer fabrication technique using ion polishing in combination with sputtering deposition
is described in Chapter 2 and development of a supermirror guide tube at JRR-3M is reported
in Chapter 3. Finally a fabrication of the silicate glass multi-capillary fiber and study of the
neutron transmission characteristics are described in Chapter 4.
2

NEW FABRICATION TECHNIQUE OF SUPERMIRROR

2.1 Ion polishing
After the pioneering works to develop supermirrors (Mezei 1977, Ebisawa 1979),
improvements in performance have been conducted over two decades to get a small d-spacing
multilayer with high reflectivity, because the measured reflectivity and critical angle are lower
than the theoretical expectations if a number of layers are deposited.
The principle of supermirror is based on the interference of neutron reflected by interfaces
of materials with high (nickel, beryllium) and low (titanium, manganese) refractive indices.
The reflectivity of multilayer mirror depends not only on the difference in refractive index but
also on interface roughness.
In early stage, reflectivity improvements were carried out using e-beam evaporation, and it
was concluded that oxidation improves the reflectivity of the Ni/Ti supermirror, because the
interface roughness and inter-diffusion are decreased (Tasaki 1995, Soyama 1998).
Furthermore co-sputtering with complex composition is carried out. NiC/Ti system etc. have
been investigated in order to reduce the grain size of nickel and obtain smooth interface
(Wood 1992, Jiang 1992, Soyama 1998).
In this study, ion polishing (also called as ion bombardment) has been investigated to
reduce the interface roughness of Ni/Ti multilayers. Ion polishing in combination with
electron beam deposition has been shown to be a promising tool in the production of X-ray
multilayer structures recently (Puick 1990, Spiller 1989). In the process of ion polishing,
particles with the lowest binding energy which are in a valley of the surface, may be removed
by recoil effects after ion polishing. Because sputtering has an advantage that the sputtered
atoms arrive with higher energy (10~30eV) than vacuum evaporation (~0.1eV), and it could
produce good quality layers with higher density and small grain size. Then it is hoped that
the smaller interface roughness would be obtained by using ion polishing in combination with
sputtering.
2.2 Experimental method
Ni/Ti multilayers were deposited and ion-polished using the ion beam sputtering system
(Murakami 1991). The system is equipped with dual bucket sources which are used to
generate Ar+ ions. One is used for sputtering deposition of Ni/Ti multilayers. The other is
used for ion polishing. The condition of the sputtering deposition were fixed for all
multilayer mirrors, on the other hand, these of the ion polishing were scanned. The ion
polishing was applied immediately after the deposition of a layer to smoothen the layer.
Multilayers were deposited on Si(l 11) substrates of 75mm<t> with surface roughness of 2Arms
~ 4Arms. The base pressure during the operation was 1 x 10'7 mbar. The ion source in the
left is used for ion beam polishing (IBP). The condition of ion polishing time, ion
acceleration energy and incidence angle on the substrate were scanned. On the other hand,
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the deposition condition (the ion source in the right) were fixed.
The d-spacing and interfacial roughness of multilayers were evaluated with X-ray grazing
angle reflectivity measurements, which were performed in a 6-20 mode between 0° and 10°
using Cu Ka radiation (A=1.54A). The measured reflectivity was fitted with the reflectivity
which is calculated using the Fresnel's formulae and the interface roughness considered in
terms of the Debye-Waller factor a, assuming the optical parameters of the material in bulk,
as follows,
\

R

exp = Rcal

: Measured reflectivity
Real: Calculated reflectivity for ideal case
ao.w.: Debye-Waller factor (A)
0 : Incidence angle (rad)
A,: Wavelength (A)
2.3 Results and discussion
2.3.1 Ion polishing time
In order to get the optimal ion polishing time, Ni/Ti multilayers (d=120A, N=10bilayer)
with either Ni layers or Ti layers ion-polished were coated for various Ar+ ion polishing times.
The ion acceleration energy and incidence angle were fixed at lOOeV and 10° during this
coating.
The evaluated interface roughnesses a of the multilayers are shown in Fig.l, which
illustrate that the ion polishing (in all cases) is very effective for the reduction of a. In case
of ion-polishing Ni layers, value of 6.5 A without ion-polishing decreases to a minimum value
of 3.5A at an ion polishing time of 69 sec. On the other hand, a is evaluated to be 4.5A and
constant over every polishing time in cases of ion-polishing Ti layers.
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Figure 1 Evaluated interface roughness a of the multilayers with all Ni layers ionpolished and with all Ti layers ion-polished for various ion polishing times.
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2.3.2 Ion acceleration energy and incidence angle
The optimal Ar+ ion acceleration energy and incidence angle have been investigated.
Ni/Ti multilayers (d=100A, N=10bilayer) with either ion-polished Ni layers or ion-polished
Ti layers were coated for various ion acceleration energies (lOOeV, 300eV and 600eV) and
incident angle (10° and 45°). In the study of ion acceleration energy dependence, the ion
polishing time was determined to fix the quantity of sputtered atoms in consideration of the
sputtering rate which increases in proportion to the acceleration energy. In case of the study
of incident angle dependence, the ion polishing time was determined to fix the ion flux with
which the multilayer surface is irradiated.
Figure 2 shows the evaluated interface roughness a of multilayers with either Ni layers
ion-polished or with Ti layers ion-polished for various ion energies. It was clearly observed
that a of all the samples ion-polished, becomes smaller than those of the sample without were
ion-polishing. The results did not show a clear ion-energy dependence except for a
minimum value a of 3.5A for the sample with Ni layers ion-polished at lOOeV. In case of
the incident angle of 45°, a of the sample with Ni layers ion-polished at lOOeV may be
smaller than that of the sample ion-polished at 10°. On the other hand, a of the sample with
Ti layers ion-polished at 45° and lOOeV shows the same value with a of the sample ionpolished at 10°.
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Figure 2 Evaluated interface roughness a of multilayers with all Ni layers ionpolished and with all Ti layers ion-polished for various ion energies.

3. SUPERMIRROR GUIDE TUBE AT JRR-3M
Neutron guide tubes are used to transport slow neutrons over a long distance without any
loss to the number of scientific instruments at many neutron sources. Guide tubes are
normally coated with a natural nickel which has a critical angle #CNi of the external total
reflection of 0 C N A = 1.7mrad/A. If the effective critical angle is increased to be m times that
of natural nickel by using a supermirror, it would bring the flux gain of m2 to the end of the
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guide tube and the intensity increase of shorter wavelength neutrons. This performance
promises to open up new possibilities for the scientific study of neutron scattering and other
absorption experiments. In recent years, the installations of supermirror guides have
progressed at some neutron sources such as ORPHEE reactor (Farnoux 1991).
Replacing a nickel guide tube with a supermirror guide tube at JRR-3M has been conducted
to obtain the higher neutron flux. Figure 3 shows a horizontal view of the JRR-3M guide
hall. A T-2 guide with a length of 57 m including the curved section with a length of 36 m
has been replaced with a supermirror guide tube with a critical angle of 2#CNi.
Other design parameters of the guide tube such as the radius of curvature and the cross
section of the guide tube are not changed in order to keep the layout of the existing
instruments. Neutron transmission analyses have been conducted for preliminary design of
the supermirror guide tube. Neutron trajectories were calculated using Monte Carlo code
(Harami 1985) which was developed to assess the design of the neutron guide tubes of JRR3M. This code can not only calculate a neutron transmission and neutron spectra summing
the maxwellian spectra at a entrance of a guide tube, but also analysis the effect of abutment
errors.
GUIDE HALL

REACTOR HALL

Figure 3 Horizontal view of JRR-3M guide hall.
Figure 4 shows calculated spectrum at the exit assuming the maxwellian spectra with 293 K
at the entrance of the guide tube as a function of reflectivity. Because the radius curvature
for the curved section is not changed, then its characteristic wavelength shift to 1.1 A. The
intensity at 1.1 A is 8 times that of the existing one. The total intensity at the end exit in the
case of R=0.95 is 5.6 times that of the exiting nickel guide tube.
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Relation between transmission rate of guide tube and reflectivity of mirror.
4.

