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ABSTRACT 

 
The IAEA has been involved for more than twenty years in supporting 
international nuclear non-proliferation efforts associated with reducing the amount 
of highly enriched uranium (HEU) in international commerce. IAEA projects and 
activities have directly supported the Reduced Enrichment for Research and Test 
Reactors (RERTR) programme, as well as directly associated efforts to return 
research reactor fuel to the country of origin where it was originally enriched. 
IAEA efforts have included the development and maintenance of several data 
bases with information related to research reactors and research reactor spent fuel 
inventories that have been essential in planning and managing both RERTR and 
spent fuel return programmes. Other IAEA regular budget programmes have 
supported research reactor fuel conversion from HEU to low enriched uranium, 
and in addressing issues common to many member states with spent fuel 
management problems and concerns. The paper briefly describes IAEA 
involvement since the early 1980’s in these areas, including regular budget and 
Technical Co-operation programme activities, and focuses on efforts in the past 
five years to continue to support and accelerate U.S. and Russian research reactor 
spent fuel return programmes. It is hoped that an announcement of the extension 
of the U.S. Acceptance Programme, which is expected in the very near future, will 
facilitate the life extensions of many productive TRIGA reactors around the 
world. 
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Abstract 
 
 

IAEA activities in the field of research reactor safety are included in the 
programme of the Division of Nuclear Installations Safety. Following the 
objectives of the Division, the results of the IAEA missions and the 
recommendations from International Advisory Groups, the IAEA has conducted 
in recent years a certain number of activities aiming to enhance the safety of 
research reactors. The following activities will be presented:  (a) the new 
Requirements for the Safety of Research Reactors, main features and differences 
with previous standards (SS-35-S1 and SS-35-S2) and the grading approach for 
implementation; (b) new documents being developed (safety guides, safety reports 
and TECDOC’s); (c) activities related to the Incident Reporting System for 
Research Reactor (IRSRR); (d) the new features implemented for the INSARR 
missions; (e) the Code of Conduct on the Safety of Research Reactors adopted by 
the Board of Governors on 8 March 2004, following the General Conference 
Resolution GC(45)/RES/10 ; and (f) the survey on the safety of research reactors 
published on the IAEA website on February 2003 and the results obtained. 
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1- INTRODUCTION 
 
The objective of the programme implemented by the Division of Nuclear Installation Safety 
(NSNI) of the Department of Nuclear Safety and Security of the IAEA is to achieve and 
maintain a high level of safety of nuclear installations under siting, design, construction or 
operating worldwide by: establishing standards of safety for the protection of health including 
standards for research reactors, nuclear power plants and other non-reactor installations; and 
providing for the application of these standards through, inter alia, support for the Agency's 
technical co-operation programme, the rendering of services, the promotion of education and 
training, the fostering of information exchange and the co-ordination of research and 
development. 
Relating to Research Reactors, services are offered to Member States in the following areas: 
safety in the design and operation of research reactors (INSARR - Integrated Nuclear Safety 
Assessment of Research Reactor - missions); regulatory supervision of research reactors 
(IRRT - International Regulatory Review Team - missions); and experience feedback on 
safety issues for research reactors (IRSRR -Incident Reporting System for Research Reactors- 
database). Emphasis is also given to the development of new safety documents covering areas 
where there is a lack of guidance. Also efforts are done to review and update the old safety 
standards. 
In 1998 the chairman of the International Nuclear Safety Advisory Group (INSAG) reported 
to the IAEA Director General the group concern about the safety of research reactors. INSAG 
has identified three major safety issues: the increasing age of research reactors; the number of 
research reactors that are not operating anymore but have not been decommissioned yet; and 
the number of research reactors in countries that do not have appropriate regulatory 
authorities. 
In April 2000, INSAG (now appointed for its fifth term) reported again to the Director 
General. It stated, “While fully endorsing the concerns expressed by the previous INSAG, it 
must regretfully recognize that in spite of a prompt reaction by the Secretariat … the problem 
remains very serious”. The April 2000 letter repeated the issues raised in the earlier 
correspondence and also referred to a low level of safety culture surrounding many research 
reactors. While noting the efforts of the Secretariat, it stated “the Member States may as yet 
have realized neither the urgency of the issue nor the dimension of the problem.” INSAG 
suggested the development of a Protocol to the Convention on Nuclear Safety or some similar 
legal instrument as a way of establishing a better international safety framework for research 
reactors. The General Conference GC(44)/RES/14 requested “the Secretariat, within its 
available resources, to continue work on exploring options to strengthen the international 
nuclear safety arrangements for civil research reactors, taking due account of input from 
INSAG and the views of other relevant bodies”.  
A Working Group (WG) was convened by the IAEA Secretariat as part of its response to the 
above GC resolution. The WG, consisting of 15 experts from 7 Member States, met in the 
Agency Headquarters in May 2001 to discuss options for an international arrangement on the 
safety of research reactors. The WG recommendations were submitted to the Board of 
Governors, which requested the Secretariat (GOV/2001/28-GC(45)/11-paragraph 18) to 
develop and implement, in conjunction with Member States, an international research reactor 
safety enhancement plan. The Board of Governors decision was endorsed by the General 
Conference GC(45)/RES/10. The plan includes the following elements:  
 conduct a survey on research reactor safety in Member States;  
 preparation of a Code of Conduct on the safety of research reactors with a view to 

establishing the desirable attributes for management of research reactor safety; and  
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 exploration of possible means to strengthen the system for monitoring the safety of 
research reactors, taking account of the experience of organizations working in other 
fields. 

The activities implemented in the field of research reactor safety, by IAEA, Division of 
Nuclear Installation Safety, are addressed below. 
 
2- SAFETY STANDARDS FOR RESEARCH REACTORS 
 
Under the terms of its Statute, the Agency is authorized to establish or adopt standards of 
safety for the protection of health, life and property; and to provide for the application of these 
standards to its own operations as well as to other operations and, at the request of the parties, 
to operations under any bilateral or multilateral arrangement, or, at the request of a State, to 
any of that State’s activities in the field of atomic energy [2].  
The Safety Standards Series embodies an international consensus on objectives, concepts, 
principles, logic, methods and facts that is necessary to promote a common approach to 
ensuring safety in the peaceful applications of nuclear energy. They are categorized, as: (1) 
Safety Fundamentals; (2) Safety Requirements (3) Safety Guides.The categorization is 
intended to ensure that users of the safety standards are aware of the status and 
interrelationship of the various publications.  
Besides the safety standards there are safety publications named Safety Reports and Technical 
Documents (TECDOC), which are descriptive reports on safety and protection in nuclear 
activities, describing good practices, practical examples and detailed methods of meeting 
safety requirements. They do not establish requirements or make recommendation and so they 
do not contain prescriptive “shall” or “should” statements. 
Table 1 presents the Safety Documents for research reactors as well as more informational 
document on topics important to safety (the documents generated directly for research 
reactors application are typed in italic letter). The IAEA Publications are available on the 
website: http://www-pub.iaea.org/MTCD/publications/publications.asp 
 
2.1- Safety Requirements of Research Reactors NS-R-4 (DS-272) 
 
From 1997 to 1998 two Consultant Meetings and one Technical Committee Meeting were 
organized for developing and reviewing the Safety Requirements of Research Reactor NS-R-4 
(formerly draft document DS-272). Comments from Member States were received and IAEA 
staff members prepared a final draft version in 2002. Most of the comments were 
implemented in a final draft version approved by NUSSC (Nuclear Safety Standard 
Committee) and by the CSS (Commission of Safety Standards) and is awaiting the approval 
by the Board of Governors (status at beginning September 2004). 
NS-R-4 revises the two former safety standards of the IAEA Safety Series: No. 35-S1 and 35-
S2. Besides updating the material, it places the publication within the new structure and 
categorization of the IAEA Safety Publications and updates its content to be consistent with 
the rest of the publications developed within the framework of the IAEA programme on 
research reactor safety.  
The document covers all the important areas of research reactor safety with particular 
emphasis on requirements on design and operation. Pursuant requests from end-users, mainly 
from Member States with small nuclear programmes, to have a single and autonomous 
publication it also includes basic statements and requirements on regulatory supervision, 
management and verification of safety including quality assurance and site evaluation. These 
topics constitute the main differences from the new document to the previous standards. The 
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NS-R-4 applies to research reactors including critical facilities, but does not apply to sub 
critical facilities, prototypes, naval reactors, industrial reactors, heat generation reactors, etc. 
Research reactors are used for specific and varying purposes, e.g. research, training, 
radioisotope production, neutron radiography, material tests, etc, resulting in different design 
features and operational regimes. Design and operating characteristics may vary significantly 
since experimental devices may impact the performance of reactors. In addition, the need for 
greater flexibility in their use requires a different approach to achieving or managing safety. 
Considering the important differences between the different types of research reactors the 
application of the requirements shall be commensurate to the potential hazard of the reactor 
using a graded approach, ensuring that the design and operation of a research reactor lead to 
adequate safety of the facility.  
 
2.2- Safety Guides 
 
Several new safety guides are under development: 
 DS259 - Commissioning of Research Reactors Safety Guide (Published as working 

material)-  
 DS260 - Maintenance, Periodic Testing and Inspections of Research Reactors Safety 

Guide (Published as working material)-   
 DS261 - Operational Limits and Conditions for Research Reactors Safety Guide and 

Operating Procedures (OLCs was published as working material)- 
 DS340 - Radiation Protection and Radioactive Waste Management in the Design and 

Operation of Research Reactors  
 DS325 The Operating Organization and the Recruitment, Training and Qualification of  

personnel for Research Reactors Safety Guide 
 DS350 - Core Management and Fuel Handling for Research Reactors Safety Guide 

 

On the e IAEA website http://www-ns.iaea.org/standards/documentpages/research-
reactors.htm are available information about those safety guides 
 
2.3- Technical Reports and Documents (Safety Report Series and TECDOC Series) 
 
Publications in the (numbered) Safety Reports Series may complement, and be directly related 
to, Safety Requirements or Safety Guides. They may give practical examples and detailed 
methods that can be used to ensure the compliance with Safety Requirements or Safety 
Guides. They may, for example, describe methods for performing certain calculations, 
illustrate types or form to be used in an auditing process, provide a compilation of data or 
describe methods for making a specific judgment concerning the fulfillment of safety 
requirements or recommendations. Safety Reports may describe good practices but they do 
not establish requirements or present recommendations and therefore they do not generally 
contain binding ‘shall’ or ‘should’ statements. 
Owing to the experience and results of IAEA safety related missions to Member States’ 
research reactors there is a perception that additional information is needed to Operating 
Organizations and to Regulatory Bodies either to implement or to improve the application of 
the Agency Standards.  
Efforts are done for further development of the following documents applicable to research 
reactors: Source-Term Derivation and Radiological Consequences Analysis for Accidents;; 
Safety Analysis; Safety Related Process and their Implications for OLCs [7], Implementation 
of a Management System for Operating Organizations of Research Reactors 
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On the IAEA web page: http://www-pub.iaea.org/MTCD/publications/PDF/te_1387_web.pdf  
is available the IAEA TECDOC Series No.1387 “Safety Considerations for Research 
Reactors in Extended Shutdown” is available. 
Other links for publication on research reactors may be find on http://www-ns.iaea.org/tech-
areas/research-reactor-safety/default.htm#1  
 
3- INCIDENT REPORTING SYSTEM FOR RESEARCH REACTORS (IRSRR) 
 
The systematic collection and evaluation of operational experience with unusual events is a 
very useful way to improve operational safety. A proper analysis of unusual events can 
identify root causes and provide valuable lessons to be learned by, for example, reactor 
operators or reactor designers [3].  
The Incident Reporting System for Research Reactors (IRSRR) collects, maintains and 
disseminates reports on unusual events that are received from Member States of the IAEA 
participating in the system (this includes reports on unusual events that occurred before the 
IRSRR came into effect). 
Participation in the IRSRR is voluntary and open to Member States that have a research 
reactor programme. The IAEA recommends that each Member State appoint a national 
coordinator (preferably from the regulatory body) and local coordinators (from operating 
organizations or constructors).  Each coordinator should be a professional, knowledgeable 
with research reactors or should be assisted by such a professional. 
The IRSRR is based on the principle that each participant will provide timely information on 
its experience with unusual events in research reactors so that the information is available to 
all other participants. Unusual events with safety significance or of general interest to the 
research reactor community should be identified by the national or local coordinators and 
transmitted to the IAEA. The IRSRR web based system is under operation and the access is 
available only for IRSRR co-ordinators (officially nominated by Member States) through the 
IAEA web page: http://www.iaea.org/irsrr/ 
Besides receiving, storing and distributing information, the IAEA prepares periodic reports on 
IRSRR activity and organizes periodic meetings to review and evaluate the material available 
on unusual events and invites lecturers to develop special subjects on each meeting. The last 
meeting of coordinators was held in November 2003 in Bariloche (Argentina), and the next 
meeting is scheduled for the 2nd quarter of 2005. 
Until now 42 Member States jointed the IRSRR and the group represents more than 85% of 
the research reactors in the world.  Nevertheless, the Agency was encouraged to continue to 
extend the number of participants to all Member States having research reactors. 
 
4- INSARR MISSIONS 
 
Although the IAEA has been carrying out safety reviews to research reactors since 1972 in 
order to meet the Member States’ increasing requests for assistance to ensure and enhance 
research reactor safety, the IAEA announced in 1987 the creation of a more formal approach 
for providing this service. This approach was named Integrated Safety Assessment of 
Research Reactors (INSARR) [4]. In 1999 the INSARR methodology was modified to 
incorporate some of the features of the well-known Operational Safety Review Teams 
(OSART) service dedicated to power reactors, addressing recommendations provided during 
an external evaluation held in the year 1999. Following the new methodology, an INSARR 
Mission is constituted of three stages: Pre-INSARR, Main Mission and Follow-up. 
The duration of the Main Mission is one week, but the number of team members depends on 
the reactor complexity and topics to be reviewed. A team leader and a deputy team leader 
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(both Agency staff) and a minimum of three external experts constitute the review team. 
Observers from organizations receiving an INSARR Mission in the future are invited to 
participate in the mission depending on the acceptance of the recipient country. 
The main objective of INSARR missions is to conduct a comprehensive operational safety 
review of the research reactor facility and to verify compliance with the IAEA Safety 
Standards. However, an important spin-off from INSARR missions has been the mutual 
transfer of knowledge and experience between mission experts and reactor personnel and the 
development of self-assessment capabilities among the team members to be applied in their 
own countries. Certain missions have identified areas where the operating organization had 
developed a particularly good approach to certain safety topics, to the extent that the IAEA 
team recognized it as good practice and recommended it for application at other facilities. 
The activities associated with a safety review cover a number of specific areas that depend on 
the objective of the review. However, the main areas to be examined during a safety review 
can be divided into four categories. 
(a) General: nuclear regulations; regulatory supervision and licensing process; operating 
organization; reactor management and personnel training; quality assurance programme (QA); 
and emergency planning. 
(b) Nuclear Operational Safety: safety analysis; safety analysis report (SAR); operational 
limits and conditions (OLC); operating procedures; maintenance and periodic testing; 
experiments and modifications; and conduct of operations including records and reports. 
(c) Radiation Protection: radiation protection programme; waste management; airborne and 
liquid effluents; and radiological impact. 
(d) Special Issues - which may consider unique topics such as: siting; design; construction; 
commissioning, major modifications; decommissioning; reactor ageing; and safety culture. 
Topics such as design or safety culture are included in the area of special issues. In general, 
topics in this area require substantial effort and time from the reviewer. Therefore, these 
topics are not usually covered by typical INSARR missions, which focus on the topics in 
areas (a), (b) and (c). 
The mission team designates issues for which it addresses either a recommendation or a 
suggestion. Good practices are also indicated.  
The Follow-up Mission takes place no earlier than 12 months after the Main Mission. The 
scope of the Follow-up Mission is: evaluation of the safety improvements based on the 
recommendations provided at the final report; feedback from counterparts on the INSARR 
service and the means to improve it; preparation of a Follow-up Report. 
The main areas in which recommendations have been done during recent INSARR mission 
were legal and regulatory supervision; operating organization and reactor management; 
training and qualification; safety analysis; OLC; QA; conduct of operation; maintenance and 
periodic testing; and emergency preparedness. 
The benefit of Member States from the INSARR Mission may be concluded as: (1) 
Improvement of RR safety by the operating organization following the mission 
recommendations, suggestions and comments; (2) further Technical Assistance received from 
IAEA through TC Projects to help address certain safety issues identified during INSARR 
Missions; (3) Experience gained in performing safety assessment of research reactors by the 
experts, observers and the requesting operating organization. 
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5- CODE OF CONDUCT ON THE SAFETY OF RESEARCH REACTORS 
 
The Board of Governors adopted the Code of Conduct on the Safety of Research Reactors at 
its March 2004 session. The Code is now before the General Conference with the 
recommendation that the Conference endorses it and call for its wide application. (Status at 
beginning of September 2004) 
The Code is a non-binding, stand-alone, international legal instrument. Its purpose is to 
achieve and maintain a high level of safety in research reactors through enhancement of 
national measures and international cooperation.  
The Code provides guidance to States on development and harmonization of policies, laws 
and regulations. The basic structure of the Code of Conduct is given by: scope, objective, 
implementation, role of the State, role of the Regulatory Body, role of the Operating 
Organization, and role of the IAEA. The technical provisions of the Code are based on 
international consensus documents, primarily IAEA Safety Fundamentals and Requirements. 
The Code of Conduct includes recommendations on ‘best practices’ in management of 
research reactor safety and outlines the attributes of safety to be implemented in the site 
evaluation, design, construction, operation, utilization, modification, and decommissioning of 
a research reactor.  Its three major sections identify the roles of the State, the Regulatory Body 
and the Operator.  While the majority of the Code is drawn from requirements of the IAEA 
safety standard series, it focuses on current problematic issues such as reactors in extended 
shutdown or in need of improved ageing management. [5] (http://www-
ns.iaea.org/downloads/ni/code-rr/code_conduct_March04.pdf) 
 
6- SURVEY ON THE SAFETY OF RESEARCH REACTORS 
 
Through resolution GC(45)/RES/10, the General Conference requested the Secretariat to 
conduct a survey on research reactor safety in Member States. The objectives of the survey 
are: to better characterise the status of safety at specific research reactors; to heighten Member 
States awareness and attention to potential safety issues; and to identify opportunities to apply 
existing modified or new Agency services and programmes to research reactor safety 
concerns. 
A questionnaire comprising 15 questions covering topics on regulatory supervision, 
operational safety, radioactive waste management and emergency planning, was prepared and 
distributed to all the countries with research reactors independent of their status (planned, 
under construction, operational, shutdown or decommissioned).  
By the end of 2002, 55 of the 67 Member States that have or plan to construct research 
reactors had responded for at least some of their reactors. These responses covered 233 
reactors. From January 2003 to May 17, 2004 the Agency received additional responses from 
5 Member States that had not previously reported so the total number of States responding is 
now 60. These new responses, plus one augmented response, cover in total an additional 18 
reactors. 
The Analysis of Responses to the IAEA Survey of Research Reactor Safety [6], as performed 
at the beginning of 2003,is available on the IAEA web page:http://www-
ns.iaea.org/downloads/ni/publications/asmtsrvy03.pdf 
Much of the concern for RR safety has been based on the number of reactors that are 
shutdown and not decommissioned. The safety assessment survey was designed in large part 
to better characterize the state of those reactors. The responses to the surveys indicate that a 
number of facilities that are categorized in the database as shutdown are in fact 
decommissioned or in the process of decommissioning.  
 