Capillary lens

A glass multi-capillary fiber has been fabricated and applied to a neutron microguide tube.
It has been utilized for an X-ray focusing lens proposed and constructed by Kumakhov et al.
in 1990. Quite recently, some investigations using multi-capillary fiber made of lead and
boron glass have been carried out for focusing neutrons based on the experience of an X-ray
optical system (Mildner 1993, Chen 1994). We have applied a silicate glass to multicapillary fiber instead of above-mentioned fiber. This fiber consists of a thousand of narrow
hollow channels with a diameter of 15um. The neutron transmission experiment has been
performed for a single multi-capillary fiber using a monochromatic thermal neutron beam at
JRR-3M. Low energy neutrons are reflected on a material surface when an incident angle of
a neutron beam is smaller than the critical angle 0C which is defined as

where X is the de Broglie associated neutron wavelength, N the atomic number density and
b,.h the average coherent scattering length. The neutron beam transmitted through the
curved guide with multiple reflections is characterized by characteristic wavelength X* which
is defined as follows,

where a is the width of the guide tube and p the radius of curvature.
In order to obtain a
larger beam deflection for effective bending and focusing ; (1) the effective critical angle must
be increased by the use of coating mirror material (Ni, 58Ni, Ni-Ti supermirror), or (2) the
width of the guide tube must be narrower.
If we use the multi-capillary fiber with a channel
width of several micrometers, the width of the guide tube can be four orders of magnitude
smaller than that of JRR-3 guide tube.
This means a glass multi-capillary fiber could be
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quite promising as a neutron optical device, and it is expected to bend neutron beam at smaller
radius of curvature and to focus on a focal spot. Transmission experiments have been performed using the monochromatic thermal neutron beam (0.2nm) at the neutron diffraction
image visualization equipment facility (DIVE) installed at JRR-3M. The neutron beam was
collimated to have various divergences by using boron carbide slits. The cross section of the
incident beam was 1.0mm. The neutron beam was recorded at a one-dimensional positionsensitive proportional counter (ORDELA Model 1150N) with a spatial resolution, full width
at half maximum (FWHM) of 1.0mm. The distance from the center of the multi-capillary
fiber to the detector is 1,500 mm. The multi-capillary fiber consists of 1,000 of narrow
hollow channels with a diameter of 15pm. The fiber surface consists of silicate glass which
has a smooth surface and high reflectivity. A cross-sectional image taken by an optical
microscope for the multi-fiber is shown in Photo. 1.
The channels have hexagonal arrangement. The channel pitch is 24um and the open area
ratio is 40%. The outer diameter of the fiber and the effective diameter are 1.7 and 1.2mm,
respectively. The glass fiber was set on

Photo. 1

Cross-sectional image of multi-capillary fiber (x45)

straight and curved grooves cut in a aluminum plate. Neutron transmission efficiency was
measured for straight and curved fibers as a function of length. First, the critical angle 9c of
the fiber was first measured. The angular divergence of the exiting beam transmitted
through the fiber is limited by the critical angle of the fiber material. The space distribution
D of the transmitted beam at the detector position is given by D=26c+d, where L is the
distance between the detector and the fiber exit, and d the effective diameter of the fiber
channel. Hence e. is derived by measuring the space distribution D at the detector position.
The incident beam has a horizontal divergence of 6.4 mrad and a vertical divergence of
1.6mrad. The space distribution D is defined as FWHM of the neutron distribution. The
critical angle of total reflection has been determined to be 1 Imrad/nm. This value agrees with
a estimated value of 11 mrad/nm which is calculated using the constituents of the fiber. The
transmission efficiency for a straight fiber has been measured as a function of fiber length.
Eight fibers were cut from the same fiber, whose lengths were 4.0, 5.0, 6.0, 7.5, 8.5, 9.5,10.5
and 12.5cm. The incident beam was collimated to be 4.4mrad. The transmitted beam
intensity is decreased as increasing of the fiber length. The results shows that neutron
reflectivity of the inner wall is less than unity. The transmission efficiency T, defined as a
transmission probability in unit length, is determined from the slope of the linear fitting to the
data. We get a value of 0.97/ cm for the 0.2nm neutron beam. The neutrons transmitted

- 398 -

JAERI-Conf 99-006

through the curved multi-capillary fiber, were recorded at the detector. The fiber with a
length of 14 cm was curved at a radius of 6.2m with a characteristic wavelength of 0.2nm.
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Figure 5 Lateral beam profile of the exiting beam from the multi-capillary fiber
The neutron beam entered the curved fiber with an angular divergence of 6.8mrad. Figure 5
shows the lateral beam profile of the exiting beam from the fiber. The left peak corresponds
to the direct beam passing through the curved fiber. Its angular divergence agrees with that
of the incident beam. The right peak corresponds to the beam transmitted through the fiber
as the result of multiple reflections. The angular divergence is 4.2 mrad, which is twice as
same as the critical angle of the fiber. The bent angle of the transmitted beam to the incident
beam is 0.9°. The intensity of the transmitted beam is 10% of the incident beam. It is
reasonable value in due consideration of the open ratio and the transmission per unit length of
the fiber. From the results obtained, it can be clarified that the silicate glass multi-capillary
fiber can be a useful neutron microguide tube, and the neutron lens which consists of many
bundled multi-capillary fibers can focus a neutron beam to a focal spot and increase neutron
intensity at a sample.
CONCLUDING REMARKS
Ar+ ion polishing technique in combination with ion beam sputtering has been
investigated to develop multilayer neutron mirrors with very small d-spacings. It was
observed by X-ray diffraction and transmission electron microscopy that the interface
roughness and the interdiffusion were decreased, and the neutron reflectivity of multilayers
was clearly improved using ion polishing. The optimal conditions of Ar ion polishing has
been determined. This method will bring us higher performance supermirrors, and neutron
guide tube, neutron bender and focusing guide which are fabricated using this method are
expected to be a strong device to increase the available neutron intensity one order of
magnitude stronger than that of JRR-3M. We have fabricated the silicate glass multicapillary fiber and studied the neutron transmission characteristics using the thermal neutron
beam at JRR-3M. It would be a useful focusing system for prompt r-activation analysis and
other absorption measurements.
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Session 16-3

Neutron diffraction measurements of residual stress for
industrial application
Nobuaki Minakawa
Tel. +81 29 282 5997 FAX. +81 29 282 6716
E-mail minakawa@kotai3 .tokai.jaeri.go.jp
Advanced Science Research Center
Japan Atomic Energy Research Institute
It is used to measure the inner strain distribution of material by the neutron
diffraction method using the penetrating power of neutron as one of the effective use of
the research reactor for the study and to evaluate a correct fatigue and a lifetime.
Recently internal residual stress measurements have attracted great interest in
material science. It is especially important to know the distribution of the internal
stress when we estimate the strength of construction materials or processed goods for
the industrial applications. This measurement can be applied to the study of hardening
of processed goods, metal fatigue, strain of welding.
There is a lot of conventional techniques to measure strain such as strain gauge
method, optical interference fringes method, X-ray diffraction method, Raman
spectroscopic analysis method, and magnetostriction method, etc. But they can
measure the strain only near the surface of materials. On the other hand, neutron
diffractometer for residual stress analysis, RES A, installed at T2-1 port of JRR-3M
enables us to study the internal stress non-destructively. The Fig-1 shows the overview
and schematic drawing of the neutron diffractometer.
The purpose of the measurement
Recently, we have measured distribution of strain for the VAMAS round robin
sample. The sample was made of aluminum-ring and plug which was inserted while
cold.
The VAMAS is the abbreviation of "Versailles Project on Advanced Materials and
Standards" and the project which is promoting international standardization about each
field. This purpose of the measurement is to find the reliability of the data which
measured a same sample with the neutron diffractometer of the every country research
organization. We made a computer simulation by the finite element method in addition
- 401 -

JAERI-Conf

99-006

to demanding inner strain distribution of the sample and examined about the difference
than the measurement result.
Guide tube\

Flight tube
Slit-1
Goniometer
Detector j
\ ' Sample
Collimator
Slit-2

Fig-1 Neutron difiractometer for residual stress analysis

Standard interplanar spacing do is given by scattering angle 6 .
The stress of the sample is estimated from the shift of interplanar spacing A d.
Strain s is represented by the following next expressions which is derived from
Bragg equation.
= Ad/d = -cot0 • A 6
E =(d-d o )/d o = - c o t 0 o - ( 0 - 6o)
d0: Interplanar spacing of standard sample
6 0 : Scattering angle of standard sample
d : Interplanar spacing of strain sample
0 : Scattering angle of strain sample
£

Stress o is given by the following formula by Hooke's law.
a =

E • £

E : Modules of Elasticity (Young's modulus)
It is so very easy technique in principle to measure the strain. But, usually d - d0 is in
the order of 10~3 ~ lO^A so a precision instrument and the greatest care of
techniques are necessary for the strain measurement.
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System of device
We are using a bend and focusing monochromator system for the Si crystal with fine
collimator. For the measurement of strain it is necessary to use small beam cross
section. Neutron intensity is decreased by small beam cross section then beam pass
shielding should be installed. We are using flight beam tubes it has pasted B4C mixing
rubber for the inner part.
Sample goniometer will be used for long distance movement in X, Y, Z directions
and heavy samples in the next base of measurement. Detector is using a 3He zerodimensional detector.
Measurement requirement
Size ofVAMAS Airing and plug sample: Hp 50mm x Dp $50mmxDr 0 25mm
Al matterial: A7050
Manufacturing a sample :Plug was inserted in the ring at the atmosphere with low
temperature.
Monochromator crystal: Si(311)
Mosaic spread ]3 =0.2° (control by bending stress)
Used neutron wave length (Energy) : X = 0.20995 nm ( E = 18.56 mev)
Collimation of Guide beam :
a , = 0.2°
Collimation between monochromator and sample : a 2 = 0.3°
Collimation of sample to detector :
a 3 = 0.3°
3
Detector:
He zero-dimensional detector
Cross section of incident and scattered beam : Measurement of direction for Radial
and Hoop (W) 3mm x(H) 10mm Axial direction (W) 3mm x (H) 3mm
Measured reflection Miller indices : Al(lll), (200), (220)
Resolution function: Fig-3 shows it was calculated resolution function with plot of
measured data.
Neutron intensity and measurement time :
The incident neutron intensity at the T2-1 port is 2 x 108(n/cm2/sec) and the
monochromated beam intensity is 1 x 106 (n/cm2/sec). But in the measurements of
strain we must use small cross section beams 9 ~
intensity is weak (9 x 104 ~ 3 x 105n/cm2/sec).

30mm2 then neutron beam

Procedure of the measurements
1, Measurement of neutron diffraction pattern for standard sample of plug.
2, Measurement of texture for plug sample.
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3, Selection of measurement Miller indices.
4, Measure strain each Miller indices by 0 s - 2 9 s scan with sample scanning
method.
5, It finds the strain of each measurement point.
6, Analyze the strain.
Fig-2 shows the texture of Al plug sample. Fig-3 shows the distribution of inner
strain at the ring and plug sample and Fig-4 shows the computer simulation of the
finite element method (FEM).
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HOOP STHAM FOR RMQ AND PLUG(111)
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Result of the measurements
The boundary position of the ring and plug is 12.5 mm from the center.
In Radial is a negative strain, in Hoop is a positive strain and Axial becomes a negative
strain. In any measurement, the periphery side it has tendency with increasing strain.
When comparing with FME, the tendency resembles but differs in the inclination in
the 12.5 mm neighborhood. In this cause, because the used beam size was 3 mm width,
then position resolution is bad.
Also, the amount of the strain from the center to the periphery should become zero
but the measurement strain is negative in Radial, in Axial is negative and Hoop
becomes positive strain. Because there is a texture in the material as it is possible to
understand with figure 2, this cause is because average do is different from the true
value.
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Panel Discussion
New Trends on Application of Research and Test Reactors
Chairman:

Toshikazu SHIBATA
Director, Atomic Energy Research Institute
Kinki University
Professor Emeritus, Kyoto University

Co-chairman: Toshio FUJISHIRO
Director General, Oarai Research Establishment
Japan Atomic Energy Research Institute
Panelists:

Pham Duy HIEN
Chairman, Vietnam Atomic Energy Advisory Board
Chairman: Scientific Council, Vietnam Atomic Energy Commission
HudiHASTOWO
Director, Multipurpose Reactor Center
National Nuclear Energy Agency of the Republic of Indonesia
(PRSG-BATAN)
Yuanhui XU
Deputy Director, Institute of Nuclear Energy Technology
Tsinghua University (China)
Yoshiaki OKA
Professor, Nuclear Engineering Research Laboratory
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Director, Department of Research Reactor
Japan Atomic Energy Research Institute