 

 9 

7- CONCLUDING REMARKS 
 
Research reactor safety is gaining in importance within the general scope of nuclear 
installation safety worldwide. The IAEA develops activities and offers various programmes to 
assist Member States in enhancing the safety of research reactors.  
This paper outlined some of these activities and services performed recently on the area of 
Research Reactors Safety inside of Department of Nuclear Installation Safety. 
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Table 1 – IAEA Documents on Research Reactor Safety  
SAFETY FUNDAMENTALS 

 THE SAFETY OF NUCLEAR INSTALLATIONS, SS No.110 
 RADIATION PROTECTION AND THE SAFETY OF RADIATION SOURCES, SS 

No.120 
 THE PRINCIPLES OF RADIOACTIVE WASTE MANAGEMENT, SS No.111-F 

SAFETY REQUIREMENTS 
 LEGAL AND GOVERNMENTAL INFRASTRUCTURE, GS-R-1 
 PREPAREDNESS AND RESPONSE FOR A NUCLEAR OR RADIOLOGICAL 

EMERGENCY, GS-R-2 
 INTERNATIONAL BASIC SAFETY STANDARDS FOR PROTECTION 

AGAINST IONISING RADIATION AND FOR THE SAFETY OF RADIATION 
SOURCES, SS No.115 
 QA FOR SAFETY IN NPP AND OTHER NUCLEAR INSTALLATIONS, SS No.50 

C/SG-Q 
 PREDISPOSAL MANAGEMENT OF RADIOACTIVE WASTE INCLUDING 

DECOMMISSIONING, WS-R-2 
 CODE ON THE SAFETY OF NUCLEAR RESEARCH REACTORS: DESIGN, SS 

No.35-S1 
 CODE ON THE SAFETY OF NUCLEAR RESEARCH REACT: OPERATION, SS 

No.35-S2 
 SAFETY REQUIREMENTS FOR RESEARCH REACTORS, NS-R-4 (former DS 272), 

for publication (supersede SS 35-S1 and SS 35-S2) 
 SITE EVALUATION FOR NUCLEAR FACILITIES, DS 305, for approval 

SAFETY GUIDES 
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 SAFETY ASSESSMENT OF RR AND PREPARATION OF THE SAR, SS No.35-G1 
 SAFETY IN THE UTILIZATION & MODIFICATION OF RR, SS No.35-G2 
 DECOMMISSIONING OF NUCLEAR POWER PLANTS AND RESEARCH 

REACTORS, WS-G-2.1 
 DESIGN OF SPENT FUEL STORAGE FACILITIES, SS No.116 
 OPERATION OF SPENT FUEL STORAGE FACILITIES, SS No.117 
 ASSESSMENT OF OCCUPATIONAL EXPOSURE DUE TO EXTERNAL 

SOURCES OF RADIATION, RS-G-1.3 
 ASSESSMENT OF OCCUPATIONAL EXPOSURE DUE TO INTAKES OF 

RADIONUCLIDES, RS-G-1.2 
 REGULATORY CONTROL OF RADIOACTIVE DISCHARGES TO THE 

ENVIRONMENT, WS-G-2.3 
 COMMISSIONING OF RESEARCH REACTORS, DS 259, for approval 
 MAINTENANCE AND PERIODIC TESTING AND INSPECTIONS OF RR, DS 260, 

for approval 
 OPERATIONAL LIMITS AND CONDITIONS FOR RESEARCH REACTORS, DS 261, 

for approval 
 THE OPERATING ORGANIZATION AND THE RECRUITMENT, TRAINING AND 

QUALIFICATION OF PERSONNEL FOR RESEARCH REACTORS FACILITIES, DS 
325, for approval 
 OPERATIONAL RADIATION PROTECTION FOR RESEARCH REACTORS, in 

preparation 
TECHNICAL REPORTS (Safety Report Series) 

 SAFETY ASSESSMENT FOR SPENT FUEL STORAGE FACILITIES, SS No.118 
 DEVELOPING SAFETY CULTURE IN NUCLEAR ACTIVITIES, Safety Report 

No.11 
 CALIBRATION OF RADIOLOGICAL PROTECTION MONITORING 

INSTRUMENTS, Safety Report No.16 
 INDIRECT METHODS FOR ASSESSING INTAKES OF RADIONUCLIDES 

CAUSING OCCUPATIONAL EXPOSURE, Safety Report No.18 
 TRAINING IN RADIATION PROTECTION, Safety Report No.20 
 SOURCE TERM DERIVATION AND RADIOLOGICAL CONSEQUENCES 

ANALYSIS FOR RESEARCH REACTOR ACCIDENTS, in preparation 
 OPERATING PROCEDURES FOR RESEARCH REACTORS, in preparation 
 SAFETY OF CORE MANAGEMENT AND FUEL HANDLING FOR RESEARCH 

REACTORS, in preparation 
 INSTRUMENTATION & CONTROL, in preparation 
 SAFETY OF NEW AND EXISTING RR FACILITIES IN RELATION OF EXTERNAL 

EVENTS, in preparation 
 SAFETY ANALYSIS FOR RESEARCH REACTORS, in preparation 
 SAFETY RELATED PROCESSES AND THEIR IMPLICATIONS FOR OLCs, in 

preparation 
TECHNICAL DOCUMENTS (TECDOC Series) and others 

 SITING, TECDOC-403 
 EARTHQUAKE RESISTANCE, TECDOC-348 
 GUIDELINES FOR THE REVIEW OF RESEARCH REACTOR SAFETY, Services 

Series No.1  
 AGEING MANAGEMENT, TECDOC-792 
 EMERGENCY RESPONSE PREPAREDNESS FOR NUCLEAR OR 

RADIOLOGICAL ACCIDENTS, TECDOC-953 
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 COMPARISON BETWEEN IAEA 50-C/SG AND ISO 9001:1994, TECDOC-1182 
 CORE CONVERSION, TECDOC-233, TECDOC-643 
 MTR FUEL, TECDOC-467 
 GENERIC COMPONENT RELIABILITY DATA FOR RESEARCH REACTOR, 

TECDOC-930 
 RELIABILITY DATA, TECDOC-636 
 PSA, TECDOC-400, TECDOC-517 
 APPLICATION OF NON-DESTRUCTIVE TESTING AND IN-SERVICE 

INSPECTION TO RR, TECDOC-1263  
 EXTENDED SHUTDOWN TECDOC - 1387 
 INSARR MISSION RESULTS, working material 
 EXPERIENCE W/ ACCIDENTS 1999, working material 
 EXPERIENCE W/ ACCIDENTS 2000, working material 
 PLANNING AND MANAGEMENT FOR THE DECOMMISSIONING OF RESEARCH 

REACTORS AND OTHER SMALL NUCLEAR FACILITIES -TRS No. 351  
 DECOMMISSIONING TECHNIQUES FOR RESEARCH REACTORS, TRS No. 373  
 DECOMMISSIONING TECHNIQUES FOR RESEARCH REACTORS- CRP REPORT, 

TECDOC-1273 
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GLOBAL NUCLEAR CLEANOUT INITIATIVE 2004 

 
Jack Edlow 

Edlow International Company 
1666 Connecticut Ave, NW, Suite 201 

Washington DC, USA 
 

Gerhard Gruber 
RWE NUKEM GmbH 

Fuel Cycle Services 
Industriestrasse 13 
D-63754 Alzenau 

Germany, EU 
 
 
 
During more than 50 years of Atoms for Peace programmes nuclear materials were spread out 
worldwide. Stranded nuclear materials from nuclear research are left over without any safe 
back-end solution. ‘Dirty Bombs’ or so-called ‘Radioactive Dispersal Devices (RDD)’ are no 
longer science fiction sinced the world experienced the 9/11attack. 
 
Governmental, NGO’s and private industry organisations having discussed Global Nuclear 
Cleanout since then and start to take actions. The US Department of Energy (DOE) has 
announced to establish a dedicated organisation in cooperation with IAEA and start the 
‘Global Threat Reduction Initiative (GTRI)’. The US government will allocate to that 
program USD 450M over the next 10 years. 
 
Besides the historical development the paper will focus on the progress of the different 
initatives and perspectives to threat reduction. 
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OPERATION EXPERIENCE WITH THE TRIGA REACTOR OF PAVIA 
 

A. Borio di Tigliole, F. Lana, S. Manera, E. Orvini, A. Salvini. 
 

Laboratorio Energia Nucleare Applicata (L.E.N.A.) of University of Pavia – 27100 Pavia, Italy 
 
 
 
1. INTRODUCTION 
 
The TRIGA Mark-II reactor of the University of Pavia is in operation since 1965. The annual 

operation time at nominal power of 250 kW is in the range of few hundreds hours per year 

depending on the time schedule of some experiments and research activities (see Tab.1). The reactor 

is mainly used for NAA activity and for BNCT research (see Tab.4 and Tab.5). Few tens of hours 

per year are dedicated to students’ training courses. 

During the last two years the operation time has decreased mainly due to a better planning of the 

requests of irradiations (more multiple irradiations) and to the introduction of irradiation fares also 

for research activities.   

 

Despite of the reactor is under-utilized, the interest of the Italian industrial world to some specific 

techniques of analysis and diagnostic is growing while the interest of the University of Pavia in 

preserving such know how in the nuclear field is not under discussion (in Italy there are just three 

research reactor in operation and no more power plants). For these reasons the reactor will be kept 

in operation as long as possible into the next decade. 

 

The on-going US fuel return program has been discussed and, at present, the viewpoint is to 

continue to operate the reactor beyond 2006. 

 
 
2. STATUS OF MAIN REACTOR SYSTEMS 
 
2.1  Instrumentation & Control  (I&C) System  
 
The I&C System in operation is still the original one installed in 1965 but the “LOG Channel” and 

the Chart Recorder that have been replaced almost twenty years ago. 

The installation of a new digital console developed by General Atomics is under licensing by the 

National Control Authority (APAT).  
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2.2  Fuel Elements 
 
At the moment, the core is made of 47 Aluminium clad and 34 SST clad TRIGA fuel elements. All 

the aluminium elements occupy the outer rings of the core (Ring E and F) while the SST elements 

occupy the inner rings (Ring B,C and D). 

Only 7 fuel elements (all Al clad) have been permanently removed from the reactor tank and are 

stored in a dry fuel storage pit. Other 9 irradiated fuel elements (8 Al clad and 1 instrumented SST 

clad) are stored in the reactor tank. Still 3 fresh fuel elements are stored in the fresh fuel storage (see 

Tab.3).  

In 2001 a refuelling was made and 6 new SST clad fuel elements were inserted in place of  6 Al clad 

fuel elements with the highest elongation. The fuel elements are controlled for their elongation 

and/or bowing every two years and until now no elements had to be removed permanently for excess 

elongation or bowing. At the moment no fuel elements present an elongation greater than 4 mm and 

only 6 fuel elements present an elongation greater than 3 mm (see Tab.2). 

In March 2004 a SST clad instrumented fuel element was replaced because of a very small but 

detectable fission product release. 

  
 
2.3  Cooling Circuits 
 
Maintenance work is carried out regularly, i.e. replacing gasket at the pumps or replacing the ionic-

exchange resins of the demineralizer of the primary circuit. The cleaning of the heat exchangers has 

been scheduled for the next year.  

 
 
2.4  Ventilation System 
 
A new computerized air filtering and ventilation system has been installed in 2001. The inlet air is 

filtered by 3 stocks of chart and fibre filters  (total efficiency ~ 95%) while the air extracted from the 

Reactor Room is filtered by 7 stocks of absolute HEPA filters (total efficiency > 99.95%) before to 

be release in the atmosphere. The air extraction engine is powered by an inverter that keeps 

automatically the reactor building at 50 Pa of negative pressure, as required by Technical 

Prescriptions. 

The off-gas is monitored for noble gas and halogens by a NaI detector which displays information 

directly in the Control Room. In a addition an aerosol monitor collects continuously air samples from 

above the pool water surface 24 hours a day with two alarm levels. 
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2.5  Area Monitoring System 
 
The system is composed of: 

• 6 GM counters (5 installed in the Reactor Room and 1 in the off-gas channel); 

• 1 GM counter and 1 Proportional Counter installed in the primary circuit of the cooling 

system; 

• 1 “free-air” Ion Chamber counter for aerosol monitoring above the pool water surface; 

• 1 NaI detector  installed in the off-gas channels for the monitoring of noble gas and halogens; 

• 5 active-carbon and absolute filtering systems for air monitoring (1 in the off-gas channel and 4 

at 100 m from the reactor building in the cardinal directions) with daily data collection. 

 

Data from the 6 GM counters, from the Proportional Counter and from the Ion Chamber are scanned 

continuously and an alarm is triggered when any of the detectors exceed a preset pre-alarm or main-

alarm level. The 6 GM counters are connected to an uninterrupted power supply system (UPS) to 

operate even during power supply failure and are also connected to  an automatic phone call system 

which alert the people on call for the Emergency Plan when any of the detectors exceed a preset pre-

alarm or main-alarm level. 

Even though this system is in good operation it tends to become overaged and spare parts are 

difficult to be found. For this reason a renewal of the system has been planned for the next year. 

 
 
2.6  Maintenance Program 
 
All components and systems undergo ordinary maintenance according to the Technical Prescriptions 

and to the “Good Practice Procedures”. The execution of the daily controls and of the ordinary and 

extraordinary maintenance of the systems and components is registered in dedicated check-lists and 

in the Log-book of the reactor.  

 
 
3. SUMMARY AND OUTLOOK 
 
The TRIGA reactor of the University of Pavia shows a good technical state. Two main upgrading 

are planned: the installation of a new I&C System and the installation of a new Area Radiation 

Monitoring System. 

There are no technical reasons to consider the shut-down of the reactor, neither, at the moment, 

political or economical reasons. 
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4. TABLES OF SUMMARY 
   

TTTaaabbb...111   OOOpppeeerrraaatttiiiooonnn   DDDaaatttaaa   (((JJJuuulllyyy   222000000222   –––   JJJuuunnneee   222000000444)))   
 
 
 

 
 

 
July – December 

2002 
 

 
January – December 

2003 

 
January – June 

2004 

 
Hours at 250 kW 

 

 
142 

 
254 

 
55 

 
MWD 

 

 
1.47 

 
2.65 

 
0.57 

 
Burn-up (235U, g) 
 

 
1.55 

 
2.79 

 
0.60 

 
 

Tab.2 SSSuuurrrvvveeeyyy   ooofff   FFFuuueeelll   EEEllleeemmmeeennntttsss   eeelllooonnngggaaatttiiiooonnn   (((JJJuuunnneee   222000000444)))   
 

Change in length [mm] N. of Al Fuel Elements N. of SST Fuel Elements 

Not measurable - 13 

0 – 1 3 16 

1 – 2 26 5 

2 – 3 12 - 

3 – 4 6 - 

4 – 5 - - 

5 – 6 - - 

6 – 6,5 - - 

> 6,5 - - 

TOTAL 47 34 
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TTTaaabbb...333   FFFuuueeelll   EEEllleeemmmeeennntttsss   ooofff   LLL...EEE...NNN...AAA...   TTTRRRIIIGGGAAA   RRReeeaaaccctttooorrr   (((JJJuuunnneee   222000000444)))   
 

 Al cladding SST cladding 

Fuel Elements in the core 47 34 

New Fuel Elements in dry storage - 3 

Spent Fuel Elements in dry spent storage 7 - 

Spent Fuel elements in the reactor tank 8 1 

TOTAL 62 38 

 
 
 

TTTaaabbb...444   RRReeeaaaccctttooorrr   IIIrrrrrraaadddiiiaaatttiiiooonnn   FFFaaaccciiillliiitttiiieeesss   UUUtttiiillliiizzzaaatttiiiooonnn   
 

 July-Dec. 2002 Jan. – Dec. 2003 Jan.-June 2004 
 
 

Irradiations Samples Irradiations Samples Irradiations Samples 

Central 
Thimble 

11 
(22.4%) 

 

30 
(8.0%) 

 

10 
(13.9%) 

 

58 
(6.6%) 

 

8 
(36.3%) 

81 
(30.6%) 

F Thimble --- 
 

--- 
 
 

2 
(2.8%) 

 

2 
(0.2%) 

 

--- --- 

Rotary 
Specimen 

Rack 

13 
(26.5%) 

 

286 
(76.0%) 

 

25 
(34.7%) 

 

611 
(69.7%) 

 

5 
(22.7%) 

103 
(38.8%) 

Rabbit 
System 

1 
(2.1%) 

 

9 
(2.4%) 

 

7 
(9.7%) 

 

131 
(15.0%) 

 

4 
(18.3%) 

65 
(24.5%) 

Thermal 
Column 

17 
(34.7%) 

 

44 
(11.7%) 

 

28 
(38.9%) 

 

74 
(8.5%) 

 

5 
(22.7%) 

16 
(6.1%) 

Piercing 
Beam 

7 
(14.3%) 

 

7 
(1.9%) 

 

--- 
 
 

--- 
 
 

--- --- 

Total 49 376 72 876 22 265 
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TTTaaabbb...555   MMMaaaiiinnn   AAAccctttiiivvviiitttiiieeesss   aaattt   ttthhheee   LLL...EEE...NNN...AAA...   RRReeeaaaccctttooorrr   

 
 

Activities July-Dec. 2002 Jan. – Dec. 2003 Jan.-June 2004 
 

 
Irradiations Samples Irradiations Samples Irradiations Samples 

Activation 
Analysis 

 

21 
(42.9%) 

275 
(73.1%) 

39 
(54.2%) 

712 
(81.3%) 

17 
(77.3%) 

249 
(93.9%) 

B.N.C.T. 
(Medical) 

 

17 
(34.7%) 

44 
(11.7%) 

28 
(38.9%) 

74 
(8.5%) 

5 
(22.7%) 

16 
(6.1%) 

Crime 
Investigation 

 

2 
(4.1%) 

13 
(3.5%) 

5 
(6.9%) 

90 
(10.2%) 

--- --- 

Radioisotope 
Production 

 

2 
(4.1%) 

37 
(9.8%) 

--- --- --- --- 

Radiation 
Damage  

7 
(14.2%) 

7 
(1.9%) 

--- --- --- --- 

 
Total 

 

 
49 

 
376 

 
72 

 
876 

 
22 

 
265 
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Operation Experience and Research Activities at the TRIGA Mainz 
 

Klaus Eberhardt and Norbert Trautmann 
Institut für Kernchemie, Universität Mainz, D-55099 Mainz 

 
 
1. Introduction 
 
The TRIGA Mark II reactor of the Mainz University is now in operation for 39 years without 
a longer shut-down period or a failure of one of the main components. In 1995 a replacement 
of the heat exchanger took place together with the refurbishment of the cooling and the 
purification circuits. The TRIGA Mainz can be operated in the steady state mode with thermal 
powers ranging from 100 mW up to a maximum of 100 kW and in the pulse mode with a 
maximum peak power of 250 MW. Currently, the core consists of 75 fuel elements with 
aluminium (Al) or stainless steel (SS) cladding, respectively. So far, more than 14,800 pulses 
have been performed without any damage of one of the fuel elements. Every 2-3 years the 
fuel elements are inspected to monitor changes in length (elongation) and shape (bending). 
The experimental programme at the TRIGA Mainz covers a wide range from applied 
investigations, such as neutron activation analysis (NAA) and the production of radioactive 
isotopes to basic research in nuclear chemistry, nuclear physics and radiopharmaceutical 
chemistry. The reactor is also intensively used for education and training of scientists, 
students and technicians. With 8 fuel elements on stock and taking into account the past and 
present operation schedule, the TRIGA Mainz can be operated for at least two other decades 
without purchasing fresh fuel elements, if accepted by the authorities. 
 
 
2. Status of the Cooling Circuits and the Purification System 
 
The primary, secondary and purification circuit as well as the heat exchanger were renewed in 
1995 and designed for a thermal power up to 300 kW at the steady state mode. The work was 
completed in seven months. Within the last nine years of operation, only the necessary 
maintenance work had to be carried out and no failure of one of the components occurred. 
Table 1 comprises the technical data of the circuits. The following operation parameters are 
continuously measured: 
 
• Reactor tank: water temperature and - level 
• Primary/secondary circuit: water flow rate, water temperature, system pressure and 

differential pressure 
• Purification circuit: water flow rate, water temperature, conductivity, dose rate, pressure 
 
Table 1: Operational parameters of the circuits  

 
Parameter Primary Purification Secondary 

Pressure 0.7 bar 2-3.5 bar 2.9 bar 
Temperature 21-30 °C 21-30 °C 0-25 °C 
Flow Rate 22 m3/h 4 m3/h 22 m3/h 

 
A more detailed technical description of the new circuits is given in [1]. In order to maintain a 
high water quality in the reactor tank a mixed bed ion exchange resin (LEWATIT Type SM 
600 KR, grain size 0.4-1.3 mm) is used. The vessel containing the resin has a total volume of 



 20 

0.265 m3 and is filled with 0.200 m3 of ion exchanger. Before and after the vessel, filter units 
are installed containing filter cartridges with a pore size of 3-5 µm to prevent particle intake 
into the reactor tank. Figure 1 illustrates the change in water conductivity as measured in the 
purification circuit in the period May 2000 until January 2004. Two measurements are 
continuously performed: One conductivity cell is located before the ion exchange vessel (tank 
outlet), the other one behind it (tank inlet). As shown in Fig 1, the life cycle of the resin under 
typical operation conditions is about two years. Within this time, the water conductivity in the 
reactor tank does not exceed 1 µS/cm, well below the limit of 2 µS/cm, as given by the 
regulatory board. 

 
Figure 1: Water conductivity in the reactor tank as measured before purification by an ion 
exchanger (tank outlet) and after purification (tank inlet). See text for details 
 
 
3. Reactor Operation 
 
The TRIGA Mainz can be operated in the steady state mode with thermal powers ranging 
from 100 mW up to a maximum of 100 kW and in the pulse mode with a excess reactivity up 
to 2 $, corresponding to a peak power of ≈ 250 MW. The average operation time of the 
TRIGA Mainz is about 200 days per year. For more than 90% of this time, the reactor runs in 
the steady state mode with a nominal thermal power of 100 kW. The rest of the time the 
reactor is used either in the pulse mode or – depending on the requirements of the different 
experiments – for lower powers (steady state) down to 100 mW. In the last 39 years more 
than 265,000 irradiations were performed in various irradiation positions. For isotope 
production and for neutron activation analysis (NAA) the rotary specimen rack with 80 
irradiation positions and the central thimble are most often used. Here, the samples are 
transferred manually. For the production of nuclides with half-lives in the order of less than a 
few minutes, the TRIGA Mainz is equipped with three pneumatic transfer systems. From a 
terminal located in the reactor hall or in radiochemical laboratories a sample is transferred by 
applying vacuum to the irradiation position and back. Transport times of 1 to 5 seconds can 
be achieved. Neutron and γ-irradiations of different environmental and biological samples, 
electronic equipment and for the calibration of neutron detectors have been performed at 
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various irradiation positions, e.g., on top of the thermal column or in one of the four beam 
tubes. Table 2 summarizes the operation data and the number of irradiations performed in the 
period 1965-2003.  
 
 
Table 2: Operation data and number of irradiations (Status December 2003) 

 
Operation data 1965-2002 2003 Total 

Days of operation 7180 192 7372 
Hours of operation 36364 850 37214 
Number of Pulses 14726 94 14820 
Energy [MWh] 2946.8 76.5 3023.3 

Burn-up [g U-235] 153.3 3.9 157.2 
 

Irradiation position Thermal flux [n/cm2s]* 1965-2002 2003 Total 
Rotary specimen rack 7 x 1011 53024 1946 54970 

Rabbit systems 1.6-1.8 x 1012 197850 191 198041 
Beam tubes 1.0-5.4 x 1011 10040 115 10155 

Central thimble 4.2 x 1012 2628 55 2683 
Other positions 107 – 1010 1803 --- 1803 

*at a power of 100 kWth 
 
 
4. Core Configuration and Fuel Inspection 
 
Currently, the core consists of a mixture of 59 fuel elements with aluminium (Al) and 16 fuel 
elements with stainless steel (SS) cladding. Most of the fuel elements with Al cladding are in 
the core since August 1965. Figure 2 shows the actual core configuration.  
Since the start-up of the reactor the fuel elements in the core as well as the fresh fuel elements 
have been measured with respect to their elongation and bending every two to three years. 
Table 3 comprises the values for elongation for elements with Al- and SS-cladding. Until 
now, four fuel elements have been removed permanently. Two fuel elements equipped with 
thermocouples (TC) are in wet storage in the reactor tank. In all cases the elongation is far 
below the limit of 12.7 mm for Al as cladding material or 2.54 mm in the case of SS cladding, 
respectively. The bending of the fuel elements is also below the limit of 1.6 mm.  
 
 
5. Experimental Programme  
 
5.1 Neutron Activation Analysis 
 
Neutron activation analysis (NAA) at the TRIGA-Mainz is most often performed as an 
indirect method relative to standard samples. Different activation techniques are applied: (i) 
Instrumental Neutron Activation Analysis (INAA), where no chemical treatment of the 
sample occurs, (ii) Radiochemical Neutron Activation Analysis (RNAA), where the sample 
material is chemically treated either prior to or after irradiation and (iii) Delayed Neutron 
Activation Analysis (DNAA), a special technique used for the detection of fissile nuclides by 
counting ß-delayed neutrons emitted from neutron-rich fission products.  
 