1. Opening: T. Shibata (Chairman, Kinki Univ., Japan)
It is great honor for me to chair this important panel discussion. I am very pleased to
have excellent panelist from many countries and organizations and many attendants. As well
known in USA, at the beginning stage of peaceful use of nuclear energy, about 70 research
reactors were operating for educational and research purposes. Today, in spite of slowing down
and discontinuation of governmental financial support, more than 30 reactors are still operating.
Many students can take courses or curriculums, and obtain appropriate experience and related
knowledge about nuclear reactors. Then many nuclear engineers who graduated from the
courses are contributing to make highest energy technology. In nuclear developing countries
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including Japan, research reactors are frequently considered as only neutron sources. Research
reactors are indeed very powerful and stable neutron sources, but educational uses, various
applications and tests in new developments are still main roles. These roles cannot be
substituted by other devices. In this session, we will have various presentations. Personally I am.
very interested to hear the presentations and related discussions.
2. The Role of Research Reactor on Education and Training: P. D. Hien (VAEAB,
Vietnam)
The most challenging problems facing any nuclear energy programme, especially in
developing countries, are the shortage of trained personnel and the unfavourably sensitive
attitude toward nuclear energy of the public and the decision making circle. A nuclear research
reactor may serve a most effective instrument to deal with these problems. The two above
issues, moreover, are interrelated, making the benefits from a research reactor synergically
significant. For example, you may often find people in the decision making circle who says:
"Nuclear power? OK, but may be in France or elsewhere in advanced countries, it is not safe
here !" The harmful effects of radiation, as well as the sophistication of nuclear technology,
have been usually exaggerated. A good national manpower capability and a high safety culture
at a research reactor centre will greatly consolidate the confidence of the public and decision
makers.
The role of a reactor centre in training and education has been widely discussed and
demonstrated. The links between a research reactor centre with universities and with the utility
responsible for nuclear power generation have been exploited in many countries that makes the
benefits of a research reactor more significant than that can be expected from its R&D products.
In line with this strategy, university reactors, which usually are low power but multipurpose and
easy to access for students and the public, can still play a vital role. In advanced countries such
as USA, Japan etc., this option has been realized. The abandonment or negligence of the role of
university reactors for whatever reasons would be a mistake in the face of the declining trend of
public attitude and young generation for attraction to nuclear energy. In poor countries
university reactor option is hard to be materialized. Meanwhile, the shortage of funding for
R&D in the education system greatly affect the quality of teaching in nuclear science in these
countries. For many years I have been working with young scientists graduated from
universities in my country and I realize that they should have additional training in fundamental
aspects of nuclear science and technology as well as in general methods of laboratory practice
before going to do research or becoming a researcher in nuclear application laboratories. In
view of this, a training centre based on a research reactor seems to be a best solution.
Now I would like to touch on the problem of public acceptance of nuclear energy.
Nuclear scientists alone cannot deal with the public attitude. They should seek allies who help
in spreading authentic knowledge on nuclear safety aspects to the public and decision makers.
From our experiences specialists from non-nuclear fields, the media and teachers are our most
important allies. These should be aware of and appreciate the missions of nuclear techniques
and some relevant aspects of nuclear safety.
Leading scientists from non nuclear fields are most influential to decision makers in
accepting nuclear techniques. There are non-nuclear scientists who are not familiar with
-
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radiation and isotopes, some even are not in favour of nuclear techniques. They should be
approached and invited to the reactor centre as the most welcomed guests to make them to be
involved in the applications of nuclear techniques. They will become our end users or the
bridges connecting us with end users. With these specialists deeply involved in nuclear
applications, new technology areas will eventually emerge or be further developed in the
country, such as nuclear medicine, nuclear geology, isotope hydrology and sedimentology,
radiation technology etc. A reactor centre is the best place for them to learn safety aspects and
to appreciate nuclear techniques. Conversely, they are the best teachers for nuclear scientists to
get knowledge on the phenomena and processes in environment, natural resources, agriculture,
industry, etc.
Let me provide an example in which the interaction between nuclear and non-nuclear
scientists has resulted in the improvement of decision makers attitude toward nuclear energy.
The nuclear option for power generation is now examined in my country in the face of energy
resource shortage within 15-20 coming years. Nuclear and conventional energy specialists have
been working together under an inter-ministerial pre-feasibility study on the possibility of
introduction of nuclear power. For non-nuclear counterparts many safety aspects associated
with the operation of a nuclear installation have been learned through lectures, seminars etc.,
but the most effective way is on-site inspection and discussions with the reactor staff. As a
result of such an interaction, their belief has been increasingly in favour of the nuclear option.
The pro and con proportion for nuclear option among specialists and officials in the Department
of Energy was estimated to rise from 40/60 to 60/40 during the last years. Thus, the voice from
non-nuclear specialists advocating nuclear applications has a greater weight than ours.
The media is very essential in guiding the public opinion, so that this group should be
well informed of nuclear safety aspects. Special training arrangements should be elaborated for
this group, because they usually have academic backgrounds mainly in literature and arts. This
is a rather difficult task because knowledge and information on nuclear science matter need to
be popularized while keeping its true nature. The practice shows that journalists and TV
reporters are of great help in advocating nuclear energy, but if the matter is not adequately
understood, their coverage will eventually produce adverse effects.
3. Utilization of Research Reactor on Radioisotope Production: H. Hastowo (PRSGBATAN, Indonesia)
It is my great pleasure to be appointed as a panelist in such Symposium. Organizing
Committee asked me to deliver my opinion regarding the utilization of research reactor in
radioisotope productions. I will limit the discussion on the production of radio-isotopes in the
developing countries especially in Asian region, and to use our Indonesian case as an example.
I would start my presentation with referring two documents, first one is the IAEA Research
Reactor Data Book. In this book we can see that most of research reactors in developing
countries were used for isotope production. Types of isotopes produced in each reactor might
be different, according to the power and operation mode, but mostly they produces short-lived
isotopes for medical, tracers and other R&D purposes.
My second reference is the report of IAEA Advisory Group Meeting(AGM) on the
"Optimization of Research Reactors Utilization for Radioisotope Productions". This meeting
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was held in Tokai, Japan, in October 1995. The report stated the optimization of research
reactor for RI production could enhance utilization of research reactor itself, also to maximize
extra services for the reactor users. I absolutely agree to the statement and recommendation of
the report of AGM and so far our institution, BAT AN, have been trying to optimize utilization
of our research reactor for RI production.
From our experience, one way to improve radioisotope production is done through
enhancement of RI demand of domestic market. I would like to stress the domestic demand,
because of several reasons. As a first, the products of short-lived RI, from view of
transportation problem and also decay factor of used RI, can compete with imported products.
As a second, it is more important thing, this kind of RI can be produced in the reactor having
low flux and limited operation mode available in less developing countries.
Our institution is conducting promotion of the use of nuclear technology especially RI
to the other governmental institutions, state owned companies, industries and so on, and several
RI applications. Effort could be responded from our users, such as RI for tracers for
petrochemical industry, tracer for coolant leakage detection on high voltage power supply,
pollutant measuring studies as well as hydrology, etc. Through these activities, we can produce
RIs such as Zn-65, Ir-192, Sc-46, Na-24, Ar-41, etc. I do not want to mention other gamma RIs
such as Mo-99, Ir-192 for industry, 1-131, and some others. For these RIs are also provided by
well established producers. World market is under their hand and certainly we are trying to
enter as a new comer, but we found out that is a very hard job. Up to now we are producing
probably only 20% of our capacity because we could not enter international market. I would
like to point out such well established RIs are already routinely produced also by other research
centers.
We understand our condition is needed to be improved. Then we ask other countries to
make regional cooperation program to enhance production of RIs using their research reactors,
as recommended by previous AGM. Regional cooperation can give several benefits such as to
avoid lack of supply for some RI, and to provide mutual cooperation for technical problems
which may arise.
I would start to solve second issue to propose regional cooperation among Asian
countries. International organizations sponsored by STA of Japan namely ICNCE is also
working for such cooperation and I expect the topic related to the enhancement of RI