 



 22 

 
Figure 2: TRIGA Mainz core configuration. Currently, the core is equipped with 75 fuel 
elements (FE). FE with stainless steel cladding are marked with an asterix (*)   
 
  
Table 3: Elongation of fuel elements (FE) with Al and SS cladding (see also Fig. 2). Not 
included are two FE with thermocouples and one new FE, which was introduced into the core 
after the fuel inspection in 2002 
 

Ring Cladding material Number of FE Elongation 1999-2002 
B SS 5 + 0.03 mm 
C SS 9 + 0.06 mm 
C Al 1 + 0.14 mm 
D Al 17 + 0.05 mm 
E Al 23 + 0.06 mm 
F Al 17  + 0.04 mm 

 
Cladding Number of FE Elongation 1999-2002 Elongation 1965-2002 

SS 14 + 0.05 + 0.35 mm 
Al 58 + 0.02 + 1.75 mm 

 
 
INAA is used in various research fields such as archaeology, environmental science and food 
monitoring, cosmo- and geochemistry as well as in material science and industrial 
applications. INAA is also an important analytical method employed for the certification of 
materials.  
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Examples for the application of RNAA in environmental monitoring are – among others - the 
determination of platinum-group elements (PGE) in soil, and the determination of organic 
halogen compounds in water samples (Absorbable Organic Halogens - AOX; X = F, Cl, Br,I). 
For PGE-studies the nickel-sulfide technique has been combined with NAA to determine PGE 
exhausted from catalytic converters in cars.  
DNAA is used for the fast determination of fissile nuclides, such as 233U, 235U and 239Pu by 
measuring the delayed neutron emission of some fission products. Under conditions of the 
TRIGA-Mainz the detection limits are 10-11 g for 235U and 239Pu. Typically, the samples are 
irradiated for 2 min using one of the rabbit systems for fast sample transfer and after a delay 
time of 15 to 20 s, they are counted for 1 min with 3He-proportional tubes in a circular 
arrangement. An more detailed overview of the different activation techniques, the related 
equipment, and their application for various sample materials is given in [2] and the 
references therein.  
 
5.2 Fast Chemical Separations 

 
Figure 3 shows a horizontal section view of the TRIGA Mainz indicating arrangement and 
typical use of the four beam tubes. Two beam tubes are used for chemical experiments, 
mainly for the development of fast chemical separation procedures, continuous and 
discontinuous ones. Beam port B will be used to test the recently developed neutron decay 
spectrometer aSPECT, whereas at port C a facility for the production of Ultracold Neutrons 
(UCN) will be installed in the next weeks.  

 
Figure 3: Horizontal section view of the TRIGA Mainz. Beam ports A and D are mainly used 
for radiochemical investigations. At beam port B the neutron decay spectrometer aSPECT 
will be installed and tested. In port C the UCN-facility will be installed.  
 

Chemistry UCN production 

aSPECT-facility 
Chemistry    
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Fast chemical separation procedures can be developed and optimized at the TRIGA Mainz by 
combining a gas-jet transport system [3] with either continuous or discontinuous chemical 
separation facilities. Measurements of hold-up times in the different stages of the separation 
procedure can be performed by operating the TRIGA reactor in the pulse mode. Hold-up 
times of only a few seconds can be achieved, including the transport in the gas-jet (≈1s).  
For the development of suitable separation procedures for transactinide elements, their lighter 
homologues in the periodic table of the elements are used. These are obtained by thermal 
neutron-induced fission of 235U, 239Pu or 249Cf. Separation procedures in the gas phase and in 
aqueous solutions have been worked out and applied for chemical studies of Rf 
(rutherfordium, element 104), Db (dubnium, element 105), Sg (seaborgium, element 106) and 
Bh (bohrium, element 107).  
 
5.3 The Neutron Decay Spectrometer aSPECT 
 
The neutron decay spectrometer aSPECT [4] is currently under construction. It will be used to 
measure the proton recoil spectrum in neutron beta decay. From the fine structure of the 
proton energy spectrum one can conclude the electron-neutrino correlation coefficient and 
thus the strength of the weak interaction which is an important ingredient of the standard 
model of particle physics. Figure 4 shows a sketch of the experimental set-up. Protons which 
are emitted in neutron decay within the decay volume are guided by a magnetic field to the 
proton detector. Only protons which can pass the analyzing plane (see Fig. 4) can reach the 
detector.  

 
Figure 4: Schematic view of the proton spectrometer aSPECT 
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5.4 Production of Ultracold Neutrons  
 
Ultracold neutrons (UCN) are neutrons with a kinetic energy in the order of 10-7 eV and 
wavelengths around 1000 Å [5]. They are totally reflected from the surface of most materials 
under any angle of incidence. This offers the possibility to guide them from the production 
site inside a reactor tank towards a storage facility like a so called neutron bottle or a magnetic 
trap for further investigations. It is planned to apply the pulse mode operation of the TRIGA 
Mainz for the production of high densities of UCN. For this, a cryostat including a very low 
temperature converter consisting of solid deuterium or a deuterium compound will be 
installed in beam tube C. A high quality neutron guide will focus the UCN beam to a storage 
facility for further experiments. The pulse mode operation of the TRIGA is advantegeous, 
since the thermal neutron density during a pulse is in the order of 1015 n/cm2. The maximum 
pulse frequency is 12 pulses per hour at a pulse length of 30-40 ms. There is only a weak γ-
ray field resulting from such a reactor operation that will heat up the low temperature UCN 
source. UCN offer the possibility to study fundamental characteristics like the neutron 
lifetime and β-decay asymmetries or to measure the neutron electric dipole moment with high 
precision. The very low energy and momentum resolution that can be achieved with UCN 
opens the way for new applications in high resolution spectroscopy and scattering 
experiments including the investigation of biological molecules [6]. Figure 5 shows the in-
pile cryostat including the solid deuterium converter cup developed at the Technical 
University of Munich that will be installed in beam port C. 

 
Figure 5: In-pile cryostat with a solid deuterium converter for the production of UCN, as 
developed by the Technical University of Munich.  
 
 
6. Education 
 
Various courses in nuclear and radiochemistry, radiation protection and reactor operation and 
physics are held at the Institut für Kernchemie for advanced students, teachers, engineers and 
technicians: 
 

UCN – storage tube 

in -pile cryostat 

300 K cooling channels 

25 K cooling channels 

5 K cooling pipes

solid D 2 - converter
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• In the basic course in nuclear chemistry neutron activation analyses are performed to 
demonstrate the capabilities of this method for trace analysis of various materials. 
Furthermore, the level-scheme of 190mOs is investigated by means of γ-spectroscopy after 
irradiations of Os-samples in the rabbit system. After irradiation of isotopically enriched 
235U with thermal neutrons, Ba is separated radiochemically to demonstrate nuclear 
fission. Experiments to investigate the chemistry of neptunium as the first transuranium 
element are also performed.  

• As part of the experimental programme of the course in radiation protection, 
measurements of the neutron- and γ-dose rates at the biological shield and near the surface 
of the reactor pool water are performed. Here, the reactor is operated at different power 
levels from a few Watt to 100 kWth and the dose rates are monitored as a function of 
reactor power.  

• The course in reactor operation and reactor physics consists of a lecture in reactor physics 
and practical training in reactor operation at steady state power as well as in the pulse 
mode.  

 
In addition to the above mentioned courses guided tours are carried out frequently by the staff 
of the TRIGA Mainz. 40-60 groups, corresponding to 600-800 people, visit the institute every 
year. 
 
 
7. Outlook 
 
The TRIGA Mainz is one of only five research reactors currently in operation in Germany. It 
is in an excellent technical state and intensively used for applied and basic research as well as 
for educational purposes. With eight fresh fuel elements on stock and taking into account the 
past and present operation schedule, the TRIGA Mainz can be operated for at least two other 
decades without purchasing fresh fuel elements, if accepted by the authorities. 
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OPERATION EXPERIENCE WITH THE TRIGA REACTOR WIEN 2004 
 

H. Böck, M. Villa 
 

Atominstitut der Österreichischen Universitäten, A-1020 Wien, Austria 
 
 
1.  Introduction: 
 
The TRIGA Mark-II reactor Wien is now in operation for more than 42 years. The average 
operation time is about 230 days per year with 90% of this time at nominal power of 250 kW. 
The remaining 10% operation time is used for students' training courses at low power level. 
Pulse operation is rather infrequent with about 5 to 10 pulses per year. 
 
The utilization of this facility is excellent [1] all experimental facilities are intensively used, 
the number of students participating in practical exercises has strongly increased, also training 
courses for outside groups such as the IAEA or for the 2004 Eugene Wigner Course are using 
the reactor.  
 
Therefore, neither from a technical nor from an economical and utilization viewpoint a need 
for decommissioning is necessary and it is intended to operate the reactor as long as possible 
into the next decade. Especially since the major research reactor in Austria - the 10 MW 
ASTRA reactor at the Austrian Research Centre Seibersdorf - has been closed down in July 
1999 the TRIGA reactor Vienna is the only remaining nuclear research facility in Austria.  
 
The ongoing US fuel return program has been discussed with the Regulatory Body and the 
official viewpoint at present is to continue reactor operation beyond 2006. This has also been 
received officially from the competent authority.  
 
Nevertheless it was decided in early 2004 to prepare a report on a decommissioning procedure 
for a typical TRIGA Mark II reactor which lists the volumes, the activity and the weight of 
individual materials such as concrete, aluminium, stainless steel, graphite and others which 
will accumulate at a TRIGA Mark II decommissioning process. Some more details will be 
presented in this paper. 
 
 
2.  Status of Main Reactor Systems 
 
2.1  Instrumentation 
 
The instrumentation of the TRIGA reactor Wien is in operation since 1992 using the digital 
console developed by General Atomics with some software updates after the Millenium 
Experience with this instrumentation has been reported at various conferences [2]. In 2003 
new compensated ionisation chambers (CIC) from the US company LND were installed, 
which failed after a few month of operation. A closer investigation showed that some 
connectors used Teflon as insulating material which fails due to intense radiation. These 
chambers were removed and a lengthy negotiation started with LND Company to replace 
these chambers under warranty. The case is not fully settled but two new chambers are 
promised to be delivered with ceramic insulators towards the end of 2004. Meanwhile the 
reactor is operating with one Campbell channel and a CIC from Centronics.  
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Another component to be replaced soon is the graphic monitor of the console as the monitor 
contrast is fading away. As usual such items are not more produced and have to purchased 
from surplus warehouses. Luckily such a monitor was found through the Internet at a US 
supplier for about 1/8th of the price which GA is asking for. Generally it can be said that the 
cooperation with GA has been collapsing rapidly due to some internal reorganisation which 
makes communication difficult. Further GA is constantly changing the overall design of the 
I&C systems i.e. replacing nuclear channels with other models which obliges the customer 
either to improvise or to buy expensive new components.  
 
2.2  Fuel Elements 
 
There has been no significant change in the core compositions since about 10 years. The core 
is a complete mixture of a 42 years old Al-clad TRIGA fuel, of several 36 years old SST fuel 
elements and of 9 FLIP elements (70% enriched) being 30 years in the reactor core. Only 8 
fuel elements (all Al-clad) have been permanently removed from operation and are stored in a 
dry fuel storage pit. Further 11 SST elements, 2 of them instrumented, are on stock stored in 
the fresh fuel storage.  
 
Recently two new in-tank fuel storage racks have been constructed which allow to store 45 
fuel elements each, totally 90 fuel elements. This allows to unload the whole core into the 
racks without removing the fuel elements from the reactor tank. 
 
The fuel elements are controlled for their elongation and/or bowing every two years and until 
now 4 elements had to be removed permanently for excess elongation or bowing and 4 for 
fission product release. Taking the past and present reactor operation schedule into account, 
the reactor could operate another 15 to 20 years without purchasing further fuel. 
 
2.3  Cooling Circuits 
 
The primary, secondary and purification circuit have been modified in 1985 and since that 
time are operational without any modifications. Only maintenance work is carried out 
regularly, i.e. replacing gasket at the pumps or cleaning the plate type heat exchanger. Since 
the last cleaning of the heat exchanger in September 1997 no further problems with the heat 
exchange capacity was observed, however to prevent the transfer of sub-micron particles into 
the pool several 0,2 µm filters are kept on stock, which allow to clean up the pool within a 
few hours. This happened recently when the institute´s electricity power supply was tested. 
All reactor systems were shut off before the tests except the purification pump. Due to several 
electricity on/off procedures each time the purification  pump started up with a pressure surge 
to the ion exchange resin. This resulted in a transfer of sub-micron  particles through the 
normal filters into the reactor tank and the water became milky in a way that it was impossible 
to see the tank bottom. 
 
2.4  Ventilation System 
 
The ventilation system has been improved several times during the past decades, but it is now 
in an excellent technical state and operates without major problems. The off gas filters are 
replaced depending on the pressure drop across the filters usually about every five years.  
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2.5  Area Monitoring System 
 
The area monitoring system has been completely replaced in 2003 and is described in a 
separate paper at this conference [3]. 
 
2.6  Re-inspection and Maintenance Program 
 
All components and systems are re-inspected following an elaborate re-inspection program 
[4]. This consumes about 4 man-days per month. Once a year all the reactor systems are 
inspected in presence of an expert nominated by the regulatory body and his expertise is the 
basis for the annual renewal of the operation license valid again for the coming year. This 
annual inspection requires approximately 1 man-month (four persons for two weeks). Some 
of the inspection methods have been successfully applied in other TRIGA reactors [5,6,7,8]. 
 
As a practical output of the maintenance program since many years component failure data 
have been collected, which were also used in the an IAEA Coordinated Research Program 
(CRP) initiated by the IAEA and terminated 2004 [9]. In addition to the Vienna TRIGA 
component failure data also data from a number of other TRIGA reactors world wide were 
collected and placed into this data bank, these data are available on request. 
 
 
3.  Decommissioning plan 
 
Although there is no political indication that the TRIGA reactor Vienna should be 
decommissioned in the near future an internal decommissioning plan was prepared in 2004 
[10]. As a basis information from other TRIGA reactors undergoing decommissioning at 
present were used. The volumes and activities of typical reactor materials such as aluminium, 
steel, concrete, graphite were calculated and are summarized in table 1. 
 
 

Table 1: Summary of possible activated and contaminated materials 
 
 m (kg) V (m3) A (Bq) 
Activated materials 
- Steel 
- Aluminium 
- Concrete 
- Graphite 

 
3556,4 
3932,9 
10900 
5125,4 

 
0,44 
1,46 
4,5 
2,7 

 
2,35×1013 
6,39×1011 
8,25×1010 
3,41×1010 

Contaminated materials 
-  Steel 
- Aluminium 

 
2072,7 
365,5 

 
0,26 
0,14 

 
2,76×108 
9,4×107 

Small components with low activity  2000 7,4 3,58×107 
Total estimated amount  27960 16,0 2,43×1013 

 
 
Further the overall activity of the fuel elements in use at the TRIGA Vienna was calculated as 
a function of decay time and is summarized in table 2. 
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Table 2: Activity of a single TRIGA fuel element as a 
          function of fuel type and decay time in Bq 

 
 1 year 3 years 5 years  10 years 20 years 
Aluminium 20% 7,3 E 12 3,1 E 12 2,2 E 12 1,6 E 12 1,2 E 12 
SST 20% 7,6 E12 3,2 E 12 2,3 E 12 1,6 E 12 1,1 E 12 
FLIP 70% 2,8 E 13 1,2 E 13 8,3 E 12 5,8 E 12  4,1 E 12 

 
 
4.  Cost - Benefit Calculations: 
 
Another study tried to calculate the costs of operating the TRIGA reactor Vienna compared to 
the income during the period 1991 to 2003 [11]. As costs all the investment and consumable 
materials to operate the reactor were covered, but not the staff salaries and the building 
management. This is because the building management of governmental buildings has been 
outsourced to a commercial company and the annual costs are paid by competent ministry 
through the university. As income all contracts from the European Commission, Science 
Foundation, IAEA and other institutions were considered as far as they used the reactor. As 
further information it has to be mentioned that during this period 119 Master Thesis, 69 PhD 
and 9 international training courses using the reactor were successfully carried out. This fact 
has not been converted into a monetary value 
 
The total income from the above mentioned sources was calculated to be 16 776 k€ compared 
to total expenses directly related to the reactor of 216,5 k€. This can also be expressed that the 
income was higher for a factor of 80 compared to the expenses. 
 
 
5.  Summary and Outlook 
 
The TRIGA reactor Wien is well utilized and in an excellent technical state. There are no 
technical or economical reasons to consider shut-down. However the future of the TRIGA 
Wien will be decided by politicians and not by the technical staff. 
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1. Introduction 
 
Romania's effort in nuclear energy utilization for electricity production concluded that is 
necessary to develop a national expertise for the design, manufacturing, testing and evaluation 
of natural Uranium fuel. 
 

 
 

FIG. 1 Reactor facilities 
 
To accomplish this goal, at the end of 1979, a dual core TRIGA facility (Fig. 1) and, five 
years later a hot cell facility, became operational. The steady-state 14 MW reactor core (SSR) 
is installed in a  rectangular array, with 11 by 12 equal grid positions. 
 
The initial core was made up of 29 HEU fuel rod clusters, enriched to 93% in U-235, 8 
control rods, and six experimental channel with  CANDU experimental bundles. This core 
configuration was preserved mostly unchanged till 1990. It was followed by a period of 
gradual replacement of the HEU fuel with LEU bundles. 
 
The present core is made up 35 fuel rod clusters ( 17 HEU and 18 LEU), 6 control rods , and 
the experimental channels are arranged taking into account both the experimental tasks and 
the load with irradiation devices according to the R&D program. 
 
The annular core pulsed reactor (ACPR) is completely independent from the SSR core with 
only two exceptions : both reactors share a common pool and therefore depend on the same 
on the same cooling and water purification systems.  
 



The SSR core was operated to accommodate the in-core irradiation devices  for CANDU-type 
fuel testing, for material testing, isotopes production, silicon ingot doping, neutron 
radiography, neutron activation analysis. 
 
Indigenous nuclear fuel behavior characterization under irradiation and performance 
assessment according to the AECL license documentation were the main objectives of SSR 
tests. 
 
2. Fuel Temperature implications on Safety Management.  
 
The safety management and the culture of safety assessment related to the core conversion of 
the SSR was done through different methods, corresponding mainly to the refueling stage in 
which they were applied . 
 
Preliminary testing stage for the new LEU fuel bundles 
 
Until passing to a HEU - LEU mixed core in the TRIGA 14 MW SSR , four LEU fuel bundles 
were used as experiments in order to evaluate the behavior of this type of fuel and to modify 
thr operational limits and conditions of the reactor (fig. 2. ) 
 

 
FIG. 2 First 4 experimental LEU fuel bundles 

 
As a result of this experimental irradiation, a series of fuel behavior related aspects were 
concluded based on the post-irradiation test and exams. Taking into account these data, it 
appeared as necessary to modify the operational limits and conditions. The modification 
consist of changing two of the temperature limits (inside the fuel rods) from the previous 
value of 750oC for HEU to only 675 oC for LEU. 
As we shall note bellow, this new value is imposed by data gained in structural tests. 
 
Structural stability and fuel swelling 
Thermal cycling tests performed on TRIGA LEU fuel samples, as described in [1] confirmed 
the structural stability of the fuel at metallic phase transformation temperature (675 oC ).  
 
The same post-irradiation test mentioned at the preceding point revealed diametric expansion 
greater that 5% and deformation from circular shape of the transverse section of the fuel 
grater than 0.5% at a low burnup. 



Fig. 3 illustrates the burnup dependence of the average diametric deformation for two LEU 
fuel elements. The slope for each of the curves is significantly lower on the last period of the 
irradiation, where they were placed in positions where the power density was also 
significantly lower. This suggested that the swelling of the LEU fuel is strongly influenced by 
the temperature level inside the fuel rod. 
 

 
FIG. 3  Average deformation versus burnup for TRIGA LEU 

 
The high values for swelling evidenced by the tests were attributed to more massive hydrogen 
relocation than expected. Analyses of the data led to the conclusion that this massive 
relocation is likely to be produced by a thermal regime characterized by a centerline value of 
temperature greater than 300oC. 
 
3. Refueling, mixed core 
 
Since LEU fuel behavior being evaluated, the next step was the gradual refueling of the SSR 
core, accompanied by the core enlargement and removal of the most burned HEU bundles. 
 

 
FIG. 4 – Present core configuration 



In present, the core has 17 HEU plus 18 LEU fuel bundles and 6 control rods, the 
experimental locations being created at demand  within the limits imposed by the reactivity 
and parameters in the operational limits and conditions (fig. 4) 
 
The refueling of the core is based on a safety documentation [8] that is sustained by a 
neutronic evaluation and contains: 
- nuclide inventory prior and after refueling 
- k eff evolution versus burnup 
- pin power factors 
- conversion table CPF - power - temperature 
 
4. Reactor Utilization 
 
Since 1979 until 1992 when the core configuration was changed, a lot of tests on CANDU 
fuel were developed in the irradiation facilities in order to qualify the Romanian CANDU fuel 
for Cernavoda Nuclear Power Plant : 
- power ramp tests 
- overpower ramp tests 
- fission gas pressure measurement  
- fission gas analysis 
- power cycling tests 
 
Other tests were developed in order to qualify different devices and structural materials also 
for Cernavoda Nuclear Power Plant. 
 
In ACPR was developed the RIA test on Romanian CANDU fuel. 
 
In present there will be performed the following irradiation tests in the SSR 
- Power cycling test for a CANDU fuel element 
- Test on samples of the pressure tube Zr 2.5% Nb 
 
Out of the RIA tests for fresh fuel elements, performed in ACPR, there will be also performed 
tests on burned fuel elements, re-manufactured and re-instrumented. 
 
As a future plan, the Institute intends to continue the present experiments and develop new 
activities: 
- B and Gd concentration determination (in the moderator from Cernavoda NPP) using 

prompt gamma ray due to thermal neutron capture 
- The induced stress and hydrogen determination using focusing configurations in crystal 

neutron diffractometry 
- New technologies for radioisotope production 
- Tests on Slight Enriched Uranium fuel 
- RIA tests on spent fuel from Cernavoda NPP (in ACPR) 
- Technical assistance for Cernavoda NPP - Unit 2 
 
5. Irradiated fuel storage and transport 
 
The two types of nuclear fuel used in TRIGA SSR 14 MW have to be eventually removed 
from the reactor core and disposed in such a manner as to be fulfilled the nuclear safety 
requirements, the environmental requirements and other specific demands. 



The irradiated fuel is first stored in the own storage pool and from there, the LEU fuel will be 
transferred to the storage facility of Cernavoda NPP. 
 
 
Romania fully agrees with the transfer of TRIGA HEU spent fuel back to USA in the period 
foreseen in the DOE's Final Environmental Impact Statement on a Proposed Nuclear 
Weapons Non-Proliferation Policy concerning Foreign Research Reactors Spent Nuclear Fuel 
(the Final EIS) 
 
The first transfer of 267 TRIGA fuel rods has been done during 1999's summer. 
 

 
 

FIG. 5. Aspects from the HEU nuclear fuel shipment back to USA 
 
The conversion is to be completed until 2007. After this stage, during 2009 the last HEU fuel 
bundle is scheduled to  be returned to DOE, USA. 
 
 
Conclusions 
 
During the 25 years of operation, no events with major impact on the nuclear safety, on 
personnel or on population and environment, occurred. This was possible because the reactor 
operation was done according to, and using : 
- a set of internal technical and administrative procedures 
- National Regulatory Body Safety Standards 
- Quality Assurance Management System licensed by Lloyd's Register 



- IAEA recommendations 
- The operating reactors and the fissile material under safeguard with IAEA 
- New physical protection system built with IAEA and DOE assistance 
- Personnel training and evaluation program 
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ABSTRACT 

The thermal power of the TRIGA IPR-R1 Reactor, at the Center of Development of Nuclear 
Technology - CDTN, was increased from 100 kW to 250 kW. To obtain this goal, four fresh 
fuel elements were inserted in the reactor core. The paper gives a brief overview of 
experiments that have been performed to test the safety conditions of the new core 
configuration in order to obtain the license to operate the reactor at the new power. 

1 INTRODUCTION 

The thermal operation power of the TRIGA IPR-R1 research reactor, at the Center of 
Development of Nuclear Technology - CDTN, Belo Horizonte, Brazil, was increased from 
100 kW to 250 kW. To achieve the new power, the addition of four fresh fuel elements to the 
previous licensed core was necessary in order to reach 2.45 $ excess reactivity. The 250 kW 
core configuration has 63 fuel elements composed of 59 original Al-clad elements and 4 fresh 
SS-clad fuel elements. This paper reports the results of a set of experiments to achieve this 
goal [1, 2, 3]. The following quantities were measured: control rods worth, excess reactivity 
and shutdown margin, thermal neutron flux, fuel temperature reactivity coefficient, loss of 
reactivity due to xenon poisoning and power increase; and Ar-41 and N-16 levels in the 
reactor room [4]. 

2 STAGES OF THE EXPERIMENTS 

The experiments were performed in the IPR-R1 reactor in three stages: 1. initial tests 
with the licensed core loaded with 59 fuel elements; 2. the loading planning of the reactor 
core; 3. tests with 63 fuel elements in the core, the proposed configuration to operate at 
250 kW. 

2.1 Initial Tests - Core with 59 Fuel Elements 
The initial tests, accomplished with 59 fuel element configuration were: adjustment of 

the control console; change of the ion chambers and the control rod positions; calibration of 
the control rods; measurements of the excess reactivity and shutdown margin. The last four 
tests were performed to obtain reference data with the current core. Before changing the 
control rod positions, five fuel elements were removed from the core and stored on a shelf, 
inside the reactor well, in order to guarantee that the system was subcritical. 
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2.2 Fuel Loading 
First, the neutron source was changed from F7 to F8 position. Four additional fresh fuel 

elements were inserted into ring C to increase the excess reactivity to approximately 2.45 $, 
according to the neutronic calculation. The fresh elements were inserted in the C1, C5, C9 and 
C11 positions, and the old ones were added to the outer ring F (positions: F6, F11, F21 and 
F26) replacing graphite elements. They were added one by one to establish the proposed core. 
The 250 kW configuration has 63 fuel elements, composed of 59 original aluminum clad fuels 
and 4 fresh stainless steel clad fuels. A schematic view of the core configuration is shown in 
Fig.1. After inserting each fuel, the control rods were calibrated, and the excess reactivity and 
shutdown margin were measured.  

2.3 250 kW Tests - Core with 63 Fuel Elements 
In the final tests, with 63 fuel elements in the core, the reactor was operated at several 

power levels up to 250 kW. In this phase were measured: drop time of the rods; loss of 
reactivity due to xenon poisoning and power increase; prompt negative temperature 
coefficient; thermal neutron fluxes at the rotary specimen rack and at the central thimble; Ar-
41, N-16 levels in the reactor room; and the thermal power calibration indicating that the real 
power of the reactor was (247.8 ± 3.7) kW [4]. 

 
Fig. 1.  TRIGA IPR-R1 reactor core - 250 kW (63 F.E.). 
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3 RESULTS 

3.1 Change of the Chamber Positions 
In order to maintain the current values of the ionization chambers of the reactor control 

system within the project specifications (<1mA) at 250 kW [5], the chambers were placed 
approximately 5 cm far from their original positions [4]. 

3.2 Change of the Control Rod Positions 
The Control and Safety rods were moved from ring B to C, in order to increase their 

reactivity worth, and to allow the reactor to operate at the new power. The Safety rod was 
placed in position C7, the Control rod in position C1, and the Regulating rod was kept in the 
same position, F16. 

These procedures should satisfy the following safety requirements [5]: 1 at least two 
control rods should have sufficient reactivity worth to shutdown the reactor, independently; 2. 
the total control rod reactivity should be such that, with the most reactive rod stuck out of the 
core (cold and clean), a minimum shutdown margin of 200 pcm is guaranteed; 3. the 
maximum reactivity insertion rate by control rods does not exceed 100 pcm/s. 

3.3 Control Rod Worth Measurement 
The control rods were calibrated by the positive period method. The Control and Safety 

rods were intercalibrated; the idea was to measure one control rod in presence of another rod, 
used for compensating the reactivity introduced by step withdrawal of the measure rod. The 
reactivity measurements were performed at a power of less than 1 W so the temperature 
increase during the experiment was negligible. Integral worths of the Regulating and Control 
rods as a function of their positions are shown graphically in Fig. 2 and 3, respectively. The 
experimental [4] and calculated [6] values of the control rod reactivity, for the proposed core, 
are presented in Table 1. 

The maximum reactivity insertion rate can be obtained through the equation: 

( ) V
x

⋅







∆
∆

=∆
ρ

ρ max  

where V = 0.48 cm/s is the velocity of the control rod insertion, supplied by General Atomic, 
and ∆ρ and ∆x are the reactivity and position changes of the rod in the interval close to the 
middle point of the integral curve of the rod, which appears in the curve like a straight line 
with maximum inclination. The experimental value obtained was 47.2 pcm/s for the proposed 
core [4], inferior to the allowed maximum limit of 100 pcm/s [5]. 
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Fig. 2.  Integral curve of Regulating rod - core with 63 F.E. 
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Fig. 3.  Integral curve of Control rod - core with 63 F.E. 

3.4 Excess of Reactivity and the Shutdown Margin Measurements 

The excess reactivity (ρexc) of the core was determined from the critical positions, at 
low power, of different control rods and the corresponding calibration curves, measured by 
the positive period method for 63 fuel element core. The average value was (2.31 ± 0.01) $ or 
1825 pcm. Table 1 shows the calculated [6] and measured [4] values of control rod worth, 
excess reactivity, and shutdown margin for IPR-R1 at 250 kW core configuration. Both, the 
calculated and experimental values show good agreement with each other. 
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The total reactivity worth of the control system is 5033 pcm. With a core excess 
reactivity of 2.31 $, the shutdown margin with all rods inserted in the core is 3208 pcm, and 
with the most reactive rod (Control) stuck out of the core is 798 pcm. The calculated values 
are 5247 pcm, 3308 pcm and 799 pcm, respectively. The shutdown margin of 798 pcm 
satisfies entirely since the minimum safety limit required is 200 pcm. The shutdown margin is 
given by the difference between the reactivity worth of the considered control rods (the most 
worthy rod is assumed fully withdrawn) and the excess reactivity. 

TABLE 1.  Results of Reactivity - Configuration: Core with 63 F.E. 

Measured Calculated  
ρ ($)  ρ (pcm)  ρ (pcm) 

Regulating Worth 0.52 411 399 
Control Worth 3.05 2410 2509 
Safety Worth 2.80 2212 2339 

Excess Reactivity 2.31 1825 1939 
Shutdown Margin – Control Rod Out 1.01 798 799 

3.5 Rod Drop Time Measurement 
The control-rod-drive assemblies for the Control, Safety, and Regulating rods are 

connected to the rack through an electromagnet and armature. In the event of a power failure 
or scram signals, the control rod magnets are de-energized and the rods fall into the core. The 
time required for a rod to drop into the core from the full out position is about 1 second [5, 7]. 
Experimentally, this time was estimated through the analysis of the power decrease curve 
obtained after the shutdown with each of the rods. The values obtained for the Control and the 
Safety rods were 0.54 s and 0.52 s, respectively. It was not possible to determine the drop 
time for the Regulating rod because its reactivity (0.52 $) was insufficient for analysis. 

3.6 Temperature Reactivity Coefficient Measurement 
The prompt negative temperature reactivity coefficient of the reactor is defined as 

αc=∆ρ/∆T. The αc negative means that an increase in temperature will cause a decrease in ρ, 
hence, a decrease in reactor power and temperature which tends to stabilize the reactor power 
level. The experiment was performed by increasing the reactor power, and, consequently, the 
fuel temperature by withdrawing the Regulating control rod in a number of steps at once. The 
heat of the core, and then ∆T, was estimated from the power versus time curve. (The reactor 
cooling system was not operating during the measurement). The reactivity change ∆ρ was 
determined from the Regulating calibration curve considering the Regulating rod positions. 
The values of the temperature reactivity coefficient obtained were –1.17, -1.03, -1.26,-1.23 
and –0.88 ¢ /ºC, being the average value (-1.1 ± 0.2) ¢ /ºC, or (-8.7 ± 1,6) pcm /°C [4], which 
is the indicated value in the reactor manual [7]. 

3.7 Loss of Reactivity with Power Increase 
Because of the prompt negative temperature coefficient, a significant amount of 

reactivity is needed to overcome temperature and allow the reactor to operate at high power 
levels. Fig. 4 shows the relationship between reactor power level, raised in steps of 25 kW, 
and associated reactivity loss to achieve a given power level. The reactivity was determined 
from the calibrated curves, considering each critical rod position. The reactivity needed to 
operate the IPR-R1 reactor at 250 kW is around 1.6 $ (1264 pcm) [4]. 
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Fig. 4.  Reactivity loss versus power level. 

3.8 Xenon Poisoning 
In addition to the power raising experiments, the effect of the xenon poisoning during 

six hours of operation at a steady- state power level of (247.8 ± 3.7) kW was investigated. 
Reactivity loss versus running time is plotted in Fig. 5. After six hours, the negative reactivity 
introduced in the reactor was 26.9 cents or 213 pcm [4]. The estimated value in the case of 
eight hour operation at 250 kW is around 55 cents or 434.5 pcm. The effect of the xenon 
growth after the reactor shutdown can be considered worthless in reactors that have fluxes up 
to 1013 n.cm-2.s-1. 
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Fig. 5.  Reactivity loss due to xenon poisoning at 250 kW. 

3.9 Thermal Neutron Flux Measurement 
The thermal neutron fluxes at the rotary specimen rack and at the central thimble at 

100 kW are 6.4x1011 and 4.0x1012 n.cm-2.s-1, respectively [7]. As the neutron flux is 
proportional to the power, the flux values at 250 kW are 2.5 times the specified values. In 
order to determine the neutron fluxes, bare and cadmium-covered gold and cobalt foil 
detectors were irradiated in the rotary specimen rack and in the central thimble, respectively, 
with the reactor operating at 250 kW, and their gamma activity measured using Ge 
spectrometer. The average thermal neutron flux obtained at the reactor rotary specimen rack 
was (1.6 ± 0.1)1012 n.cm-2.s-1 [4] and at the central thimble was 0.9x1013 n.cm-2.s-1 [8, 9]. 

3.10 Argon-41 and Nitrogen-16 Measurements 
The aim of this experiment was to follow the Ar-41 and N-16 increase, in the reactor 

room, during approximately eight hours of operation at 100 kW and 250 kW, and with the 
ventilation system on and off. 

3.10.1 Argon-41 
The Argon-41 results from the irradiation of the air contained in the pneumatic transfer 

tube and in the rotary specimen rack, and, in small quantities, in the air dissolved in the 
reactor pool water. Of the radioisotopes produced, Ar-41 is the most significant with respect 
to safety. According to the calculations, the equilibrium concentration of the Ar-41 in the 
reactor room is 2.9x103 Bq/m3 at 250 kW. This concentration is about 30 times below the 
maximum concentration permitted established in 1x105 Bq/m3 [5], for a forty hour week. 

The experiment consisted of operating the reactor at 100 kW and 250 kW for eight 
hours with the ventilation system on and off. The gamma activity above the reactor tank was 
measured with a NaI(Tl) scintillation detector, and the integral counts of gamma rays in the 
range of 1.3 MeV were investigated. After eight hours, the counting rate at 250 kW was about 
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twice the counting rate at 100 kW. It was also observed that the ventilation system reduced 
approximately 8 times the Ar-41 concentration in the reactor room during longer operations 
[8, 9]. To sum up, the Ar-41 produced in the experimental facilities and in the water are not 
considered hazardous to the operating personnel. 

3.10.2 Nitrogen-16 
Radioactive N-16 is produced, although of less concern, in the water of the reactor by 

the reaction O-16(n, p)N-16. The half-life of N-16 is 7 sec; the gamma energies are 6.1 and 
7.1 MeV in the ratio 12.5:1. The transport time from the reactor core to the surface of the 
shielding water is sufficient to allow substantial decay of N-16. The N-16 activity is further 
reduced when the cooling system is in operation. The gamma spectrum above the reactor tank 
was measured with a Ge detector, registering the full energy peak of 6.1 MeV. For each 
power level, the N-16 saturation is reached quickly, and the decrease in the counting rates 
with the ventilation system in operation was about 18 % [8, 9].  

4 CONCLUSION 

The power of the TRIGA IPR-R1 reactor was upgraded to 250 kW, and experiments 
were performed to test the safety conditions of the new core configuration. 

The control system of the reactor is used only for planned shutdown of the reactor and 
to control the power level in steady-state operation. The scram time of the rods obtained, 
about 0.5 sec, is quite adequate and the reactivity worth of the control rods are adequate to 
allow complete control of the reactor during operation from a shutdown condition to full 
power. The maximum rate of reactivity insertion is 47.2 pcm/s, less than the maximum limit 
allowed of 100 pcm/s. The excess reactivity obtained for the proposed core is 2.31 $, and the 
shutdown margin with the most reactive rod stuck out of the core is 798 pcm, hence, greater 
than the minimum safety limit required (200 pcm). The inherent safety of the reactor arises 
from the prompt negative temperature reactivity coefficient, whose measured value was (-1.1 
± 0.2) ¢/ºC, which effectively limits the power when excess reactivity is suddenly inserted. 
The reactivity needed to overcome the temperature and allow the IPR-R1 reactor to operate at 
250 kW was around 1,6 $. The negative reactivity introduced by the xenon in the reactor, after 
six hours of operation at approximately 250 kW, was 26.9 cents. The thermal neutron flux at 
the reactor rotary specimen rack was (1.6 ± 0.1)x1012 n.cm-2.s-1 [4] and at the central thimble 
was 0.9x1013 n.cm-2.s-1 [8, 9]. Finally, the Ar-41 and N-16 produced in the reactor room are 
not considered hazardous to the operating personnel. 

In conclusion, the results obtained show that the IPR-R1 reactor can be operated safely 
at a thermal power level of 250 kW. 
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Abstract 
The 3 MW TRIGA Mark-II research reactor of Bangladesh Atomic Energy Commission (BAEC) 
has been operating since September 14, 1986. The reactor is used for radioisotope production  (131I, 
99mTc, 46Sc), various R&D activities and manpower training. The reactor has been operated 
successfully since it’s commissioning with the exception of a few reportable incidents. Of these, the 
decay tank leakage incident of 1997 is considered to be the most significant one. As a result of this 
incident, reactor operation at full power under forced-convection mode remained suspended for 
about 4 years. During that time, the reactor was operated at a power level of 250 kW so as to carry 
out experiments that require lower neutron flux. This was made possible by establishing a temporary 
by pass connection across the decay tank using local technology. The other incident was the 
contamination of the Dry Central Thimble (DCT) that took place in March 2002 when a pyrex vial 
containing 50g of TeO2 powder got melted inside the DCT. The vial was melted due to high heat 
generation on its surface while the reactor was operated for 8 hours at 3 MW for trial production of 
Iodine-131 (131I). A Wet Central Thimble (WCT) was used to replace the damaged DCT in June 
2002 such that the reactor operation could be resumed. The WCT was again replaced by a new DCT 
in June 2003 such that radioisotope production could be continued. A total of 873 irradiation 
requests (IRs) have been catered for different reactor uses. Out of these, 114 IRs were for 
radioisotope (RI) production and 759 IRs for different experiments. The total amount of RI produced 
stands at about 2100 GBq. The total amount of burn-up-fuel is about 6158 MWh. Efforts are on to 
undertake an ADP project so as to convert the analog console and I&C system of the reactor into 
digital one. The paper summarizes the reactor operation experiences focusing on troubleshooting, 
rectification, modification, RI production, various R&D activities and training program being 
conducted at the facility.  

 
1. Introduction 
The TRIGA Mark-II research reactor is a light 
water cooled, graphite reflected reactor, 
designed for steady-state and square wave 
power level of 3 MW (thermal) and for pulsing 
with maximum power level of 852 MW [2]. 
The reactor is designed for multipurpose uses 
like training, education, radioisotope 
production and various R&D activities in the 
field of nuclear science and technology. The 
reactor was first made critical at 50 W on 
September 14, 1986 and was commissioned to 
steady state power of 3 MW in October 1986. 
During 1987-1990, the reactor use was mainly 
limited to operator training and various R & D 
activities in the area of radioisotope (RI) 

 
production and Neutron Activation Analysis 
(NAA). For better and safe utilization of the 
maximum flux, a Dry Central Thimble (DCT) 
was placed in the core center replacing the 
water filled CT in 1988.  
After the instillation of the DCT, reactor 
operation increased significantly for RI 
production. Subsequent to this operation, the 
primary cooling system pipe supports failed at 
a weld joint and one of the two exit check 
valves cracked due to excessive vibration. The 
whole primary cooling system support was 
then changed and the reactor was returned to 
full power operation in the mid of 1992. In 
1994, three butterfly valves were installed in 
the pipeline of the secondary cooling system. 
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One of these valves was placed in the return 
pipeline of the cooling tower sump. To 
facilitate cleaning of the cooling tower as well 
as heat exchanger, two other valves were also 
installed in the return pipeline of the heat 
exchanger. Two modifications were made in 
the electrical control circuit of the ventilation 
system in September 1995 and in March 1997.  
 
In July 1997, the decay tank was found 
damaged due to pitting corrosion on the tank 
bottom that was in direct contact with the 
concrete saddle. This put the reactor again into 
a prolonged shut down. Mean while a bypass 
connection was established with the help of 
local expertise, and the reactor was brought to 
operation on August 1998 with a maximum 
power level 250 kW under natural convection. 
The reactor was made operational again at full 
power after successful replacement of the 
damaged decay tank by a new one supplied by 
GA/Sorrento Electronics Inc. (SEI) in August 
2001. In addition, the shell and tube heat 
exchanger was replaced by a new plate type 
heat exchanger. At that time, several 
modifications of the reactor cooling system 
along with its associated structures were also 
implemented and then necessary testing and 
commissioning of the newly installed 
component/equipment were carried out. 
Several modification works of the Emergency 
Core Cooling System (ECCS) were also 
implemented.  
 
In March 2002, the DCT got contaminated due 
to melting of a pyrex vial in it. The vial 
contained 50g of TeO2 powder.  The objectives 
of this paper are to brief about the experiences 
of operation and maintenance of the TRIGA 
research reactor, various R&D activities and 
training program being conducted in the 
facility. This paper briefs about major 
components of the TRIGA research reactor, 
reactor operation & maintenance experience 
and various utilization activities. 
 
 
2. Brief Description of the Reactor 
2.1 Reactor Core 
The reactor core is located near the bottom of 
the reactor tank. The reactor tank is made of 
aluminum alloy of type 6061-T6 which is 

installed inside the reactor shield structure. The 
length and diameter of the tank is 8.23 m and 
1.98 m, respectively. The tank is filled up with 
24,865 liters of demineralized water. The 
reactor core consists of 100 fuel elements 
(including 5 fuel follower control rods and 2 
instrumented fuel elements), 1 air follower 
control rod, 18 graphite dummy elements, 1 
DCT, 1 pneumatic transfer system irradiation 
terminus (Rabbit system) and 1 Am-Be neutron 
source (strength: 3 Ci) [2]. Figures 1 & 2 show 
the sectional view and core configuration of the 
TRIGA reactor, respectively. Figure 1 shows 
the location of the reactor core surrounded by 
coolant and shielding structure of heavy 
concrete wall. Figure 2(i) shows the core 
configuration comprises fuel elements, control 
  

  
 
Fig.1 Sectional View of the TRIGA Reactor 
 

  
  (i)        (ii) 
 
Fig. 2  Core Configuration of the TRIGA 
            Reactor 
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rods, DCT, Rabbit system, Fission and gamma 
chambers, Neutron Source, Graphite dummy 
elements, etc. Figure 2(ii) shows the shape of 
the TRIGA fuel element and its constituents. 
The reactor is controlled by six control rods, 
which contain boron carbide (B4C) as absorber 
material. 
 