production using research reactor can be put in higher priority. I would also point out another
official, Mr. Dodd from IAEA, is participating here. Probably IAEA could accommodate such
cooperation program among Asian-Pacific region to perform CRP. We are, in BAT AN, willing
to share our experience with other countries and propose future cooperation with you.
4. Research on Energy Development: Y. Xu (Tsinghua Univ., China)
The symposium committee ask me talk on perspective on research reactor utilization
from view point of energy development. It is really very wide topic, for there are a lot of kind of
reactors. So due to my activity limitation, I will only say something on high temperature gas
cooled reactor.
In next century, energy need will be rapidly increase due to increase of population and/or
energy consumption per capita in the world . Here I will show you the example for China
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projection of future energy market. You can see here, we made some projections of the future
energy market in China based on different versions. The main target is all the country will wish
to be the middle level of the developed country in 2050's, about 4,000 US$ per capita GNP,
requirement in 1990's. So in this case energy demand will increase to almost 3500 to 4100
MTCE (million tons coal equivalence), comparing with 987 MTCE in 1990.
From my personal point of view, nuclear energy is the only technology capable of
meeting this expanding need safely, without contribution to global warming. Unfortunately
there are some obstacles on development of nuclear energy, for example: safety, economic,
waste disposal and proliferation. Requirements on the safety for future reactors will be more
and more strict, that is, further nuclear energy use (including waste disposal) must avoid serious
radiological impact offsite of the plant and evidence (as integral as possible) must be provided
for the safety behavior of reactor. In this case consequences for the environment were not be
serious, in another word, no immediate fatality, no evacuation and no re-settlement are needed.
This is quite serious requirements from safety point of view.
The HTGR, high temperature gas cooled reactor, consequently, is one of the reactor type
to basically meet above mentioned requirements. But there are still some innovative basic and
applied researches pertinent to high temperature and neutron irradiation to be done. For
example, studying irradiation induced damages/effects in advanced materials including carbon
and silicon carbide components. In addition evaluation of HTGR fuel (including thorium and
plutonium fuel) behavior under normal and accident conditions is also one of the issues to be
developed. So the researches have to be done in the high temperature research reactor. This
work also be done well in the HTR-10, yesterday I mentioned.
Beside the basic and applied research, there are some safety-related engineering
experiments to be preferably done in order to further prove the safe behavior, for example: loss
of the feeder water supply, loss of cooling flow, loss of power supply, withdrawing of control
rod, ATWS, failures of cavity cooling systems, turbine trip and mass fuel element test at high
temperature. Even though this feature was proved by design and authority's analysis, but never
been done in the reactor, so these engineering experiments have to be done in the test reactor.
Of course there are many other researches seemed to be done using HTGR research
reactor, for example, new material processing and development for high power thyristor, power
transistor and super-conducting linear motor car, including radiation processing and irradiation
behavior, fusion blanket irradiation, irradiation chemistry research, for reuse of plastic waste,
and so on. In summery many researches will be done in research reactor for development of
nuclear energy.
5. Fast Neutron Source Reactor YAYOI and Nuclear Engineering Researches :
Y. Oka (Univ. of Tokyo, Japan)
It is my pleasure to present my view on the research reactors. We are operating reactor
and related facilities next to the JAERI Tokai establishment. We have a fast neutron source
reactor YAYOI and an electron linear accelerator. This accelerator can generate shortest
electron pulse in the world. We have a unique fusion blanket design research facility for the
researches of tritium technology and magneto-mechanics, etc. We also have two accelerators,
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one is tandem light ion Van-de-Graaf accelerator, and heavy ion Tandetron accelerator, called
heavy irradiation test facility.
The reactor YAYOI is a multi-purpose version of the fast neutron source reactor
HARMONIE of France. It is a small reactor but fast reactor. The reactor power is just 2kw, but
there is no moderators in the reactor. The reactor started operation in 1971. This is a cut-away
view of reactor building. There are six operating stations and many experimental holes
surrounding the reactor, more than 15 experimental holes and columns at the stations. We can
generate pure fast neutron with low gamma rays. This is because there is no high energy
capture gamma ray from moderators and there is no thermal neutron. Fission gamma ray is well
shielded by heavy elements of core materials. So it can generate pure fast neutrons. It is
possible to make measurements close to the core.
The purpose of my presentation is not to advertise facilities but to present my view on
nuclear engineering research. The research subjects at YAYOI are as follows; fast neutron
shielding and neutron transport, boron neutron capture therapy related experiment, decay heat
measurement, fast pulsed operation, neutron spectroscopy, new radiation measurement, fast
neutron radiography, water chemistry, material irradiation and in-situ tritium recovery for
fusion application. We summarized the results in the Progress of Nuclear Energy last year
celebrating 25th anniversary of the reactor.
The characteristics of our laboratory is comprehensive nuclear engineering researches.
They are not limited in in-pile experiments, but we endorse off-pile studies such as thermal
hydraulics, structural mechanics and conceptual design studies. We have more than 10 research
meetings every year. It is very important to carry out comprehensive nuclear engineering
researches. We have variety of research groups from University of Tokyo. Approximately 30
professors including associate professors and many graduate students are using this laboratory.
The other important feature is research links to other experimental facilities of our laboratory,
such as, to linear electron accelerator, light and heavy ion accelerators, and fusion blanket
design engineering facility. For example, in the case of material testing, we can use neutrons in
the reactor and also use electrons and ions from these accelerators. In such kind way, we can
carry out variety of researches at our laboratory. It is very important to widen the method of
researches. The reactor and the electron linear accelerator are open to whole researchers of
national universities.
The future research direction in YAYOI is to utilize and enhance the features of YAYOI
which are explained before. One is to utilize advanced and precision measurement capability
close to the core. Advancement of the measurement technology is very rapid, so by improving
the measurement method, we can promote advanced studies. We are promoting to combine
advanced measurement method with the reactor. The other way is to use pure fast neutrons. One
example is low temperature irradiation without using heavy liquid helium devices. The other is
utilized advanced technologies. As you know in recently years, radiation detection method is
rapidly changing, for example, because of the computer technology development and also
micro device development. We are going to utilize these kind of methods for the experiments
both in reactors and in accelerators.
As a conclusion, the direction of research reactors is to enhance it features, the second
thing is, to enhance its software including utilization groups. This is very important to widen
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the future of research reactors. Generally speaking, research is boundary-less in term of the
research subjects and methods. It is important to have a dynamic view for the technology and
science change. We have to keep it in mind to fit that way. So the third point is, we need to have
a comprehensive views in nuclear science and technology.
6. Status of Experimental Fast Reactor JOYO : H. Haral INC. Japan)
For the beginning I would like to describe about transition from PNC to JNC. On
December 8, 1995, sodium leak occurred in the secondary heat transport system of MONJU, a
prototype FBR. And on March 11,1997, fire and explosion followed at the waste
bituminization demonstration facility in Tokai. These two accidents were described yesterday
by Dr. Nozawa. These accidents promoted the Science and Technology to have a third party's
review on PNC's organization and operation. This led a radical reform of PNC, and efforts to
win back the confidence of the people.
In April 1997, the PNC Reform Committee was established under the Science and
Technology Agency. Under the chairmanship of Dr. Yoshikawa, a former president of
University of Tokyo, the committee performed comprehensive review of PNC operation. On
May 20th 1998, the JNC law passed the Diet, and on September 30, 1998 the Basic National
Policies on JNC was shown by the government. Finally on October 1, 1998, JNC was formally
inaugurated.
The Basic National Policies of the government on JNC were summarized as:
- clarified administrative and operational goal,
- the highest priority to safety,
- maximized disclosure of appropriate information to the public,
- appropriate and efficient operations.
It also states that JNC shall perform the development of the technology needed to establish the
nuclear fuel cycle in Japan, that is,
- fast breeder reactors,
- fuel materials needed for FBR,
- technology related to reprocessing nuclear fuel materials,
- treatment and disposal technologies for high level radioactive waste.
By the way JNC operates four reactors. One is MONJU, a prototype fast breeder reactor
and JOYO is experimental fast reactor and is located about 15 kilo-meters away from this place.
Advanced thermal reactor FUGEN is a power generation plant. DCA in Oarai is a deuterium
critical assembly.
I will give you a briefing about current status of JOYO. The twelfth periodical inspection
is under way since last February through June of this year. Reactor operation is due from June
of this year through the middle of next year. The Mark III core implementation project is in
progress through 2003. In this project, irradiation capability of JOYO will be enhanced by
increasing neutron flux and irradiation test positions, increasing heat transfer capacity, as well
as with advanced irradiation rigs and improved plant availability.
This picture shows JOYO plant. This is a conceptual figure of core transformation from
Mark II core to Mark III core. All the Mark II fuels are to be replaced by Mark III type one. In
the Mark HI core, fast neutron flux will be increased by 1.3 time compared to Mark II core. This
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is grand schedule for Mark-Ill project. We are expecting three cycle operations before 2000. In
2002 the initial criticality with the Mark-Ill core will be attained and also in the same year, the
full power with the Mark-Ill core will be attained. This is grand schedule for irradiation test by
JOYO.
JOYO has been used for irradiation testing of fuels and materials for fast breeder reactor
and materials for fusion reactor. Overseas collaboration program will be increased with MarkIll core. Advanced fuel testing and irradiation will be increased too. This conclude my
presentation. Thank you.
Q: Is there any incentive to expand the utilization of JOYO in future for users outside JNC?
A: Yes there is. One of the purposes given from the government is to expand users from
outside, and we are planning to do that, especially with JAERI, and universities..
7. Neutron Beam Utilization; Neutron Scattering : N. Niimura (JAERI, Japan)
Today I would like to talk about a neutron beam utilization. In the afternoon sessions,
there are several examples of application. But I would like to concentrate to the neutron in
biology. There are several good features for character of the neutrons. Those are summarized
here but very difficult to explain all of these, due to the time limit.
Simply I would say the neutron is electrical neutral. The wavelength of thermal neutron
are similar to atomic spacing, and so on, and neutron sees the nuclei, rather than the electron
cloud seen by X-ray. I would like to concentrate this feature. It is used for the identification of
the hydrogen and water surrounding proteins. Then why are the neutrons used for proteins and
so on. First of all I would like to talk the meaning of life science. About 3.5 billion years ago the
first living cell was born, it is said. And in twentieth century we can determine the three
dimensional structure of the protein. Because of that these facts contribute to the life science.
And this is the statistics of the number registered in the protein data bank in Brookhaven
National Laboratory. The number is increasing exponentially. Mainly the structure was
determined by X-ray. But there is one disadvantage for X-ray. It is very difficult for X-ray to
identify the position of hydrogen which has only one electron. Sometimes this electron is
vanished and it becomes proton.
The proteins consist of the amino acid residue and once they conform a kind of some
three dimensional structures, this has a function. So we must know the three dimensional
structures. In this case the core consists of mainly hydrophobic amino acid residue and outside
is hydrophilic and it means the protein is surrounded by water. Therefore this protein makes
such a kind of three dimensional structures. Unfortunately X-ray can not determine where the
water is, where hydrogen is and so on. This is the atomic structure factor of the X-ray and the
neutron. For the X-ray hydrogen's scattering power is 0.18. For the oxygen the scattering power
is 2.25, and when scattering this must be squared, therefore the hydrogen intensity is 1/100 of
oxygen. Therefore it is very difficult to identify the hydrogen. But for the case of the neutrons,
the scattering power is more or less the same. So we can know where hydrogen is. But the
problem is that the experimental setup is very very difficult. The reason is simple, that is,
intensity of the Bragg reflection is very weak. In this case we must use a single crystal and you
must collect many Bragg reflections. And the intensity of the Bragg reflection is written like
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that and for the case of X-rays this I naught is very very big. If you compare to the neutrons, it is
ten to the minus six something like that. Therefor the neutron Bragg intensity is very weak.
What shall we do? We must think about so we have develop the detectors. Normally the
neutron scattering detector is so poor to compare to the X-ray scattering. So we have developed
new type of detectors. This is the neutron imaging plate. The neutron imaging plate is just a film
and so flexible. Generally for the neutron scattering, there is a position sensitive detector and
the positional resolution of which is about 2mm, but for the case of the imaging plate, the
positional resolution is now 0.2mm something like that. By using this film, we have tried the
experiment.
This is the Bargg reflection image obtained from the hen egg-white lysozyme protein
single crystal. There are nearly 5000 Bragg reflections. If you use normal detectors, you can get
only twenty or some Bragg reflections. By analyzing these data, this structural result of the hen
egg-white lysozyme was obtained. For the analysis we always use the x-ray model. This is the
our model of the X-rays. You can see how the structure is different between the X-ray's result
and the neutron's result. The latter is more similar to the real one. Here are small spheres. These
are hydrogen and deuterium, because this sample was crystallized in the heavy water. The
number of the hydrogen identified is 960, and there are 157 heavy water molecules identified. I
have published it and this is just the front cover of the nature structural biology. Editor used the
title "Neutrons expand the structural universe". I love it very much.
This experiment was carried out in the ILL, by bringing neutron imaging plate in it.
Because at that moment when I have been developing the imaging plate, there is no such a kind
of spectrometer in Japan. But now I have it in JAERI. Maybe tomorrow if you come to JAERI,
you can see it in JRR-3M. We are constructing such a kind of diffractometer. I calculate the
gain factor of the diffractometer. It is nearly the same or a little bit better than the ILL's one.
Therefore in JRR-3M we will have a chance to solve the proteins structure. Then now you see
what is the real protein including hydrogen, deuterium and so on. Thank you very much.
Q: If I understand correctly, with help of imaging plate you can do everything, even with very
weak neutron signals. What kind of neutron source do you want to have in future? It is more
important for us in order to provide better experimental environment.
A: Concerning to the reactor neutron source, the level of flux intensity comparable with or
higher than the JRR-3M is desired for the experiments I mentioned. With more weaker beam,
experiments become very difficult. For the accelerator sources, we will need to develop some
detector.
8. Future Plan of JAERI's Research and Test Reactors : K. Kaieda (JAERI, Japan)
Initially I planned to present future plan of JAERI's research and test reactors. But today's
title is "Improvement of the reactor utilization". The future plan is a little bit big dream, but my
presentation is slightly different. I just mention about improvements of the utilization of
research and test reactors.
I would like to show you some statistics of the utilization of research reactor. For
example this is some status on utilization of JRR-3M in 1997 shown in hours times items. You
can understand that 60% of the utilization is neutron scattering experiment. Second share is RI
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(radioisotope) productions which is 14%. Third one is fuels and materials for the reactor which
is 9%. The others are neutron radiography, prompt gamma-ray analysis, super-mirror
experiments, neutron activation analysis and others. Total amount of the utilization in time item
is like this.
I would like to show this figure as statistics of a history of utilization of JRR-3M from
1990 to 1997. The utilization tremendously increased from 1990. In fiscal year 1997, total
utilization in man-day was about a 16,000. About half of the these utilization was done by
university researchers and also rest was by JAERI staffs and some others. What I want to say
now is the number of application for the reactor was almost double of actual utilization. Then
about a half of applications could not be acceptable due to the shortage of available machine
time in JRR-3M. What I want to say is the utilization of research reactor would dramatically
increase if we can provide well performed research reactor.
JAERI is playing very important role for the research and development of the nuclear
field. One of role is the center of facility in Japan. In that sense utilization has various kind of
field, basic and fundamental research mainly the utilizing neutron scattering, neutron
diffractometer and so on. The second is RI production. This is also very important for the
human being and also some industry. And third one is life extension problem of the light water
reactor to be verified from safety reason. The fourth one is a neutron fusion field for material
development program or tritium production. The fifth is the activation analysis. Many many
people utilize this technology to detect very small amount of elements in the environmental
sample. And the last one is medical irradiation. Recently JAERI installed a new facility for the
medical irradiation of BNCT. I must not forgot one thing, for the education purpose. Our
research reactor is used for the training for such as nuclear engineers.
Then finally I come to my conclusion. We have main topics of the improvement as
follows. As for the JMTR, we have a plan of extension of the operation hours of the reactor. The
extension is from current 125 days a year to 180 days a year. It is very important to improve
operation with generating less spent fuel, with less cost of operation, as well as for longer
irradiation of the nuclear materials. As for the JRR-3M, we have an intent to install a super
mirror neutron guide, specially for the beam line. Introducing this super-mirror, we can get five
to ten times more thermal neutrons. We will be able to accept more researchers to use JRR-3M,
because as I mention before, about a half of applications could not be accepted currently. As for
JRR-4, newly modified last year, we put a new facility for the BNCT. We are able to carry out
brain tumor therapy using this system. I have heard that Asian countries have plans to put
BNTC facilities so I would like to promote this BNTC utilization more and more and also to
cooperate with Asian people.