2.2 Irradiation Facilities 
In accordance with its purpose as a research 
reactor, the TRIGA Mark-II reactor is equipped 
with a number of irradiation facilities. The 
name of these facilities and corresponding 
neutron flux are given below: 
 
i) Dry Central Thimble (DCT): In the DCT, 

samples may be exposed to a maximum 
neutron flux density of 9.12×1013 n/cm2/sec. 
The DCT is used for radioisotope 
production and various R&D purposes. 
 

ii) Beam Tubes: There are four neutron beam 
tubes (BT), named as Tangential BT, 
Piercing BT, Radial BT #1 and Radial BT 
#2. The tangential BT is used for neutron 
radiography. The neutron flux in the 
tangential BT at a distance of 140 cm from 
the wall to the sample is 1.13×106 n/cm2/sec. 
The piercing BT is being used for neutron 
scattering studies by using Triple Axes 
Spectrometer (TAS). Two radial beam tubes 
are not yet used. 

 
iii) Rotary Specimen Rack (Lazy Susan): The 

rotary specimen rack/Lazy Susan is a donut 
shaped watertight device placed in the 
upper part of the graphite reflector 
assembly around the reactor core. This rack 
facilitates 41 sample-holding tubes.  Each 
of these tubes (except the 1st one) can 
accommodate two standard specimen 
containers. The dimension of the each 
specimen container is 13.9 cm long and 
3.18 cm dia. Sample is loaded into the 
rotary specimen rack through the 3.3 cm 
dia loading tube, which extends up to the 
top of the reactor shield structure and 
terminate at the center channel. A position 
control mechanism allows loading of 
samples in different chambers of the Lazy 
Susan. This facility is used for neutron 
activation analysis as well as isotope 

production. The neutron flux in this facility 
is 1.23 × 1013 n/cm2/sec. 
 

iv) Pneumatic Transfer System (PTS): The PTS 
is also called the Rabbit System. It is used 
for the production of very-short-lived 
radioisotopes. It transfers the sample to be 
irradiated into the reactor core or out from 
the reactor core in about 4.6 sec. The 
neutron flux in this facility is 1.91 × 1013 
n/cm2/sec.  
 

v) Cutouts in Grid Plate: There are two nos. of 
triangular cut-out in the core and one no. of 
hexagonal cut-out at the center of the core. 
The triangular and hexagonal cutouts in the 
top grid plate allow in-core irradiation of 
large diameter samples. This facility is not 
yet used. 

 
vi) Thermal Column: This facility filled with 

heavy concrete blocks is not yet used. 
 
2.3 Reactor Cooling System 
The steady state mode of operation of the 
reactor is performed under two cooling modes; 
Natural Convection Cooling Mode (NCCM) 
and Forced Convection Cooling Mode 
(FCCM). The NCCM is used to operate the 
reactor up to power level of 500 kW. During 
the NCCM of operation, generated heat in the 
reactor core is removed by the tank water 
through natural convection cooling mechanism. 
Meanwhile, for the operation of the reactor 
from 500 kW to 3 MW power level, FCCM is 
used. Heat generation during this mode of 
operation is dissipated into the atmosphere 
through a cooling system consisting of primary 
and secondary cooling circuits. Table 1 shows 
the specifications of the major components of 
the reactor cooling system. 
 
Table 1 Major Specifications of the Reactor  
              Cooling System 
 
(i) Primary Water System 
 Primary coolant             : Demineralized water 
 No. of Pump                  : 2(Centrifugal) 
 Motor Power                 : 50 HP (each) 
 Flow Rate                      :1750 gpm (each) 
 Maximum discharge      : 35 Psig 
   pressure                          

  49



(ii) Secondary Water System 
 Primary coolant            : Tap water 
 No. of Pump                 : 2(Centrifugal) 
 Motor Power                : 40 HP (Each) 
 Flow Rate                     :1650 gpm (each) 
 Maximum discharge     :34 Psig 
  pressure                        
(iii) Cooling Tower 
 No. of cooling tower    :1 
Flow Type                    : Counter flow 
Blower Capacity          : 20 HP (each) 
Tempt Drop, ∆T           : 40C 
 
3. Operation & Maintenance Experience 
3.1 Operation Statistics 
The reactor has so far been operated about 
3700 hrs for isotope production, various 
experiments and training purposes. This 
includes a total of about 842 hrs of operation at 
full power. A total of 873 irradiation requests 
(IRs) have been catered so far. The total burn 
up of the fuel stands at about 6100 MWh. 
 
3.2 Decay Tank Incident 
In July 1997, the decay tank made of aluminum 
alloy of 6061-T6 was found damaged due to 
pitting corrosion in several areas where rain 
water seeped through the RCC shielded roof 
and vent pipe during the monsoon and 
accumulated for a long period. Corrosion was 
found between the decay tank bottom and 
saddle contact region. The decay tank leakage 
incident, which is considered to be the single 
most significant incident in the reactor facility. 
Figure 3 shows some of the corroded parts of 
the decay tank bottom. As a result, power 
operation (power level over 250 kW) of the 
reactor remained suspended for about four 
years. However, reactor operations were 
continued during this period up to a power 
level of 250 kW with a temporary by-pass 
connection established across the decay tank. A 
new decay tank of aluminum alloy of 5052-
H112 with four aluminum saddles welded to its 
body was installed in the decay tank room. 
Each saddle was anchored to floor with four 
steel routed bolts. The saddles were bolted to 
the floor in a way such that one of the saddles 
remained fixed and the other three could slide 
on the floor. Sliding saddles have been used in 
order to allow thermal expansion of the decay 
tank having a length of about 9 m and a 
diameter of about 2.5 m [4]. 

    
 
Fig. 3  Pitting Corrosion of the Decay Tank  
           Bottom 
 
3.3 DCT Incident 
DCT is mostly used for production of RI. In 
March 2002, the reactor was operated at full 
power for 8 hours to irradiate 50g of TeO2 
powder in the DCT for trial production of 131I.  
The TeO2 powder was filled in a pyrex vial, 
which was again placed inside a standard 
aluminum specimen container. The aluminum 
specimen container was then placed in the 
DCT. When the irradiated aluminum container 
was attempted to take out from the DCT after 3 
days cooling, it was found that its lower part 
was got melted. Further investigation revealed 
that the lower part of the pyrex vial was also 
got melted and about 30g (out of 50g) of the 
irradiated TeO2 powder was left over the DCT. 
Figure 4 shows the contaminated DCT with 
partial melted pyrex vial (bottom part) in it. 
This was happened due to excess heat 
generation over the surface of the pyrex vial. 
After the incident, the contaminated DCT was 
removed from the reactor core and in its place 
the old Wet CT (WCT) was installed. The 
WCT was again replaced by a new DCT in 
June 2003 such that radioisotope production 
could be continued. 
  

 
 

Fig. 4 Damaged Pyrex Vial inside the DCT 
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3.4 Problem with the Reactor Cooling 
      System 
 
3.4.1 Problem with the Vibration in the 
        Discharge Line of the Primary Pump 
A fault at the weld-joint in the form of a crack 
having a circumferential length of about 25 cm 
in the exi-check valve of the primary cooling 
system was detected in September 1990. It was 
found that vibration induced stress in the 
primary pipes was one of the reasons for this 
failure. Design defects such as pipe supports, 
layout, couplings spacers and hubs; 
misalignment of pump and motor, defective 
motor bearings, static imbalance of pump 
impeller, and undesirable throttling of 
discharge valves of the pumps were identified 
as some of the possible reasons leading to the 
fault. The exi-check valve was duly repaired 
and reinstalled. Pipe supports and pump 
foundations were modified so as to reduce 
stress and vibration by incorporating some 
additional valves, replacing a "T" joint with a 
modified "Y" joint. Impeller and shaft of the 
primary pumps were also balanced statically to 
reduce vibration.  
 
3.4.2 Problem with the Primary and 
         Secondary Pumps  
The impeller was found to get stack of one of 
the primary pumps with volute casing due to 
reverse rotation. This caused the snap ring 
(retainer ring) to be damaged. ROMU`s 
Mechanical Maintenance Group replaced the 
damaged snap ring with a new one. Bearings of 
the pumps & motors of the primary and 
secondary cooling pump-motor set replaced by 
new ones.  
 
3.4.3 Problem with the Heat Exchanger 
The efficiency of the shell and tube heat 
exchanger was seriously degraded due to 
fouling on the surfaces of the tubes. A new 
plate type heat exchanger with cooling capacity 
of about 4 MW (extendable up to 7 MW) was 
installed replacing the old shell and tube heat 
exchanger. With the introduction of the high 
performance plate type heat exchanger, the 
cooling rate of the primary water has 
noticeably improved. As a result, it has been 
possible to operate the reactor at full power 
with comparatively lower core inlet 
temperature [3].  

3.5 Problem with the Emergency Core  
      Cooling System (ECCS) 
ECCS is the single most important engineered 
safety system of the reactor that plays the key 
role for protecting the reactor fuel in the event 
of a Loss Of Coolant Accident (LOCA). The 
initial installation of the ECCS had several 
deficiencies, such as improper routing of the 
piping, defective installation of battery, 
battery-charger and pump motor unit, etc. In 
order to improve the operational safety of the 
ECCS, several modifications were 
implemented after the installation of the new 
decay tank and associated components of the 
reactor cooling system which comprises the 
plate type heat exchanger, modified Y-
connection, new isolation valves, etc. The 
modifications of the ECCS include ECCS 
piping layout, shifting & modifications of the 
ECCS mounting block containing ECCS 
pump-motor, battery and battery charger unit to 
a safe height [3].  
 
3.6 Problem with the Instrumentation and  
      Control System 
The Instrumentation and Control (I&C) system 
of the reactor uses mostly analog system and 
devices, which are getting backdated and 
obsolete. However, BAEC engineers and 
scientists have so far been operating and 
maintaining the I&C system quite successfully. 
Several modifications and upgrading of the 
system were carried out so as to operate the 
reactor with safety. This included, among 
others, development of a PC-based Data 
Acquisition System (DAS), incorporation of 
digital flow measuring system in the secondary 
cooling loop, High Pool Water Level Scram 
System, Instrument Air Interlock System, etc. 
Efforts are now on to upgrade the analog I & C 
system using state of the art digital technology 
[1 & 5]. 
 
4. Utilization of the Reactor 
4.1 Radioisotope Production 
The reactor facility is now being used routinely 
for production of Iodine-131 (131I) for medical 
uses. Scandium-46 (46Sc) was also produced 
once for isotope hydrology research. A total of 
114 irradiation requests (IRs) were completed 
for radioisotope production so far. The total 
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amount of radioisotope produced stands at 
about 2100 GBq. The current demand of 131I in 
the country is about 1 Ci per fortnight. An 
ADP project is undertaken to upgrade the 
research reactor for strengthening isotope 
production program.  
 
4.2 R & D Activities 
A total of 759 irradiation requests (IRs) have 
been catered so far for various R&D activities. 
Neutron Activation Analysis (NAA), Neutron 
Radiography (NR) and Neutron Scattering 
(NS) techniques are being used to conduct 
various R&D activities. NAA technique is used 
to accurately determine trace elements in soils, 
rocks, water, air particulate matter, vegetables 
samples, etc. NAA technique is also used to 
determine very low level (≅ 0.06 ppb) of 
arsenic in drinking water, human hair, paddy, 
rice, urine and food staff. It is to be mentioned 
here that arsenic contamination in drinking 
water is a serious problem that is prevailing 
throughout the country. NR facility is used to 
detect voids, cracks, internal continuity in 
materials and to detect of defects and corrosion 
in metals, alloys, aircraft spare parts, water 
absorption behavior of building materials, etc. 
NS facility is used for neutron diffraction 
studies by using Triple Axes Spectrometer 
(TAS) at the piercing beam port.  
 
4.3 Training Program 
The facility has so far been used to train up a 
total of 20 personnel including several foreign 
nationals to the level of Senior Reactor 
Operator (SRO) and Reactor Operator (RO). 
Of them, only two licensed SROs and two ROs 
are working at the facility. The other personnel 
have either left the organization or have moved 
to some other places within the organization 
with new assignments. To increase the strength 
of SRO / RO pool, twelve personnel are now 
being trained at the facility.  

 
5. Concluding Remarks 
The reactor has been operated safely for 
various peaceful applications of nuclear 
technology without few incidents as presented 
in the paper. The modification, rectification 

and upgrading works of the facility were 
carried out locally. The reactor is being utilized 
for producing RI for its medical uses, 
conducting various R&D activities and 
manpower-training program of the country. 
There is a plan to install more dry tubes in the 
core so as to meet the total demand of RI in the 
country. There is also plan to develop unused 
experimental facilities such as, thermal column 
and radial beam ports for strengthening the R& 
D activities around the reactor.  
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1. INTRODUCTION 
On January 28th 2004, during a periodical activity of characterization of the ionic-exchange resins 
of the demineralizer of the primary cooling circuit of the TRIGA Mark II reactor of the University 
of Pavia a small but detectable amount of 137Cs contamination was measured. Since the reactor has 
been running for several hundreds of hours at full power without showing any anomaly in the 
radiometric and thermo-hydraulic parameters, the reactor was brought at the nominal power of 250 
kW for one hour and a sample of water was collected from the reactor tank and analyzed in a low-
background gamma-ray detector. 
As a result a small amount of fission products were detected in the reactor pool water (few Bq/g) 
suggesting the existence of a possible clad defect in one ore more fuel elements. Since no halogens 
such as iodine and bromine were detected in the sampled water, the more probable hypothesis, also 
supported by literature, seemed to be a micro-fissure in the neck of an instrumented fuel element.  
 
2. SUMMARY OF THE MEASUREMENTS  
As a consequence of the unusual fission products activity detected in the water of the reactor pool a 
campaign of gamma-ray spectrometry was implemented in order to evaluate the importance of the 
release. 
Using a HGe (1.72 keV FWHM – 31.3% efficiency – 58.5 Photo Peak/Compton) many analysis 
were performed on January 28th 2004 and some of them, the most significative ones, are presented 
below. 
Notice that all the results of the measurements presented have a relative error less than 10% and that 
the MDA was evaluated according to the “RISO” methodology, i.e.: 
 

LiveTime
Background

MDA ∗= 65,4  

 
a. Measurement of a sample of the ionic-exchange resins of the demineralizer of the primary 

cooling circuit 
Measurement results (Counting Time = 850 s; Activity reported to November 27th 2003, last 
day of operation of the reactor at nominal power): 

 
Radioisotope T1/2 Bq/g 
Co-60 5.26 y 129,8 
Zn-65 244 d 17,4 
Mn-54 312 d 123,8 
Co-58 70.8 d 86,4 
Cs-134 2 y 2,86 
Cs-137 30.2 y 245 
Cr-51 27,7 d 265 
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b. Measurement of a sample of  a new charge of  ionic-exchange resins 

No 137Cs or other fission product were found in the sample. 
 

c. Smear-Test of the external surface of a fresh fuel element.  
The measure was performed in order to exclude the hypothesis that the clads of the new SST 
fuel elements were contaminated by a small amount of fission products. 
The measure didn’t show any presence of such contamination (MDA = 2,75 10-4 Bq/cm2 at 661 
keV). 
 

d. Measurement of a sample of the filter of the water of the primary cooling circuit.  
 Measurement results (Counting Time = 50.000 s; Activity reported to November 27th 2003, last 
day of operation of the reactor at nominal power): 

 
Radioisotope T1/2 Bq/g 

Eu-152 13,6 y 10,5 
Co-60 5,26 y 36,6 
Fe-59 44 d 11,6 
Eu-154 8,8 y 1,5 
Zn-65 244 d 4,9 
Sc-46 83,8 d 3,5 
Mn-54 312 d 2,5 
Co-58 70,8 d 1,04 
Cs-134 2,0 y 0,38 
Cs-137 30,2 y 1,19 
Cr-51 27,7 d 204 

 
e. Measurement of a sample of water collected from the reactor pool before the reactor start-

up. 
Measurement results (Counting Time = 25.700 s; Activity refeared to November 27th 2003, last 
day of operation of the reactor at nominal power): 

 
 

 
 
 
 
 
 
 

f. Measurement of a sample of water collected from the reactor pool after one hour of 
operation at 250 kW nominal power. 
The sample was collected 30 cm below the pool water surface with the primary cooling system 
of the reactor off. The analysis was performed after 90 min from the collection of the sample 
and the results are the following (Counting Time = 1032 s; Activity reported to hour 14:39:00 of 
January 28th 2004 ) (see Fig.4): 

 
Radioisotope T1/2 Bq/g 
Cs-138 32,2 m 7,08 
Xe-138 14,13 m 5,51 

Radioisotope T1/2 Bq/g 
Co-60 5,26 y 5,60E-04 
Zn-65 244 d 4,10E-04 
Mn-54 312 d 2,80E-04 
Co-58 70,8 d 3,50E-04 
Cs-134 2,0 y < 9,33E-05 
Cs-137 30,2 y 1,50E-03 
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Ar-41 109 m 14,82 
Na-24 15 h 3,58 
Mn-56 2,58 h 0,53 
Kr-88 2,84 h 0,70 
Rb-88 17,8 m 21,67 
Kr-85m 4,48 h 0,14 
Kr-87 76,3 m 1,04 
Cl-38 37,21 m 0,57 
Xe-135 9,11 h 0,04 

 
The same sample was analyzed after 96 hours and 41 min in order to look for long life 
radioisotopes. The results of the measurement are the following (Counting Time = 50.000 s; 
Activity reported to hour 14:39:00 of January 28th 2004): 

 
Radioisotope T1/2 Bq/g 
La-140 40,22 h 4,46E-03 
Na-24 15 h 3,68 
Co-60 5,26 y 5,63E-04 
Mn-54 312 d 6,66E-04 
Co-58 70,58 d 7,69E-04 
Cs-134 2,0 y < 1,74E-04 
Cs-137 30,2 y 1,84E-03 
Cr-51 27,7 d 2,13E-03 

 
g. Measurement of aerosol sample collected above the pool water surface.  

The measurement was performed sampling 3 m3 of air on a active-carbon and absotute filter 
(porosity 4,5 µm). The spectrometry of the filter was performed 60 min after the sampling 
(Counting Time = 408 s) and besides natural radioisotopes only 22 Bq/m3 of 138Cs was detected. 

 
h. Measurement of aerosol sample collected in the off-gas channel of the reactor.  

The measurement was performed sampling 50 m3 of air on a active-carbon and absotute filter 
(porosity 4,5 µm) and only natural radioisotopes were detected (MDA for 138Cs = 7,5E-02 
Bq/m3; MDA for  137Cs = 5,80E-04 Bq/m3 ). 

 
3. PRELIMINARY EVALUATION OF THE RELEASE 
In order to evaluate the typology of the release of the fission products the relative abundance of the 
noble gas was calculated and compared with the specific activities measured in the sampled water 
(2.f).  
The calculation were performed using the well know eaquations: 

• for  )()(235
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With: 
λ = Radioisotope Decay Constant  
R = Fission Reaction Rate  = φσ ⋅⋅ fN 235

0 (≈ 7.75 1015 fission⋅s-1 at 250 kW) 
φ = Average Reactor Thermal Flux (≈ 2 1012 n⋅cm-2⋅s-1 at 250 kW)  
σf = Fission Microscopic Cross Section for 235U (583 barn) 
N = Number of atoms  
Y = Fission Yeld   
 
The results of the calculation as a function of the Fission Reaction Rate (R) are reported below: 
 
138Xe [λXeNXe(1h) = 5.97 10-2 R] 

• direct production (Y= 4.81 %)  λXeNXe(1h) = 4.56 10-2 R 
• production from 138I (Y = 1.49 %)  λXeNXe(1h) = 1.41 10-2 R 
 

135Xe [λXeNXe(1h) = 3.79 10-4 R] 
• direct production (Y= 0.0785 %)  λXeNXe(1h) = 5.70 10-5 R 
• production from 135I (Y = 6.28 %)  λXeNXe(1h) = 2.36 10-4 R 
• production from 135mXe (Y = 0.178 %) λXeNXe(1h) = 8.57 10-5 R 
N.B.: for the calculation it is necessary to consider the consumption of 135Xe due to neutron 
capture (σc = 2.65 106 barn). Thus, in the exponential and in the fraction of equation (3) λB = 
(λXe + σc⋅φ). 
 

88Kr [λKrNKr(1h) = 7.69 10-3 R] 
• direct production (Y= 3.55 %) 
 

87Kr [λKrNKr(1h) = 1.075 10-2 R] 
• direct production (Y= 2.56 %) 
 

85mKr [λKrNKr(1h) = 1.85 10-3 R] 
• direct production (Y= 1.29 %) 
 

The ratios between the calculated activity and the measured specific activities in the water of the 
reactor pool (measure 2.f) for the noble gas are the following: 
 

Radioisotopes Calcolate Ratio Measured Ratio 
138Xe/135Xe 157 138 

87Kr/88Kr 1.40 1.48 
138Xe/87Kr 5.55 5.30 

 
From this evaluation it seemed clear that the noble gas were release promptly in coincidence with 
the reactor operation at the power of 250 kW. 
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For what concerns the specific activity in air of 138Cs (22 Bq/m3) measured above the pool water 
surface, it was consistent with the specific concentration in water of the radionuclide, presuming an 
evaporation coefficient of  ~10-3, realistic for the reactor pool water temperature of 40 °C. 
On the contrary, the increase of the specific activity in water of 137Cs after the operation of the 
reactor for 1 hour at the power of 250 kW (comparison between measures 2.e and 2.f), it was not 
consistent with the hypothesis of a prompt release unless about 30% of the fuel elements of the core 
were fissured. This hypothesis seems to be not realistic because, since no halogens such as iodine 
and bromine were detected in the sampled water, about 24 fuel elements should present a micro-
fissure. A possible explanation of this anomalous increase was that 137Cs could be dissolved into the 
moisture that could be accumulated inside the damage fuel element when the reactor was not in 
operation and which could be released all at once when the fuel element was heated up. 
 
4. THE MEASUREMENT APPARATUS 
Many references were found in literature on the identification of the leaking of a TRIGA fuel 
element(1,2,3,4,5,6,7), but the situations experienced by the University of Utah Nuclear Engineering 
Laboratory (UUNEL) and presented in the TRIGA CONFERENCE March 11-14, 1990 TEXAS(8) 
seemed to fit better for ours purposes. 
Following the experience of University of Utah Nuclear Engineering Laboratory, a sampling and 
measurement apparatus was realised with the following components: 

• an aluminium anticorodal tube (length 6 m  ∅ 25,4 mm) with a funnel terminal (∅ 55 mm) 
(see Fig.1 and Fig.2) 

• a hydraulic pomp OMAN mod. ALM25 in SST (max flow 43 lt/min – Prevalence 12 m) 
• a rubber tube for water circulation (∅ 25.4 mm) 
• a HPGe Ortec GMX (n-type, Coaxial Detector, Be Window) - FWHM 2.57 keV at 1.33 

MeV 60Co – Efficiency 30% - Photopeak/Compton = 46/1 (see Fig.3) 

 

Fig. 1 Sampling apparatus lay-out 
 
Water was collected from the superior grid of the reactor core by means of the aluminium tube in 
different sectors and in different fuel element positions and was counted on-line using the  HPGe 
detector positioned in the Radiochemistry Laboratory (about 20 m distance from the reactor top).  
In order to allowed the decay of short half-life radioisotopes such as 19O, 16N, the pump suction 
flow was reduced to 5 lt/min, that means that the sampled water took at list 2 minutes to reach the 
detector. 
The radioisotope considered for the measurements was 138Xe that presents three well defined and 
clean gamma-peak at 258 keV, 434 keV, 1768 keV. 
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5. IDENTIFICATION OF THE LEAKING FUEL ELEMENT 
The reactor core was virtually divided into 4 sector: N°1 (Sud-Est), N°2 (Sud-West), N°3 (Nord-
West), N°4 (Nord-Est). 
After testing the sampling apparatus before to start the reactor, the reactor was operated at the 
power of 1 kW and the water was sampled in all four sector at a distance of about 15 cm from the 
superior grid. In this condition no fission products ware detected in the water. 
Thus the reactor power was raised up to 50 kW (i.e. a fuel temperature about 45 °C) and the same 
investigation in all four sectors was repeated, but no fission product released was detected either. 
The reactor power was then raised up to 100 kW (i.e. a fuel temperature about 90°C) and finally 
fission product were detected starting from sector N°3, giving the following results: 
 

Isotope En Peak (keV) Peak Area(cps) 
Xe-138   258 9993 

   434 3543 
 1768   898 

 
Unfortunately the specific activity measured in each sector ended up to be of the same magnitude 
suggesting two possible explanations: there were more than one fuel element fissured in the core 
and positioned in different sectors or the water of the pool mixed up very fast in proximity of the 
superior grid preventing the possibility of identifying the sector of origin of the release. 
Anyway it was clear that a more systematic analysis, fuel element per fuel element, should have 
been performed. 
Thus the aluminium tube was lowered down towards the grid in such a way that the funnel covered 
just one fuel element position. 
The water sampling was repeated until when two SST clad fuel element, close one to the other in 
sector N°3 (position C5 and C6), seemed to be the possible origin of the release. These two 
elements, though, were close to three instrumented fuel elements and, knowing from literature that 
these kind of elements are more likely to undergo fissure, the hypothesis of their involvement in the 
release was still the more probable. 
In order to verify this last hypothesis, the two SST clad fuel elements were moved to another 
position of the core where they were measured again. As expected no fission product were detected. 
On the contrary, fission products were detected again in position C5 and C6 where two different 
fuel elements, previously verified for the absence of leakage, were inserted. 
At that point it was clear that the release was caused not by the SST fuel elements in position C5 
and C6 but by one or more fuel elements positioned nearby. Since three instrumented fuel elements 
were positioned close to positions C5 and C6 (in position D7, D8 and B3), the oldest of the three 
was removed from the core. 
The measurements in position C5 and C6 were repeated and no fission products were detected. 
The reactor power was raised up to 250 kW and the measurement of the water sampled in all four 
sector was repeated showing no presence of fission products. 
A sample of water was collected from the reactor pool after one hour of operation of the reactor at 
the power of 250 kW with the primary cooling system off and it was measured in a low-background 
gamma detector. No fission products were revealed in the water (see. Fig.) 
 
6. CONCLUSION 
As expected the fission products leakage was due to a micro-fissure of a fuel element that released 
only noble gas only when the fuel element was heated up to a temperature around 90 °C, i.e. at the 
reactor power of about 100 kW. The fuel element identified as the origin of the release was the 
oldest SST clad instrumented fuel element present in the core. 
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The fuel element was removed from its position and stored in a rack of the reactor pool under 4 m 
of water shield. In this condition the element will not release any fission product any more but it 
will be necessary to condition it in a proper way after at least of couple of year of cooling down. 
The reactor was back in regular operation on March 22nd 2004 and no other fission products 
leakages were detected. As a routine operation, the reactor pool water is now sampled and measured 
with a low-background gamma-ray detector every month before the reactor start-up and after one 
hour of operation of the reactor at full nominal power. 
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Fig.1 The funnel at the end of the aluminium tube 
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Fig.2 The funnel positioned on the superior grid of the reactor 
 
 
 

 
 
Fig.3 The HPGe detector and the measurement set-up 
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Abstract: 
 
The 250 kW TRIGA Mark-II reactor [1] operates since March 1962 at the Atominstitut, 
Vienna, Austria. Its main tasks are nuclear education and training in the fields of neutron- and 
solid state physics, nuclear technology, reactor safety, radiochemistry, radiation protection 
and dosimetry, and low temperature physics and fusion research. Academic research is carried 
out by students in the above mentioned fields coordinated and supervised by about 70 staff 
members with the aim of a masters- or PhD degree in one of the above mentioned areas. 
 
After 25 years of successful operation, it was necessary to exchange the old area monitoring 
system with a new digital one. The purpose of the new system is the permanent control of the 
reactor hall, the primary and secondary cooling system and the monitoring of the ventilation 
system. The paper describes the development and implementation of the new area monitoring 
system  
 
The second topic in this paper describes the development of the new fuel database. Since 
March 7th, 1962, the TRIGA Mark II reactor Vienna operates with an average of 263 MWh 
per year, which corresponds to a uranium burn-up of 13,7 g per year. Presently we have 81 
TRIGA fuel elements in the core, 55 of them are old aluminium clad elements from the initial 
criticality while the rest are stainless steel clad elements which had been added later to 
compensate the uranium consumption. Because 67% of the elements are older than 40 years, 
it was necessary to put the history of every element in a database, to get an easy access to all 
the relevant data for every element in our facility. 
 
1 The new area monitoring system 
 
Because the old area monitoring was in use since more than 25 years, spare parts were a main 
problem. To maintain this old system and to calibrate the 18 independent stations became 
very difficult. Therefore it was necessary to exchange this old system with a new digital one. 
This new system should measure the dose rate at various positions in the reactor hall and the 
activity in the primary and secondary cooling circuit, on top of the reactor and in the exhaust 
air. All this data should be stored in a database. The main isotopes in the primary circuit of the 
TRIGA Mark II reactor are listed in the following table [2]. 
 
In the exhaust air the important isotope is 41Ar with a half life of 110 minutes. 41Ar emits  β 
and γ radiation. The maximum β energy is 1,199 MeV and the maximum γ energy is 1,29 
MeV. It was therefore important to use a measuring device which is sensible to one of this 
reactions. To fulfil all the all properties mentioned before we choose the instrument FH40G 
manufactured by the company Thermo Eberline ESM [3]. The Model FH40G is a stand-alone 
unit with an internal proportional detector and can simultaneously function with an external 
detector.  
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nuclide nuclear reaction γ-energy [keV] half life [min] γ-activity [%] 
28Al 27Al(n, γ) 28Al 1779 2,25 0,6 

27Mg 27Al(n,p)27Mg 1014 9,45 7,0 
24Na 27Al(n,α) 24Na 1369 901 10,6 
19O 18O(n, γ) 19O 197 0,45 10,8 
16N 16O(n, p) 16N 2750 0,119 37,5 
41Ar 40Ar(n, γ) 41Ar 1293 110 32,6 
56Mn 55Mn(n, γ) 56Mn 1811 155 1,0 

 
Table 1:  Main isotopes in the primary circuit of the TRIGA Mark II reactor 

 
The memory of the FH40G models are designed to record up to 256 data points containing 
measurement number, date, time and dose rate at the internal detector and external detector, 
status, and barcode information. The stored values can be read directly from the LCD, 
accessed at any time and can also be processed and transferred for archiving to a PC via the 
FH40G serial interface. 
 
FH40GL Specifications:  
 

• Dose rate equivalent   10nSv/H - 1 Sv/h 
• Overange   50 Sv/h, for a short time up to 100 Sv/h 
• Energy range   36 keV - 1,3 MeV 
• Operating temperature -30°C - + 55°C 
• Interface   RS-232, infrared 

 
Table 2 shows the properties of the external NaI detectors.  
 

 FHZ 512 FHZ 502 
range 0,01-100 000 0,01-100 000 
Nulleffekt ≈ 20 Imp/s ≈ 90 Imp/s 
tube type 1"x 1" –NaI-detector 2"x 2" –NaI-detector 

 
Table 2:  specifications of the external NaI scintillation detectors 

 
In total 12 FH40G are in use with 3 external FHZ 512 and two FHZ 502. The stations are 
placed at the following positions. 
 
M1:  in direction beam tube A M10: ion exchanger 
M2: in direction beam tube A M11: primary circuit FHZ 502 
M3. in direction thermal column M12: secondary circuit 
M4: in direction beam tube C M13: secondary circuit FHZ 502 
M5: in direction beam tube B M14: exhaust air physic side 
M6: reactor near beam tube B M15: exhaust air physic side FHZ 512 
M7: reactor platform  M16: exhaust air chemistry side 
M8: exhaust air reactor platform FHZ 512 M17: exhaust air chemistry side FHZ 512 
M9: reactor control room  
 
The typical set up of a station is shown in the next figure. 
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1.......FH 40 G 
2.......Power supply  FH 40 G 
3.......power plug 
4.......interface converter 
5.......power plug for interface converter 
6.......key 
7.......inspection window 
 
 
 
 
 
 
 
 
 
 

Fig. 1:  typical set up of station 
 
The software for the new digital area monitoring system was developed using LabView [4]. 
Ni LabView is the graphical development environment for creating flexible and scalable test, 
measurement, and control applications rapidly and at minimal cost. With LabView, engineers 
and scientists interface with real world signals, analyse data for meaningful information, and 
share results and applications. The DSC Modul (Datalogging and Supervisory Control 
Module) has the advantage, that a database is already included. The National Instruments 
LabVIEW Datalogging and Supervisory Control (DSC) Module is the best way to 
interactively develop your distributed monitoring and control systems. With the NI LabVIEW 
DSC Module, you can extend your LabVIEW application to view real-time and historical 
data, configure alarms and events, set up security on your applications, and efficiently log 
data to the distributed historical database.  
 
The following functions are included in the new area monitoring system: 
 

• data logging 
• alarm management with four different alarm levels (Low Low, Low High, High, High 

High) 
• the possibility of using acoustic alarms (various *.wav files useable) 
• alarm printer (if the signal is to low or to high) 
• optical indication of the alarm 
• graphical display of the data (view of historical data independent from the data 

logging) 
• User management (Password required to confirm alarms, different levels for different 

users) 
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In the next figure the main screen of the area monitoring system is shown. 
 

 
 

Fig. 2:  main screen of the area monitoring system 
 
3 The fuel database 
 
The operation of the reactor since first criticality averaged 220 days per year, without any 
long outages. The TRIGA-reactor is purely a research reactor of the swimming-pool type that 
is used for training, research and isotope production (Training, Research, Isotope Production, 
General Atomic = TRIGA). Throughout the world there are around 50 TRIGA-reactors in 
operation, Europe alone accounting for 8 of them. The reactor core consists presently of 81 
fuel elements (3.75 cm in diameter and 72.24 cm in length), which are arranged in an annular 
lattice. Two fuel elements have thermocouples implemented  in the fuel meat which allow to 
measure the fuel temperature during reactor operation. At nominal power (250 kW), the 
centre fuel temperature is about 200 °C. Because of the low reactor power level, the burn-up 
of the fuel is very small and most of the fuel elements loaded into the core in 1962 are still 
there. Figure 3 shows the history of the fuel elements of the TRIGA Mark II reactor Vienna. 
 
Criticality of a typical TRIGA Mark II reactor is usually achieved with about 57 standard 
TRIGA fuel elements (about 2 kg 235U). To allow higher power operation (100 kW) more fuel 
elements and several graphite reflector elements are usually added in the outer ring of the 
core. This results in a core excess reactivity of about 2 $ depending on specific license of such 
a reactor.  



 66 

Date Number of 

fuel elements 

Type Remarks 

   

05.12.61 + 66 Al, 20% 2 instrumented fuel elements 

07.07.62  - 2 (retour) Al, 20%  

19.02.65 + 2 Al, 20%  

02.08.66 + 3 SST, 20%  

21.10.68 + 3 SST, 20% 1 instrumented fuel element 5284 TCE 

19.10.72 + 9 SST, 70%  

02.12.80 + 1 SST, 20% 1 instrumented fuel element 8257 TCE 

09.08.82 + 3 SST, 20%  

15.02.83 + 2 SST, 20% 2 instrumented fuel elements 8730, 8731 
TCE 

21.08.87 + 3 SST, 20%  

19.10.88 + 3 SST, 20%  

01.02.90 + 3 SST, 20%  

14.12.00 + 8 SST, 20%  

total: 104   
 

Fig. 3:  Fuel inventory of the TRIGA Mark II Vienna 
 
During operation of any reactor U-235 is consumed, the amount depends on the reactor 
power. For a typical 250 kW TRIGA reactor operating for about 200 days a year, 8 hours per 
day the U-235 consumption is approximately 20 grams per year. Calculations showed that for 
1 MWd (or 24 000kWh) of thermal power production 1,25 grams of U-235 are consumed. 
Experience showed that for a well used 250 kW TRIGA reactor approximately one fuel 
element has to added every second year, therefore, for 40 years of operation approximately 20 
fuel elements have to be added. As one fuel element contains around 38 g of U-235 this is 
equivalent to 14 fuel elements. As the TRIGA reactor Vienna started with 66 fuel elements 
and is now operating with 81 fuel elements the additional fuel elements are just compensating 
the loss of uranium in the core. Therefore the fuel management is a very important task which 
needs a detailed documentation. 
 
Since the development of the TRIGA type reactors in the mid-fifties new types of fuel 
elements have been developed. Especially the cladding material has been changed from 
aluminium to stainless steel (SST). Therefore many TRIGA reactors are operated with a 
mixed core which means that there are different types of fuel elements in the core. Among the 
SST elements again there exist two different types, those with 20% enrichment (standard 
SST) and those with 70% enrichment (FLIP = Fuel Lifetime Improvement Program). Details 
about the different fuel types are given in Table 3. The reflector materials around the core and 
the absence or presence of graphite reflector elements in empty fuel positions also affected the 
critical mass rather strongly. Replacing the graphite with a water reflector on the TRIGA 
Mark II raises the critical mass for about 25% while placing a row of graphite reflector 
elements around the water-reflected core cut this difference approximately in half. 
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Fuel element type 102 104 110 (FLIP) 

Fuel moderator 
material U-ZrH1.0 U-ZrH1.65 U-ZrH1,65 

Uranium content 
(wt%) 8.5 8.5 8.5 

Enrichment (%) 20 20 70 
Average 235U content 

(g) 38 38 136 

Burnable poison SmO3-disk none Erbium 1.6 wt% 
Diameter of fuel 

meat 35.8 mm 36.3 mm 36.3 mm 

Length of fuel meat 35.6 mm 38.1 mm 38.1 mm 
Graphite reflector 

length 10.2 mm 8.73 mm 8.81 mm 

Cladding material Al-1100F 304 SS 304 SS 
Cladding thickness 0.76 mm 0.51 mm 0.51 mm 

 
Table 3:  Principal fuel element design parameters 

 
Because 67% of the elements in the core are older than 40 years, it was necessary to put the 
history of every element in a database, to get an easy access to all the relevant data for every 
element in our facility. To calculate the burn up of every element it is necessary to know the 
reactor power, the operating hours and the position of each element in the core during his 
lifetime. To calculated burn up depending on the elements in the core is shown in the next 
table.  
 

  current core, 250 kW Power  

ring 
Number of 
FE per ring 

ZR 

flux factor 
FR 

Z x F 

    

power distribution 
per ring LR 

power 
distribution  

per FE in the 
ring [%] 

B 6 100 600 0,096092249 1,601537476 

C 11 93,7 1030,7 0,165070468 1,500640615 

D 17 75 1275 0,204196028 1,201153107 

E 23 62,5 1437,5 0,230221012 1,000960922 

F 24 79,2 1900,8 0,304420243 1,268417681 

 81  6244 = 100 %  
 

Table 4:  Burn up calculation for the current reactor core 
 

The power per ring LR is dependent on the number of fuel elements (FE) per ring. Because the 
total number of fuel elements during the last 42 years of operation has changed in the F ring, 
the burn up has to be calculated for every TRIGA core which was build in the last 42 years of 
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operation. Since the F ring was full, the power distribution in the F has not changed. To 
calculate the power distribution per FE in the ring you need 
 

( )
total

RR
R FZ

FZL
∑ ⋅

⋅
=  

 
LR power distribution per ring 
ZR Number of FE per ring 
FR flux factor 
 
LBE, the power distribution per FE in the ring can than be calculated from LR considering the 
number of FE per ring. For the TRIGA Mark II reactor in Vienna 30 different cores had to be 
distinguished. The next table shows the history of one element which is since march 1962 in 
the core.  
 

2036E month  year  position 

 March 1962 F20 

 September 1968 E14 

 May 1974 D11 

 November 1977 L15 

 December 1977 L9 

 January 1978 B2 

 April 1980 F21 

 August 1985 H 

 October 1985 F21 

 November 1998 L16 

 February 1999 F21 

Table 5:  History of the element 2036 
 

This history, with the various the power distribution per FE in the ring, leads to a total burn up 
of 7,924 g Uran-235 (152,150 MWh). The fuel element database is based on SQL (Structured 
Query Language) which can be used with every internet browser. The start up window and 
the window to calculate the burn up for the elements are shown in the next two figures. In 
addition to the burn up calculation it's also possible to store the data in an *.csv file which can 
be imported into an excel sheet. Afterwards different graphical display is possible. This 
database is a very important and helpful way to study the history of a fuel element, and it 
helps you to use your fuel efficiently.  
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Fig. 4:  The empty "start up window" 

 

 
Fig. 5:  The menu "Calculate power per element" 
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4 Conclusions 
 
With the new digital area monitoring system it's now possible to survey the background 
radiation around the reactor, to compare it with different alarm levels and to store it in a 
database. With this database, the data logging is independent from the measurement process 
and the visual display of the data. It's very easy to screen the historical data and to transfer it 
into another computer. Various software updates will help you to keep the system up to date.  
 
The new fuel database is an important tool to calculate the burn up and to view the history of 
every element. It will help you to utilise your fuel more efficiently and it will give you very 
easy an overview about the history of the reactor operation and the corresponding burn up. 
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ABSTRACT 

The TRIGA IPR-R1 Nuclear Research Reactor, located at the Nuclear Technology 
Development Center (CDTN/CNEN) in Belo Horizonte, Brazil, is being operated since 44 
years ago. The main operational parameters were monitored by analog recorders and counters 
located in the reactor control console. The reactor operators registered the most important 
operational parameters and data in the reactor logbook. This process is quite useful, but it can 
involve some human errors. It is also impossible for the operators to take notes of all variables 
involving the process mainly during fast power transients in some operations. 
 
A PC-based Data Acquisition was developed for the Reactor that allows on line monitoring, 
through graphic interfaces, and shows operational parameters evolution to the operators. 
Some parameters that were not measured, like the power and the coolant flow rate at the 
primary loop, are monitored now in the computer video monitor. The developed system 
allows measuring out all parameters in a frequency up to 1 kHz. These data is also recorded in 
text files available for consults and analysis. 

INTRODUCTION 

The IPR-R1 Reactor is a 250 kW TRIGA Mark I Research Reactor and has been used mainly 
for isotope production and activation analysis, nuclear power plants operators training and 
nuclear research programs as others TRIGA Reactors. The operational parameters of the 
reactor are monitored and measured by analogue meters located at the reactor control console 
and the operator makes manually all the operation procedures and data registration.  
 
New temperature and flow sensors were included in the equipment, due to the recent 
experiments on thermal hydraulics and the reactor power calibrations [1] [2]. It was also 
necessary the development of a data acquisition system to make possible these experiences 
performance. The video monitor provide real time information, shows all reactor operations 
graphics and displays the operating parameters and the data acquisition system saves all the 
operational information in the hard disk. 

SYSTEM DESCRIPTION 

The analog signs collected by the data acquisition system are outputs of the back stage rack 
transducers, of the reactor control console instrumentation, of some digital indicators or 
directly of thermocouples. Two input conditioning cards address these signs to an 
analog/digital card converter, which is installed in one computer. Some measure data are 
shown in the computer video monitor. Due to the high impedance of the cards input, they 
don't cause any disturbance in the indications at the reactor control console. The main 
components of the instrumentation are described in the next topics. 
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DATE ACQUISITION CARDS 

Amplifier and Multiplexing Board 
 
The analogical signs are received in two cards model PCLD-789 [3] connected in cascade 
(Figure 1), each one with 16 channels what totals 32 inputs. These cards condition the signs 
(they amplify and filter the noises) and they make the connection for an alone analogical 
output (multiplex action). One of the cards (Card 1) was adjusted to amplify the signs with a 
gain of 50, receiving the signs directly from the thermocouples (range of ± 100 mV).  
 
This card has a sensor that measures the temperature and makes the compensation of the cold 
junction adjusting the measured value. The second card was adjusted to amplify the signs 
with a gain 1 and receives the signs of the back stage instrumentation and from the control 
console (range of ±10 V). The main characteristics of the conditioning cards are:  
 

− Accuracy: 0.0244% of the range ± 1 LSB; 
− Input: 16 differential channels; 
− Over voltage protection: ± 30 V continuous; 
− Input range: ± 10 V maximum, varies with gain selection; 
− Gain: 1, 2, 10, 50, 100, 200, 500 and 1000; 
− Cold junction compensation: +24.4 mV/oC (0.0 V at 0.0 oC); 

 
Figure 1 - Data Acquisition Connection Cards 

 
Tables 1 and 2 show the identifications of each signal collected by the cards. In the first 
column it is presented the number of the entrance channel in each card. In the second column 
it is presented the identification (code) that is used in the data acquisition program to equation 
the collected sign, where: AI = Analog Input and TMP = Thermocouple. Finally, the third 
column shows the description and range which the collected sign were obtained. 
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Table 1 - Signals Distribution in the Card 1, Gain = 50 

Channel Analogical 
Input 

Collected Sign 

0 TMP 1 Sub Channel Temperature (upper), (thermocouples, -6 to 55 mV) 
1 TMP 1 Fuel Temperature (upper), (thermocouples, -6 to 55 mV) 
2 TMP 2 Fuel Temperature (medium), (thermocouples, -6 to 55 mV) 
3 TMP 3 Fuel Temperature (lower), (thermocouples, -6 to 55 mV) 
4 TMP 4 Air Temperature above the Well, (thermocouples, -6 to 55 mV) 
5 TMP 5 Water Temperature of the Well (upper), (thermocouples, -6 to 55 mV) 
6 TMP 6 Water Temperature of the Well (medium), (thermocouples, -6 to 55 mV) 
7 TMP 7 Well Temperature (lower), (thermocouples, -6 to 55 mV) 
8 TMP 8 Table Water Temperature, (thermocouples, -6 to 55 mV) 
9 TMP 9 Sub Channel Temperature, lower side (thermocouples, -6 to 55 mV) 
10 AI 21 Water Temperature of the Well, (PT-100, 4 to 20 MA) 
11 AI 4 Inlet Temperature of the Secondary Circuit, (PT-100, 4 to 20 mA) 
12 AI 5 Outlet Temperature of the Secondary Circuit, (PT-100, 4 to 20 mA) 
13 AI 1 Water Flux in the Primary Circuit, (4 to 20mA) 
14 AI 2 Inlet Temperature of the Primary Circuit, PT-100, (4 to 20 mA) 
15 AI 3 Outlet Temperature of the Primary Circuit, PT-100, (4 to 20 mA) 

 
 

Table 2 - Distribution of the Signs in the Card 2, Gain = 1 

Channel Analogical 
Input 

Collected Sign 

0  Reserved to be used for air relative humidity  
1 AI 6 Logarithmic Channel Power, (0 to 10 V) 
2 AI 7 Lineal Channel Power, (0 to 10 V) 
3 AI 8 Percent Power Channel, (0 to 10 V) 
4 AI 14 Period, (0 to 10 V) 
5 AI 15 Reactivity, (-10V to +10 V) 
6 AI 16 Start Up Channel Counting, (0 to 10 V) 
7 AI 18 Safety Control Rod Position, (0 to 2.5 V) 
8 AI 19 Control Rod Position, (0 to 2.5 V) 
9 AI 20 Regulation Control Rod Position, (0 to 2.5 V) 

10 - Aerosols Radiation (disabled), (0 to 10 V) 
11 AI 9 Well Radiation, (0 to 10 V) 
12 AI 10 Area Radiation, (0 to 10 V) 
13 AI 11 Primary Circuit Inlet Radiation, (0 to 10 V) 
14 AI 12 Ion Changer Radiation, (0 to 10 V) 
15 AI 13 Inlet Secondary Circuit Radiation, (0 to 10 V) 
   

Analog/Digital Conversion Card 

The outputs of the two conditioning cards are addressed to the analog input plug of the data 
acquisition card, model PCL-818hd [4]. This is a high-speed data transference card installed 
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in the computer module, which transforms the analog input signs into digital sign. This card 
has the following main characteristics: 
 

− Accuracy: 0.01% of the range ± 1 LSB; 
− Resolution: 12 bits; 
− Sampling rate: up to100 kHz with DMA transfer; 
− Over voltage: continuous ±30 V max. 