9. Comment by the Chairman : T. Shibata (Kinki Univ., Japan)
I think it is my duty to introduce the activity in the private university by taking a short
time now, because I am belonging to a private university, Kinki university. We have a very
small reactor of 1W, not of kW or MW. This reactor is used for education of the students of not
only our university but also of other universities, such as Nagoya, Osaka, Kyoto, Kyushu (these
are national universities) and Kobe Mercantile University. In addition to the student education,
we have special training courses for high-school teachers of normally 3 days, 10 times every
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year. The course includes criticality measurement, rod worth measurement, power calibration,
radiation measurement, and sometimes also activation analysis. I believe this is very effective
activity to promote public acceptance of the nuclear technology.
10. Talks from Floor and Discussions
B. Dodd (IAEA)
One of my job in the IAEA is to help increase of utilization of research reactors especially
in developing countries. I would like to ask any panelist to attempt to answer my question; How
would you advise me to do my job?
N. Niimura (JAERI, Japan)
As concerning the beam utilization, first the beam must be monochromatized. So you
should use or should develop a very good monochrome meter. At the same time the detector is
very important. We have already developed such monochrome meter and detector, as I
mentioned. Neutron imaging plate is very good position detector and the price is ¥60,000 for
one piece in Japan, just one tenth of conventional position detector of the same sensitivity. Even
if the reactor power is less than 10MW or 5MW, it is useful if you use good monochrome meter
and detector. So you should think about good monochrome meter and detector for the
promotion of the use of research reactors.
K. Kaeida (JAERI, Japan)
This symposium have been held every three years. One thing for our headache is the
budget to invite researchers. If the IAEA supports transportation fee or something, it is very
happy to us to have such a nice symposium to exchange information on technology and/or
policy and ideas each other.
Y. Xu (Tsinghua Univ., China)
From design point of view, the IAEA publishes safety guides for the research reactor and
also for the nuclear power station. You have imposed some limitation on the power of research
reactor, I understand 5MW is the highest. So this introduce some difficulty for new research
reactor, for example, HTR-10. We were asked by our nuclear safety authority to apply design
criteria of nuclear power station. It takes more money and also makes design more complicated.
Of course the safety is an important issue for both the large nuclear power station and the
research reactor. But I think there should be slight difference in the level of the safety criteria.
The IAEA should take into consideration such difference to solve this problems for new
research reactor.
P. D. Hien (VAEAB, Vietnam)
I was personally involved also in the IAEA businesses especially for Asian activities on a
research reactor utilization. I know at the agency, some developed country in the region such as
India, for example, and other countries would like to promote neutron beam experiment in
nation's reactors. But my concern is neutron beam flux for many research reactor in the region
are low. For neutron beam experiment such as neutron scattering, experimental facilities are
rather expensive and skills needed are also very high. I would like to ask you or other scientist
who was working in this field that what is suitable experiment in neutron beam utilization for
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low power reactors. Do you have any experience in either country on such case of experiment
which give a good and practical results? Because in many reactors I have seen so far in the
region, most of the horizontal beams are not used. So If there is a liaison for promoting such
activities I think you can increase very much utilization of research reactor especially in that
region.
H. Hastowo (PRSG-BATAN, Indonesia)
In line with the topics I mentioned previously, I would also refer the AGM report of the
IAEA. Recommendations to the IAEA are well defined and written in 2 pages in this report.
The highlights among those are that the IAEA can support inter-regional meetings,
computerized bulletin board on RI production information, profession on materials,
international coordination, research project and studies, and so on.
B. Dodd (IAEA)
Perhaps I should take this opportunity to make a couple of advertisements or promotions.
Let me first say that I took my new job last September, so don't blame me for all of the past
IAEA activities. With respect to hosting and planning for the meetings, let me advertise two
coming up meetings relevant to this group. One in June of this year in Vienna is the Technical
Committee Meeting on neutron capture therapy, in which not limited the use of boron, you can
also use gadolinium. The other one is major symposium held in September 6th's week in
Lisbon. These two meetings coming up hopefully fulfill similar functions to one we have here.
Let me take two other points. Dr. Hastowo mentioned a bulletin board concept. One thing
I will be doing this year is instigating a list server for research reactors. This was done in the
United States with some success, and what I want to do is to have a supervising list server
which I supervise to start off with a view of exchanging information, discussion on problems,
advertising of needs, meetings, and anything you want to talk about. But I think communication
among ourselves, research reactor operators, owners and users is a key. Another thing also like
to do on the list server is to feature particular reactor or particular utilization every now and
then. So I'll be looking for the people to submit short articles for distribution on the list server
and I'll be writing down on the list of people to ask. There are several really good ideas I have
seen during this meetings which could be disseminated more widely. So that will be happening
sometime in this year.
In addition, many of you already know about the research reactor database which
maintenance is my job. This large book database have not been freely available up to now. This
summer it will be available on the Web. So anyone wishes to access information about other
research reactors or if you want to find out anyone else doing neutron scattering or PGNAA,
you can begin the contact and communication with those. You will be able to access all the
information of every research reactor in the world that has been supplied to us.
Those are some of the things currently doing. I strongly believe most things get down are
based on the relationship between people. Part of things I am trying is to increase the
communication and relationships between people. Please talk to me, tell me why you need, talk
to each other hopefully through the list server with any other way as well.
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T. Tobioka (JAERI, Japan)
Some people think research reactors just as neutron sources, for example, Dr. Niimura
mentioned he needs a neutron source or just neutrons. But we must be also careful we do need
research reactor or zero power reactor, i.e., critical assembly for particular reactor development.
Prof. Xu mentioned for high temperature reactor, and also Prof. Oka for the fast breeder reactor.
In JAERI, we have a TCA, a tank type critical assembly for the part of development of JPDR, a
prototype for BWR. It has already gained old ages to this moment. We would have some kind of
critical assembly for the development of new reactor.
Now we have to introduce MOX fuels or full MOX fuel core, or high burn-up fuels. In
such cases, we have a lot of difficulty to get some data. I think some countries in Asia will
probably introduce PWR or BWR in the future. In that sense, it is certainly necessary to gain
some knowledge through the research reactors. You should have some kind of judgement on
utilization of neutron source, but also you must not forget about interaction between such kind
of critical assembly with the power reactor. It will be able to help you how to operate the
reactors, for example, a high temperature gas cooled reactor or fast breeder reactor. It is quite
another topic and unfortunately we have no chance to discuss about, but it is necessary to keep
such kind of idea. Do not forget the role of critical assembly.
T. Shibata (Kinki Univ., Japan)
In Kyoto University I designed three types of core in the critical assembly. This was not
for the special reactor but as general research work about reactor core. This machine has been
used for the research works and graduate student education. Research reactor and critical
assembly are both very useful for general education before entering design or operation of
actual reactor. Young people should learned with critically assembly or with small reactor.
They should be abundant with experiences on actual systems for safety and good performance
of the reactor.
T. Fujishiro (JAERI, Japan)
I would like to make a few comments about the point, not discussed yet, of personal
exchange or international cooperation. When we think about promotion of utilization of
research reactors in Asian area, the international cooperation should be very important in
addition to the IAEA activities. I would like to introduce some of the activities in Japan. One of
the important activities is done by the Japan Atomic Industrial Forum which has an intentional
corporation center and has a system taking care of the arrangement of visitors from Asian
countries to nuclear facilities and dispatching Japanese nuclear experts for technique
corporation programs. In the same manner JAERI is taking care of such kind of activities. One
is in Research Reactor Department, currently headed by Mr. Kaieda, there stay many Asian
students or experts, joining research activities in JAERI or based on bilateral corporation. Also
there is the section in Nuclear Technology and Education Center of JAERI, in which
international training courses are held by accepting about 20 or 30 student from Asian countries
every year. These kind of activities will enhance more advanced utilization of research reactor
in future.
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K. Fujiki (JAERI, Japan)
Generally speaking, the important meaning of this kind of international symposium is to
establish mutual and closer communication. We first planned as purpose of this symposium to
establish communication links among Asian countries in near future. We were assuming the use
of computer network for information exchange. However Mr. Dodd explained the same kind of
activity of the IAEA. It helps us very much to build up our concept. I personally appreciate very
much for your activity.
As another point I would say, many activities in the international cooperation are often
carried out separately. For example, China has two or more centers on nuclear research and
development, in Japan we sometimes suffers from a lack of information of industrial side.
Recent environment for research reactors becomes more and more tight. So we need efforts to
make more efficient utilization of research reactors by overcoming such disadvantages in
information exchange.
K. Kobayashi (JAERI, Japan)
I am engaging in the radioisotope production in JAERI. I am very pleased of hearing
presentations by Dr. Hastowo and Dr. Hien, for they mentioned about production of the
radioisotopes and international cooperation. In JAERI we have been producing long half-lives
radioisotopes for long time, but their production stopped two years ago because recently they
can be imported easily. Nucleids which production stopped are of half lives over one week such
as C-14, S-35, Cr-51, and others. So we are now only producing RIs with half-lives shorter than
one week, and range of nucleids are limited. This leads the fact, as shown in Mr. Kaieda's
viewgraph, only 14 percent of current utilization of research reactor of JAERI is relating to the
RI productions. The use of JMTR is in almost same situation. Even the needs of short-lived RIs
such as Au-198 in industry and medical field are born in fifty weeks, i.e., all the year round,
however, operations of JAERI reactors do not completely cover whole time. So we need to
import some fraction of RIs from ANST of Australia. We hope regional cooperation on the RI
production will be realized to establish more efficient use of research reactors.
T. Shibata (Kinki Univ., Japan)
Frequently I am asked a question from the foreign people as "Why are Japanese reactors
not be used for RI production?". So many RIs are being imported comparing with the capacity
of the domestic research reactors. So I agree to your comment.
J. Dekeyser (SCK/CEN, Belgium)
It is a question regarding the materials testing reactor, MTR. I would say in western
Europe, maybe French colleague will not confirm, but the demand for the experimental use in
MTR seems to be decreasing, on the material and fuel testing also the number of operational
MTRs is also decreasing somewhat. There perhaps is a trend of over capacity in western
Europe. I would like to have comment on what is the status in Asia on MTRs, what is the trend
of capacity, is it still needed or the risks on something to be avoided, especially budget-wise
risk of over capacity.
T. Shibata (Kinki Univ., Japan)
According to my opinion, demand for the material testing reactors is decreasing. That
means we do not have any new material development (program). Before, many people were
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doing new material development. But now we are not doing such effort on new material
development. I think an efficiency of light water reactor is still very low due to the material
problem. This is reflection of the fact that demand of the material testing reactor is decreasing.
O. Baba (JAERI, Japan)
I have been waiting for such kind of question. The chairman have commented that
demand for material testing is decreasing. It is, in some sense, true. When the JMTR was built,
many people rushed to perform irradiation tests, not fully concerned on instrumentation. But
now no one wants to do irradiation tests without control and instrumentation. They want to
make the test with very precise control for such as IASCC, damage mechanism studies, and so
on. Say, quality of the tests are changing, but quantity is rather decreasing. This may be caused
partly due to the cost and duration needed for irradiation test and post irradiation examination.
I remember among the viewgraphs used by Mr. Kaieda, there showed the role of research
and test reactor. I would add the followings to the role of test reactor for power reactors, i.e., not
only for life extension but also for higher economy through safety study of high burn-up fuels
as well as utilization of Pu as MOX fuels. It is said the role of test reactor or research reactor is
like a doctor to the nuclear program. When some new problem occurs, for example in the
operation of power reactor, research or test reactor is used intensively to solve it. So I believe
test and research reactor will help to solve the problem which may occur in the next ten years.
T. Tobioka (JAERI, Japan)
I think it is necessary for us to ask French colleague at this moment. Because France
really has quite ambitious program to utilize the research reactors in the future. You are really a
top runner. We are certainly appreciate your presentation to say something more. We will have
our future with you.
A. Balagnuy (CEA, France)
Thank you. Maybe it will be a good opportunity to meet you at the next ASRR-7 to
exchange ideas and design on the Japanese new and ambitious material testing reactor. I hope
so.
Y. Oka (Univ. of Tokyo, Japan)
I have to make a comment from academic side about material research. We have very
important areas for life extension and for high burn-up fuel. But from academic point of view
they are still in very empirical status. There is very important and still unresolved area to make
the material behavior predictable. I fully agree that not only we need a very high power
materials testing reactor but also we need a view how to solve the problem more analytical way.
This is very important issue for research people.
11. Conclusion: T. Shibata (Kinki Univ., Japan)
At closing of the panel, I would like to express my feeling and real intention.
Relationship between basic science and technology or engineering should be distinguished as
friends not as master and slave relation, never as enemies. At the first stage of the history, basic
science, i.e., nuclear physics, solid state physics, chemistry and biology, gave the important
information to engineering. Today, engineering are assisting basic science research by
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supplying powerful devices. However, engineering or industry meets many difficulties. Please
don't forget that small reactors are also necessary for education and some other utilization.
Intimate cooperation are sincerely desired.
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Closing Remarks
Toshio FUJISHIRO
Chairman of the Conference Committee
Director General of the Oarai Research Establishment
Japan Atomic Energy Research Institute
I am very honored to make concluding remarks of the 6th Asian Symposium on Research
Reactors. On behalf of the organizing committee I would like to express our deepest
appreciation for hearty cooperation of all the participants. We had 58 presentations from 11
countries, and the number of the participants counts over 180. It is a big number.
Through the presentations and discussions during two days meeting, we exchanged the
information about the present status and future plan of research and test reactors and utilization
and R&Ds of research reactors not only in Asia but also in Europe and US. In the panel
discussion, current trends of research reactors were discussed from various aspects. I believe
that the discussion should help us greatly to consider where we are now and what we should do
in future.
Another highlight of the symposium was a exciting drum play in the reception. I believe
everybody did have very enjoyable time with our traditional drum players in this local area.
Now I am confident that the 6th ASRR symposium was quite successful. I would like to express
our deep appreciation again for the cooperation of all the participants, especially for the chair
persons and for presenters. And also I would like to appreciate the staffs of the organization
committee for their thorough preparation and quite excellent arrangement.
Regarding the next ASRR symposium, I heard there conducted some preliminary
discussions but not decided yet. Anyway I hope a host country will be decided in near future
and the 7th ASRR symposium will be held in 3 years from now.
Now I would like to conclude the 6th ASRR symposium. We will meet again in the next
ASRR. Thank you.
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