DATA ACQUISITION SOFTWARE 

The main indications of the control console are collected by the data acquisition system 
including the positions of the three control rods. These signs come from the back stage 
instruments and from the reactor control console and they are input in channels 1 to 15 of 
Card 2, as shown in the Table 3.2. A description of all signs collected from the control 
console is presented in this paper. 
 
It was accomplished all the answers of the parameters collected and the found equations were 
introduced in the data acquisition program to transform the signals of Volt into units of 
engineering. Thirty-one analog signs are collected now by the data acquisition system, only 
the water conductivity and level at the reactor pool are still not collected. 
 
Five screens compose the program: the first one (Figure 1) is a navigation screen, where it is 
possible to access any of the four graphic interfaces divisions of the program by using the 
mouse. From this screen it is also possible to start the data-recording key. It is possible to 
know the evolution of the Reactor’s parameters in each one of the interfaces at real time. 
These parameters were divided in the following way: 
 

− Control, Start Up rate Channel, Period and Reactivity, 
− Levels of Radiation;  
− Power Channels;  
− Cooling System and Temperatures.  
 

 
Figure 2 - Main Navigation Screen  
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Control, Start Up Channel, Period and Reactivity 
 
In this screen, which is shown in Figure 3 the start up of the reactor can be accompanied 
through the evolution of the neutrons counting rate. The positions of the three control rods of 
the reactor can be visualized in graphics of the rods or in digital indicators. Three graphics 
also show the evolution of the control rods position in the last 60 minutes.  
 
The reactivity of the reactor in [pcm] and in [dollar] is given by digital counters. This screen 
also shows the positive period of the reactor (T) in [s] and the start up rate (SUR) in [dpm]. 
 

 
Figure 3 – Start up Channel, Control Rods and Reactivity Screen 

Cooling System and Temperatures 

 
In this screen, which is shown in Figure 4 all the parameters of the primary and secondary 
cooling loops are monitored. The following signals are shown at the screen: 
 

• The medium value of the inlet and outlet temperatures of the primary and secondary 
loops and its standard deviations 

• The medium value of the flow rate and its standard deviation 
• The power dissipated in the primary and secondary cooling loops 
• The medium value of the temperatures in the reactor pool in three different positions 

and its standard deviations 
• The medium value of the inlet and outlet temperatures in the core sub-channels and its 

standard deviations 
• The temperature of the air above the reactor pool and in two points of the soil 
• The medium value of the temperatures of the three thermocouples of the instrumented 

fuel 
• The time elapsed from the program beginning in [s], [min] and [h]. 
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Figure 4 – Cooling System and Temperatures Screen 

Levels of Radiation 

The levels of radiation at the Reactor area are measured in the following positions: in the 
Control Room (AEROSOIS); at about 30 cm above the reactor pool (POÇO); at 2 m above 
the reactor pool (AREA); at the inlet piping of the primary cooling loop heat exchanger 
(ENTR. PRIMÁRIO); in the ion exchanger system (RESINAS); and at the outlet piping of the 
secondary cooling loop heat exchanger (S. SECUNDARIO). 
Figure 5 exhibits the screen, which shows the accompaniment of the radiation levels in the 
mentioned positions. 
 
The six radiation level monitoring channels are shown in analog and digital indicators and 
graphics, giving the evolution of the radiation levels in the last 60 minutes. 

 
Figure 5 – Radiation Monitoring System 
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Power Channels 

In this screen, which is shown in the Figure 6, it is presented the accompaniment of the 
reactor powers supplied by the three conventional neutron channels of measurement: 
Logarithmic channel, Lineal Channel and Percent Power Channel. The values are given by 
digital indication and by graphics that show the evolution during the last 60 minutes. The 
evolution of the power dissipated in the primary and secondary-cooling systems is also 
shown.  
 
After several hours of Reactor operation, when it is reached the thermal balance with the 
environment, the power of the Reactor will be the closer of the power dissipated in the 
primary coolant loop and the thermal losses will be smaller. Those losses value are also 
indicated in the screen. The reactor power is accompanied by the increase of the temperature 
in the center of the instrumented fuel.  
 

 

Figure 6 – Power Level Channels Screen 

DATA RECORDING SYSTEM 

 
The data are recorded in five separated text-files and these permit to register 40 parameters. In 
all the files the first column is always the time registration in [s]. The time among the time of 
the data collection and recording can be adjusted starting from 1,0 ms (frequency of  
1 kHz), but the frequency usually used is equal to 1 Hz. 
 

CONCLUSIONS 

The developed Data Acquisition System has been operated during normal operation and 
during all experiments realized with the reactor since July 2003. The system also has been 
useful to provide more information during the reactor operation and does not influence the 
original reactor measuring and control instrumentation by any way. 
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Abstract 
 
Radiation protection in a university institute operating a research reactor and other 
installations has different constraints as a larger facility. This is because the legal 
requirements apply in full, but the potential of exposure is low, and accesses has to be made 
available for students, but also for temporary workers. Some of the problems in practical 
radiation protection are addressed and solutions are discussed. In addition, experience with 
national radiation protection legislation recently to be issued is addressed and discussed.  
 
 
1. General 
 

From the view of radiation protection, a university institute operating a research reactor, 
radiochemical labs, and other radiation facilities has some unique characteristics as an 
institution where occupational exposure may occur, because standards [1] and [2] are 
designed for somewhat larger facilities with different operational constraints. Some aspects on 
this issue will discussed below.  
 
2. General 
 
 

The “Atominstitute of Austrian Universities” was founded in 1959 and started operation 
1962. The Atominstitute is part of the “University of Technology“ in Vienna. It is a 
multidisciplinary institute comprising many research fields. Radiation protection is developed 
with the field with time, and at present they is a broad range from low-temperature physics to 
theoretical nuclear astrophysics. Most of the institute is located apart the main buildings of the 
Technical University of Vienna in a separate area. The major task of the institute is, as for a 
university institute, teaching and research. This scopes leads to operational constraints 
occasionally not in full agreement with radiation protection standards as they are designed for 
larger facilities and steady state conditions. 
 

The TRIGA Mk II Reactor has a full power of 250 kW and is in operation since 1962. 
Technical upgrading proves continuation of the operation for the next future. The equipment 
(beam holes, irradiation facilities) provide the basis for neutron physics, sample irradiations, 
and neutron activation analysis. Radiochemical Labs with complementing facilities (liquid 
waste treatment plant) are in operation as well as X-ray equipments and accelerators. Sealed 
sources used for different purposes. Obviously, all equipments are subject of licensing. The 
staff consists of 50 persons with permanent contract (25 professionals), 30 scientist with 
temporary contract, and about 70 students and guests.  
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3. Formal issues 
As the Radiation protection law was issued in Austria in 1969, and the corresponding 
ordinance in 1972, there were very few relevant regulations in the first years of operation. The 
institute applied for licence in 1976, and after some time of contemplation, a license based 
upon the radiation protection law and ordinance was issued in 1987. This licence is subject of 
periodical annual inspections, which lead to some minor amendments.  
The development of Radiation protection Standards as Council directive 96/29/ Euratom 
13.5.96 laying down basic safety standards for the protection of the health of workers and the 
general public against the dangers of ionizing radiation [2] required a change of the 
Radiation protection law, being issued as adaptation to the EU- directive and issued  in 2002. 
The radiation protection law can be found in http://www.lebensministerium.at/umwelt/ ⇒ 
Atomenergie&Strahlenschutz ⇒ Strahlenschutzgesetz. The relevant ordinance is still 
pending. Drafts of two ordinances (General and medical) as well as an amendment of the law 
were distributed for comments and expected to be set in force in 2005. 
 
The consequences of the new regulations are to be expected  in general within an acceptable 
frame. Some problem may arise as releases ( e.g of Ar-41 were  limited by dispersion 
calculations in the licence, but the draft of the ordinance regulates activity concentration in the 
exhausting air before release.  The reduction of the annual dose lead to no problems at all, as 
the doses, as shown in 7., are still well below the new limit. 
 
 
4. Radiation Protection Staff 
 

The staff of the operational radiation protection group is small: the radiation 
protection officer1 (with substantial tasks in university teaching and research), one radiation 
protection engineer2, and some technicians as part time staff for sampling, measurement, and 
control tasks. As this staff is just able to manage general radiation protection, it is too small to 
fulfil the legal requirement that a person in charge of radiation protection is being present 
during operation of equipment and handling of radiation sources. For that reason, all members 
of the scientific staff who work with sources are, after appropriate training courses, assigned 
as acting radiation protection officers3. Another persons are assigned as acting radiation 
protection engineers for routine control and measurements.  
 
 
5. Organisation of Occupational Exposed Persons 
 
5.1 General 
 

In addition to specific issues dependent on working conditions, the following 
consequences are associated with classification as an occupationally exposed person: 
 

• physical surveillance 
• medical surveillance 
• attendance in general instructions 

 
5.2. Access Control 

                                                
1 Qualification required by law (radiation protection ordinance) and approved by authority 
2 Qualification approved by law and assigned by the licensee 
3 Qualification approved by law and assigned by the licensee 
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As only occupationally exposed person have to have access to a controlled area, access 

has to be under control. The size of the institute justifies only one checkpoint, located at the 
entrance, where a guard is present permanently. This implies that the total area of the institute 
has to be classified as controlled area, although only required in specified rooms. This in turn 
lead to the condition that, for formal reasons, persons just being in the controlled are without 
any handling of sources or staying in an area with enhanced radiation or contamination level 
have to be classified as occupationally exposed persons. However, the reactor hall is a 
separate unit, where access is limited to a particular group of persons. 
 
5.3. Classification of Occupationally Exposed Persons 
 

The classification of persons being in the institute as occupationally exposed person is 
difficult for a number of reasons: 
• duration of work: the duration of work ranges from permanent to temporary, where 

frequently some persons work in the institute for a short and in some cases even for a 
not predefined period 

• mode of work: some people work simultaneously in different institutes or are changing  
institutes for short term fellowships. 

 
Solution: For these reasons, an agreement was found with the authority interpreting the 
working conditions A [1] rather in terms of possible dose than in terms of duration staying in 
an area. Type of “workers” (rather students or guests) are is distinguished in terms of the 
working time scheduled:  

 Very short (less than one month) 
 Short (less than six month) 
 more than six month 
 permanent 

The interval of medical investigations, set as two years by the authority, serves as a constraint.  
 
6. Radiation Level and Workload 
 
6.1. Dose Rate Level in the Reactor Hall 
 

The (photon and neutron)- dose rate during operation is well below a few µSv/h. This is 
because shielding design was consequently changed from small heavy- concrete bricks to the 
use of specially designed large shielding blocks for long-term use. In addition, the shielding 
of scattered radiation was significantly improved. 
 
6.2. Radiochemical Laboratories' Work Load 
 

In neutron activation analysis, the radionuclides are gamma-emitters and are mainly 
short lived, the activity range being 1 - 10 MBq. About 500 samples per year are irradiated in 
the TRIGA-reactor and handled in the laboratories. In addition, about 500 samples per year 
are irradiated externally and handled. Waste management is not a significant problem as most 
of the samples are shortlived. The residual material is delived in the Austrian Nuclear Waste 
Treatment plant Seibersdorf. 
 
7. Dose Records 
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The general progress in previous years of replacing radiation sources by computers 
suggests declining personal dose levels. This development is proved by dose records. 
 

External monitoring, records: In 2003, 3285 TL from two approved dosimetry services 
were issued to staff and students, where the staff associated with the reactor is also supervised 
with neutron dosimeters (147 dosimeters). The dosimeters (two different TL systems) are still 
calibrated to photon dose equivalent Hx. The systems are approved by the BEV and hence 
represent legal measurements. The evaluation show that all dosimeters well below the limit of 
20 mSv/a (reactor staff 0,8-1,7 mSv). The distribution of dose in 2003 period was: 99,96 % of 
the reading were below 10 % of the dose limit of 20 mSv, representing background 

 
Routine internal monitoring (whole body counting and gross urine measurements by 

LSC) is carried out for persons working in the reactor or radiochemistry field, being about 15 
persons. The annual measurements show no detectable incorporated activity. 

 
Medical surveillance indicated no objections of occupationally exposed person  

 
8. Temporary Problems 
 

Constructional work (mainly electrical installations and computer network and 
replacing ceiling elements in the floors) was scheduled from January to December 2001, but 
lasted eventually until March 2003. All rooms of the institute as except the reactor hall were 
affected. The problem was that diverging requirements had to be taken into account: 
• up to some 20 workers hat to enter the “controlled area” per day 
• the workers were different as they were from different companies (total about 100) 
• a classification of “occupationally exposed person4” was neither reasonable nor possible 

because of  
o no enhanced background level 
o short working period (few days or only occasionally) 

• a classification of a controlled area could not maintained, as cleanliness as required for 
handling radiation sources was not proved 

As the work in the institute could not interrupted for more than on year, a solution was needed 
to comply with formal requirements. A solution was to be expected, because parts of the 
institute were not affected for longer periods. The following solution was suggested to the 
authority and eventually accepted, where the reactor hall was not affected.  After 
• the labs for handling unsealed sources were subject of additional thorough contamina-

tion control to prove no contamination 
• all radiation sources were locked into storage facilities  
• all the operation of radiation producing equipments was subject of special approval  
 
the classification of the “controlled areas” was declared invalid temporarily. 
 

However, work subject to control was approved by the radiation protection officer when 
the following issues were confirmed by the responsible persons, where a separate sheet has to 
filled out for each procedure: the lab fulfils the requirements and the transport in the institute 
is under supervision that no exposure can result. 

                                                
4 EU Guideline 90/641/EURATOM requires in addition to other issues assessment of medical fitness for workers 
working before access in controlled areas 
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These issues had to be proved in advance for irradiation of samples in the reactor and for 
externally irradiated samples and for the operation of radiation producing equipments. The 
constructional work is not yet completed. 
 
9. Conclusions 
 

The issues reported above are subject of annual report to the authority. Occupational 
doses recorded in the last year are well below the limit and rather in the range of natural 
background. The EU- guideline did not affect any substantial changes. A modern university 
style requires flexibility and mobility of the staff and of students. International standards do 
not pay sufficient attentions to this. The effort is not considered to be fully justified, even 
taking into account that good radiation protection practice has to be demonstrated for 
educational purposes.  
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 Abstract 
 This paper presents at the beginning the main characteristics of the INR Pitesti 
focusing configuration and the basic principles to get focusing conditions. Is also given 
the description of the improved self-control system for this experimental facility together 
with the corresponding soft characteristics. 
 

General presentation 
In 1996 a focusing high-resolution neutron crystal diffractometer was put in operation 

at the Institute for Nuclear Research Pitesti, Romania. This experimental facility is presented 
in detail in [1]. 

The main characteristics of a focusing neutron crystal diffractometer is the absence of 
the Soller collimators, the take-off-angle either less than 95 degrees or greater than 130 
degrees and the use of the bent perfect crystals as monochromators. To achieve high 
resolution for every value of the scattering angle, the plate-like sample position must be 
changed properly during the diffraction measurements in order to fulfill the corresponding 
focusing condition. 

The principle to obtain focusing for a given experimental configuration is to 
compensate the scan variable variances by using the cross-correlation between variables. 
When these correlations are important the contribution to the scan variable variances of a 
certain large spatial variable -sample or monochromator length for example contains more 
than one term, generally of different signs and thus appears the possibility to be canceled for a 
proper configuration choice. 

 
       Fig. 1 The experimental set-up                                 Fig.2 The resolution performances 
 

The main characteristics of this experimental facility presented in fig.1, will be given 
below. The take-off angle is 83o for a monochromator wave-length of 1.3855 A given by a 
200 mm diameter 3 mm thickness (100) plane cut silicon disk shape monocrystal; the  



reflecting plane is (511) and the cutting angle is χm=-15.8o. The source – monochromator – 
sample - detector distances are 520, 280 and 120 cm  

respectively. 
A 60 mm diameter 400 mm length BF3 detector is used. To reduce the background 

level a 2000 mm length graphite coarse collimator with a 100 mm diameter (the diameter of 
the neutron beam itself), and a 450 mm length silicon single-crystal filter are placed between 
source (the reactor core) and monochromator. 

To increase the diffractometer luminosity a position sensitive detector and a liquid 
nitrogen refrigerated 200 mm diameter (the diameter of the neutron beam tub itself) silicon 
single-crystal filter are planned to be used in the next future. The position sensitive detector 
has been already delivered and can be used alternatively with the BF3 detector. The control 
system allows for the use of both of them.  

The sample orientation can be changed by a DC motor used as a step by step one, to 
get focusing for every particular value of the scattering angle. The angular positions are 
properly controlled by using absolute angular traducers. An important component is the 
pneumatically disk shape crystal bending device though the use of different radius of 
curvature in the horizontal and vertical plane could offer promising opportunities and 
therefore should be taken into consideration. 

In fact the experimental facility described above represents a new kind of high-
resolution configuration based on principles completely different than those proposed by 
Hewat in 1975, [2]. This kind of configuration provides resolution properties comparable with 
the best existing high resolution crystal neutron diffractometers and a luminosity enough good 
to allow structure analysis for complex compounds even when the available neutron source is 
1-2 orders of magnitude lower. 

If we take as resolution parameter ∆d/d computed taking as angular spread ∆θ the full 
width at half maximum we can see that while for a conventional configuration the resolution 
significantly increase for small values of d (for high scattering angles) in the case of the 
TRIGA focusing configuration the resolution continuously decrease with 1/d to very low 
values around 0.005 (W1/2 around 15 minutes). The resolution dependence with 1/d is 
presented in fig.2 using experimental determination for an Al2O2 sample. 

The self-control system  
 The diffractometer self-control system most important functions are the setting and the 
control for the pressure value inside the monochromator pneumatically bending device and 
for two angular positions (the sample position and the scattering angle) and the record on a 
specific file of the monitor and detector counts corresponding to all scattering angle values. If 
the neutron spectrometer is used as a three-axis spectrometer two more angular positions (the 
analyzer and the detector arm ones) and the pressure inside the analyzer bending device must 
be controlled.  

In order to realize these functions, for the first version of the control system, step by 
step motors, incremental angular and pressure traducers were used. The improved control 
system to be described bellow uses DC motors and absolute angular position traducers; the 
pressure control has been also entirely changed. 
 This system assures the fully self control for the neutron diffractometer function. 
 2.1.The equipment components  
 The high resolution focusing crystal neutron diffractometer self-control system has the 
following components: 
 -the detector and monitor signals amplifier chains (the spectroscopy system) 
 -the diffractometer process control equipment itself 
 The BF3 detector and the fission chamber amplifier chains are formed by 
commercially available Canberra modules: preamplifier, amplifier, single channel analyzer 



and power supply unit. The signals received both from the BF3 detector and from the monitor 
are transformed in amplified standardized pulsed signals and counted by a specially realized 
counting module. connected to the PC computer The corresponding high-voltage values are 
2300 and 800 volts. Optinally a position sensitive detector with special electronic modulles, 
could be used instead of the BF3 detector. 
 The process control equipment main functions are the pressure and angular positions 
setting and control To perform these tasks 2 DC motors used as step by step ones (4 for the 
three-axis configuration) , absolute angular encoders, and a specially designed presure control 
system.  

The main components of the diffractometer control system are: 
 -module to comand and control the DC motors used for angular positioning 
 -module for absolute angular encoders sygnals reading  
 -module to count the signals from detector and monitor 
 -the presure setting and control system 
 -the  PC microcomputer 
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Fig.3 The control system components



2.2.The equipment function 
 The main characteristic of the improved self-control system (fig.3) is the distributed 
control use, for all the involved components. To the same main communication bridge are 
coupled several intelligent terminal devices allowing for the local control of the several 
angular displacements, the absolute encoders status data reading, the detector or monitor 
signals counting or the bending device pressure control. 

Each such intelligent terminal device has a dedicated address. The communication 
between devices and the central PC is done according to a message system using only 
numerical form for the transmitted data, whatever is the terminal device involved. The 
transmitted parameters values have different meaning as follows. 

For example for the angular positioning motors, the positions to be reached are 
received from the central PC and then the preset positioning is done. At any moment the 
central PC can ask information concerning the actual position and for each request the 
intelligent terminal device send to PC the corresponding data. Similarly are supplied, to the 
PC, data from the absolute encoders or the detector or monitor counted pulses numbers. The 
two counting devices are identically, with different addresses and receive, each of them, the 
time or the preset monitor count value at which the counting should be stopped. 
 To realize the distributed control system it was necessary to realize the angular 
positioning motors with local control and the acquisition devices. 
 DC motors with built-in demultiplier were used to which were mounted optical 
systems to detect the position, giving sense and steps sygnals. The action itself is done 
according to PWM. A specially designed algorithm using the position data given by the built-
in optical system allows a several steps moving (1 step=1/600 of the demultiplier rotation), at 
the “step by step” mode, at the nominal speed or using the accelerating start or the sudden 
stop mode.Thease devices have also buttons allowing direct acting, in the “step by step 
mode”, for a several seconds and, if the button is pressed a longer time, at the nominal speed. 
For the “direct” acting the used algorithm is the same. 
 The control and the communication is done by the microcontroller PIC 16F628. The 
counting devices receive TTL type signals from the detector and the monitor; the counting is 
performed, according to the information supplied by PC, either for a preset time or for a 
monitor preset monitor value. The hard structure and the communication features are the same 
for all the involved devices. The communication is done using two active wires (clock and 
data) and a ground one. The devices are coupled to PC in parallel, using a parallel interface 
card. 
 The central PC has two machine executable programmes for the data transmission to 
the terminal intelligent devices or the reading of the received data from the corresponding 
device by using two data files, for the data to be received respectively for the data to be sent. 
In these files data can be introduced using an editor routine; this allows for further 
developments of the soft. Practically the used files are of BAT type. 

2.3.The pressure setting and control system 
 The pressure control system (fig.4) is formed by an air compressor (1), a pressure 
reducer (2), an air filtering system (3), a 1 litre intermediate air holder (4), on which is placed 
an air gauge (5); this device commands an electro pneumatic valve (6) through which is 
related to a 20 litres air holder (7) and to a mercury gauge (9). A hand acted admission valve 
(8) is placed before the mercury gauge; this mercury gauge doesn’t allow, in the crystal 
bending device, pressures greater then 250 mm mercury column, therefore it is quite a 
security device. On the 20 litres air holder is placed a contact air gauge (10) commanding an 
electro pneumatic valve (11), through which air holder is related to the bending device (12). 
The pressure control system is designed to allow, in the bending device, a pressure in the 
range 50-220 torr, to be kept at a constant preset value during the acquisition process.  



 
 

 
 
Fig.4 The pressure control system                                    Fig. 5 The main dialog window 

3.The TRIGA focusing diffractometer control program 
Each spectrometer component is considered as a device, with a dedicated address, to 

which commands are sent and from which the corresponding state and a certain value are 
read. 

The diffractometer control program realizes the equipment control and the diffraction 
data acquisition. To control the motors corresponding to the different angular positioning and 
for the acquisition of the data from the detector and monitor, two program modules have been 
realized. 

• -a module named "Actmot.exe" realizing the corresponding command itself 
based on the state data from the data file "Mtinta.txt”. 

• a module named "Pozcrt.exe" reading the state data for each device, saved on 
the file "Mpozcrt.txt" 

The control program is made in VisualC++ for the operating system WINDOWS. 
3.1.The program structure 

 Four kinds of determinations (working mode) are taken into consideration: 
• individual measurement; 
• Rocking; 
• Detector scan ; 
• θ - 2 θ scan (Teta – 2 Teta). 

Fig.6 The dialog window "Manual”                 Fig.7 The dialog window "Rocking” 
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When the program is started a main dialog window is displayed (fig 5) from which the 
desired working mode is selected. When the main window is opened, the state data 
corresponding to each device are loaded from the file "AdreseDispozitive.txt" while, when the 
program is closed the last position respectively the final one for each motors are loaded or 
saved. 

The individual measurement working mode 
When the “Manual” button from the main dialog window is selected, the dialog window 
“Manual” is opened. (fig.6) This window displays, in the up left side, the current position of 
the sample plate, main platform, the detector arm respectively the analyzer table, and, in the 
up right side, the sample table and the main platform positions, as given by the absolute 
encoders. 
  The following commands can be performed, from the “Manual” window: 
 -the displacement of each of the four motors, by editing, in the corresponding data 
region displayed on the window, the position to be reached and by pressing the button 
"START MOTOARE".The angular position is displayed during the positioning process. 
 -an individual measurement, by pressing the button "START ACHIZITIE". 
The measurement can be made for a preset time or for a preset value of the monitor count, 
according to the chosen option (the black point button). The values of the counts from the 
detector and monitors are displayed in the especially dedicated position, in the window. 
 -the position calibration (the 0 position setting); the 0 settings are saved and reloaded 
for each restart of the program 

 The working mode “Rocking” 
When the “rocking” button is selected from the main dialog window, the dialog window 

“Rocking” is opened. (Fig.7) For this working mode the main platform, the detector arm and 
the analyzer plate are fixed while the sample plate is moving to a preset angular position, with 
a preset step. After each step a measurements is made, under specified parameters values (the 
editing positions situated near the button “START.ACHIZITIE”).To start the measurement 
the button “START.ACHIZITIE” should be pressed after filling the corresponding editing 
positions. The right side editing position refers to the name of the file where the measurement 
data should be saved; if no name is given for this file, a name is automatically generated of 
type “Rocking.day and hour.TXT”. 
           The file where the acquisition data are stored is one of “Cdate” class, with the 
following form class CDate  The saving of the data is made by writing the Cdata content in a 
text type file”text.” 

 

 
Fig.8 The dialog window "Scan cu detector"    Fig.9 The dialog window " Teta – 2 Teta" 

 



In the bottom side of the window a curve with the measured values at detector/sample 
position is displayed. After each angular positioning (of the sample plate) and acquisition the 
angular positions and the graphic are actualized. The acquisition is stopped after 
accomplishing the determinations for the whole given angular range or by pressing the button 
"STOP ACHIZITIE". 

The “Detector scan” working mode 
When the ”Scan cu detector” option is selected from the button “rocking” existing in 

the main dialog window, the dialog window ‘Scan cu detector” is opened.(fig.8) For this 
working mode the main platform is moving to a preset angular position (the scattering angle 
value) with a preset angular step while the sample table is rotated at a position depending to 
the corresponding scattering angle value, according to function giving the optimum sample 
position, [1].The detector arm and the analyzer table remain fixed. The graph of the detector 
counts/platform position (scattering angle) is given in the window region reserved to the 
graphical representation. 

The "Teta – 2 Teta" working mode 
 When the "Teta – 2 Teta" option is selected from the button “rocking” existing in the 
main dialog window, the dialog window "Teta – 2 Teta" is opened.(fig.9) This working mode 
is quite similar to the “Rocking” one , with the difference that the main platform is moved 
according to the relation: 
  The platform position= The initial platform position + 2* Pas 
where: "Pas" is the angular step used  to move the sample table. 
 The corresponding graph gives detector counts/sample position 
 For all these working modes the following precaution measures are taken: 
 The data saving is done after each step; in this way no previous data lost results from 
accidental program stop. 

To account for the step loose at the direction changes, all angular moves are done 
either in the  
 same direction, or if the direction change is to be done, two successive direction changes are 
performed. 

 
Conclusions 
The improved control system replacing the initial one allows for a more precise 

angular positioning. The new pressure system is independent of a pressurized gas source 
which is indeed a significant improvement. 

While the initial control system was a rather heterogenous system formed of different 
types of electronic components the system described above has an unitary design and 
structure.  

The performances and reliabilities also significantly increased. 
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Abstract: Neutron tomography providing 3D information about interior of an object is 
a very efficient tool to visualize inner defects of the materials, non-destructively. In this study, 
some applications of neutron tomography in different fields such as geology, aerospace, civil 
engineering and archaeology were presented. Distribution of minerals in pumice and rock 
samples, visualization of inner defects within a new developed titan aluminum turbine blade, 
and distribution of silica gel as an important impregnating agent in construction and 
restoration of buildings were investigated. The measurements of tomography projections 
taken in the 0 to 180° angle were performed with a thermal neutron flux of 105 at the TRIGA 
Mark II research reactor in Vienna, and the common Filtered Back Projection method was 
used for the 3D image reconstruction. 

 
1 Introduction 
 

The neutron radiography is a very efficient tool to investigate materials non-
destructively. It can be grouped into three categories depending on its energy spectrum: cold-, 
thermal- and fast neutron radiography. The principle of neutron radiography is based on the 
attenuation of the neutron beam by the materials and a consequently detection of the 
transmitted neutron beam with a position sensitive detector such as converter/film or 
scintillator/digital camera system. In this way due to the differences in intensity (attenuation 
of the neutron beam by the matter), the inner structure of materials can be visualized. In 
contrary to X-rays, which interact with the electron shell of the atoms, neutrons interact with 
their nucleus. Therefore, discrimination between different isotopes is possible. Important 
parameters for the imaging quality are the beam collimation (L/D ratio), high neutron flux and 
low background. A beam with a high collimation ratio improves significant the image 
sharpness [1].  

Neutron tomography gives detailed information about the inner structure of the object 
from a set of projections. 2D projections are conventional radiography images, and in order to 
collect the whole number of projections step by step in an angular interval (0° - 180°), the 
sample is placed on a rotary table in front of the position sensitive detector. Experimental data 
are preprocessed with image processing routines and then reconstructed by reconstruction 
software.  

ATI-Vienna has two NR beam ports (NR-I, NR-II); NR-I based on neutron converter/X-
rays film is used for radiographic inspections of large objects, and NR-II having a digital 
detection system (neutron sensitive scintillator/digital CCD camera) is for radiographic and 
tomographic applications [2,3]. In a digital detection system, the transmitted neutrons are 
absorbed in a neutron sensitive scintillator where they are converted to photons detected 
finally by a CCD camera. The scintillator should have a high absorption cross section for 
thermal neutrons, a high light output per absorbed neutron and low gamma sensitivity [2]. The 
spatial image resolution determined by using a thin Gd-foil is between 180 to 500 µm for the 
NR II described above. The 3D image reconstruction program based on the common filtered 
back projection method was developed at the Atominstitute-Vienna using IDL 5.3 software. 
The related theory concerning the reconstruction can be found in detail in [1,2]. The main 
characteristics of our NR set-ups and at the ATI-Vienna and their comparison with the 
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NEUTRA facility at PSI where some of the measurements presented in this paper were 
carried out are given in Table-I. 
 
Table-I: Characteristics of the NR beam ports at ATI and PSI.  

 NR-I (ATI) NR-II (ATI) NEUTRA (PSI) 
Neutron flux (cm-2.s-1) 3x105 1.3x105 3x106 

Collimation ratio 50 130 550 

Cd ratio 3 20 100 

Beam diameter (cm) 40 9 40 

Detection system Gd converter/ 
X-ray film 

0.4 mm thick ZnS(Ag)-
6LiF scintillator/CCD 

camera (512x512 pixels) 

0.25 mm thick  
ZnSAg-6LiF 

scintillator/CCD camera 
(1024x1024 pixels) 

 
2 Applications of Neutron Tomography 
 
2.1 NT Application in Nuclear Technology: First wall & Structural material in 

Fusion Reactors and study of boron alloyed steels (shielding material)  
 

A fiber reinforced silicon carbide ceramic composite (SiC/SiCf), developed by 
CERACEP has been studied as a structural and an alternative first wall material for blanket 
concept in fusion reactors. Despite the increased shielding requirements (low attenuation 
cross section of SiC), the use of SiC/SiC is economically justified due to the high thermal 
efficiency, which may reduce the cost of electricity by 15 %. In spite of the CVI method 
producing low porosity materials, the porosity remains a problem in ceramic composites. The 
maximum thickness of the SiC/SiCf structural material considering the porosity problem is 
about 6 mm. Nevertheless, the required thickness for the TAURO blanket concept is between 
10–15 mm. The porosity within the composites causes a reduction of the thermal conductivity 
as well as a limitation of the material thickness in the production process [4,5]. For this reason, 
the investigation of the defects and porosities in the structural material is very important. 

According to the thermal NR images given in Fig. 1, the 3 mm thick N3-1 SiC/SiCf 
sample seems to be very homogeneous and also free of porosity and defects with our 
detection systems. On the other hand, X-rays radiography delivered some details about the 
texture of a 3 mm thick SiC/SiCf composite, which attenuates X-Rays more than thermal 
neutrons. In addition, N3-1 SiC/SiCf samples were inspected with low energy neutrons at PSI. 
The main reason for the imaging with cold neutrons (Energy Selective Neutron Radiography 
and Tomography-ESNR&ESNT) is the enhancement of the contrast from the abrupt change 
of the neutron attenuation properties of solids at Bragg cut-off energies. The porosity 
distribution within the fiber bundles was visualized by neutron radiography measurements at a 
3 mm thickness of N3-1 SiC/SiCf sample (where 3 mm is much smaller than the maximum 
producible thickness of 6 mm). As a detection system for these measurements, a 12-bit CCD 
camera having 1280x1024 pixels and 6.7x6.7 µm pixel size with a 0.1 mm thick Levy Hill 
neutron scintillator was used [4,5]. The ESNT measurement was performed in order to 
provide 3D information on the inner sample structure.  
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Fig.1: The radiography and tomography images of the N3-1 SiC/SiCf ceramic composite 
(2x2x0.3 cm3 size) taken by X-Rays, thermal NR, cold NR/NT at 7 Ǻ neutron wavelength. 
 Additionally, a 8 mm thick SiC/SiCf composite bonded on 2 mm thick Cu metal was 
visualized with neutron and X-Rays imaging methods. Owing to the high X-Rays attenuation 
of such a thick sample, we could not get any image contrast. On the other hand, thermal 
NR&NT and ESNR images show a distribution of fiber bundles-alignment in one direction 
(Fig. 2). 

 
Fig.2: The fiber bundle alignment in one direction within the bonded SiC/SiCf composite with 
a size of 2 cm x 3 cm x 1 cm observed even with thermal neutron radiography for thicker 
composites. 

Boron alloyed steel sheets are used in nuclear engineering as neutron shielding for 
radioactive waste disposal equipment, such as components for compact fuel storage racks and 
transportation baskets. The main demand on the sheets and plates for these applications is the 
largest possible thermal neutron attenuation, which has to be uniform over the volume [6,7]. 
The 10B isotope has a large attenuation cross section for thermal neutrons (σth(10B) = 
3838.1(10)×10-24 cm2) [8]. The natural abundance of 10B is 18.85 wt% therefore boron 
enriched with 10B can considerably increase the neutron absorption and reduce the weight of 
neutron shielding. The transmission analysis with thermal neutrons is of particular interest 
because it yields a realistic shielding factor of the steels, e.g., for the compact fuel storage in 
water. 

The transmission analysis can be performed with high spatial resolution in the order of 
0.1 mm and is, contrary to mass spectroscopy, very sensitive to absorber inhomogeneities and 
geometrical defects in the whole illuminated volume. In the investigation of thick steels we 
found pronounced deviations from the exponential attenuation law (Fig. 3), mainly caused by 
the beam hardening effect [9,10]. The beam hardening increases with the macroscopic cross 
section, the thickness and the spectral width.  
Micro-heterogeneities of the ferro-borides in the steel have been identified as another source 
of the enhanced neutron transmission [10]. Secondary factors, the beam hardening and 
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inhomogeneity cause an elevation of the effective neutron transmission through the material 
which has to be considered in the design of neutron shielding. 

 
Fig.3: Neutron attenuation by natural boron-alloyed steel plates showing a deviation from the 
exponential attenuation law due to the beam hardening and other factors like background, 
micro-heterogeneous structure.    

The production of 10B enriched steels is rather expensive, therefore all possible sources 
of systematic inhomogeneities during the production process (melting, welding, milling, 
cutting) must be excluded from a complete three-dimensional absorber analysis. Within the 
steel project, a set of boron alloyed steel rods with different 10B enrichment was bored out of 
thick steel sheets at different locations. Tomographic volume inspections can also be 
performed on small reactor sources like the 250 kW TRIGA reactor, because within the 
thermal spectrum the neutrons with higher energies penetrate even thick and strong absorbing 
materials. But the tomographic analysis requires a low background level and a careful 
correction of the beam hardening artifact [11]. The spatial resolution lies between 200 – 400 
µm, depending on the sample – scintillator distance. The typical exposure time for one 
projection is 2 min and we chose about 60 projections for a strong absorbing rod. Fig. 4 
shows the reconstruction of the effective (left) and thermal (right) total macroscopic cross-
sections of a highly 10B enriched steel rod. After the beam hardening correction a uniform 
distribution of the 10B isotopes was confirmed. 

 
Fig.4: 3D rendering of a highly enriched (10B/B = 97.4 at%) boron alloyed steel rod with 1 cm 
diameter (Σt,th = 12.7 cm-1). Left: Variation of the effective cross-sections. Right: Beam 
hardening correction yields a uniform distribution of thermal cross-sections [11].  

The corrected reconstruction (right) yields a rather homogeneous profile, which has 
independently been verified by neutron radiography and chemical analysis. The macroscopic 
thermal cross section (Σt,th) relates to the density of the 10B isotope in the steel as in Eq.(1). 
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The atomic weight, M(10B) = 10.0129g, the Avogadro constant, NA = 6.02214199(47)x1023 
mol-1, and the microscopic cross-section σth(10B), are known with high accuracy. Hitherto, we 
applied the tomographic technique primarily to our steel samples, but the macroscopic cross 
section of uranium fuel elements lies within the range of the absorbing steels. The presented 
tomographic technique can therefore also be employed in the non-destructive inspection of 
fuel elements, and this can be achieved with rather weak neutron sources.  
 
2.2  NT Application in Aerospace 
 

This study aimed to visualize manufacturing defects or inner cracks for quality control 
of a new turbine blade material [47Ti-48Al-2Cr-2Nb-1B (atom %)] resulting from the 
manufacturing process. At the beginning, neutron and X-ray radiography measurements of the 
TiAl test sample developed by the Institute of Physics of Materials in Czech Republic were 
performed at Atominstitut in order to find the most efficient method. Excellent properties at 
elevated-temperatures and low density make the titanium aluminide (TiAl) an attractive 
candidate for both, engine and airframe applications, particularly in the aerospace industry. 
Among TiAl-based materials, gamma TiAl is the most promising alternative. It reduces the 
weight of aircraft engines by virtue of its low density and high temperature capability, and has 
advantages in stiffness, fire and corrosion resistance. The performance in the transitional state 
between the turbine at rest and a particular speed of rotation is important in order to improve 
the efficiency. The use of light materials such as gamma TiAl alloy for the turbine blades is 
desirable in reducing the transitional time and inertia of the turbine rotors. The characteristics 
of aircraft engines affect the revenue, as well as the total weight reduction [12,13,14]. The 
addition of the elements Cr and B increases the room temperature ductility, and Nb the 
oxidation resistance. Boron forms TiB2 borides, which improve the stability of the grain 
structures during various thermo-mechanical treatments. The mechanism of ductilization is 
unclear; it is assumed that the boron segregates into grain boundaries, enhancing thus the 
cohesive strength of the boundary [15,16]. Hence, prototype TiAl turbine blades containing 1 
at% B were investigated. In addition to the material characteristics, aero-engine applications 
require careful processing route involving casting, forging, machining or joining to produce 
complex geometries. The final mechanical properties of the alloy depend strongly on the 
machining [16,17].  

According to the X-ray image taken at 55 kV, 20 mA for 60 s exposure time gave 
insufficient information about the TiAl turbine blade; the thickness of turbine blade varies 
from 2 mm to ~ 2 cm. As a result, an increase in energy and density of X-rays beam caused 
disappearance of the image contrast in thinner parts of the sample. On the other hand, the 
sample is quite transparent for neutrons. Neutron tomography was applied in order to get 
more information about the sample’s interior. For 3D image reconstruction, 200 NR 
projections were taken with 40 s exposure time per projection with 0.9° angular steps from 
different views. Enhancing the image contrast and cutting the 3D images slice by slice with 
the help of the rendering software (VolumeGraphics), the inhomogeneities and defects within 
the sample were visualized in Fig. 5 (marked parts). The inhomogeneity increases with the 
thickness of the turbine blade. In addition, some defects like cracks that might form during the 
material processing (casting, forging, machining and joining) could be visualized as marked 
in Fig. 5. No further inhomogeneity respective to the distribution of boron (1 at%) was 
detected within the spatial resolution of 300 µm.    
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Fig.5: X-Rays radiography (fig.5a) and 3D reconstructed NT images of the TiAl turbine blade 
with different opacity levels; the inhomogeneous parts were marked, fig.5b and 5f are with 
full opacity, fig.5c, -d, -e with enhanced contrast. Fig. 5e with high transparency shows a 
crack or defect in the middle of the sample. 
 
2.3  Application in Geology/Mineralogy 
 

Another application of neutron radiography (NR) and neutron tomography (NT) 
presented in this work helps to visualize the distribution of minerals in rocks. Size and 
distribution of minerals as well as the internal structure yield valuable information for 
petrologic research and for the applicability as construction material. Example is the 
distribution of mica in volcanic pumice. The NT measurements were performed at the PSI 
with ~ 100 µm spatial resolution. The volcanic pumice, a highly vesicular volcanic rock, 
mainly consists of silicate glass. The mineral biotite (black mica) contains significantly more 
iron and hydrogen than the surrounding glass and is well shown due to the higher neutron 
absorption cross sections of these elements (Fig. 6). To facilitate the visualization of biotite, a 
segmentation process was applied; the yellow colored parts indicate biotite while the gray 
colored parts are silicate glass. Furthermore, one of the segments (in this case glass) was cut 
to highlight the other segment. The mineral biotite is shown while the other mineral 
components such as quartz and feldspar show properties similar to that of the pumice glass. 

 
Fig.6: 3D reconstructed NT images of pumice from different views (240 projections taken 
with 10 seconds exposure time each), which show two segments indicating pumice (grey) and 
biotite (yellow, the pumice segment was cut slice by slice to highlight the biotite segment in 
the last image).  
 
2.4  Application in Civil Engineering 
 

Silica gel (SiO2) is an important impregnation agent for the preservation of natural stone 
surfaces of historical buildings to prevent progressive weathering [18]. The surfaces are 
impregnated with a solution of tetraethoxysilane, which decomposes by precipitation of silica 
gel and evaporation of ethanol. Silica gel adsorbs the water and retains in itself, which offers 
good properties for a 3D imaging by NT. The quality of an impregnation depends on the 
distribution of the agent throughout the (usually porous) rock structure and can therefore be 

a b c d e f
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checked by NT. Additionally, the quantity necessary can be optimized economically. As an 
example, an impregnated sample of tertiary calcareous sandstone (St. Margarethen, Austria) 
was investigated. The material has been prepared during a research cooperation for the 
restoration of St. Stephen’s cathedral in Vienna, Austria. The measurements performed at ATI 
improved our understanding of the water adsorption by silica gel and other water absorbing 
components like clay minerals. Fig. 7 shows the distribution of silica gel and water within the 
inspected sandstone sample. The sample was bonded on a sample holder with an adhesive 
resulting in absorption maxima at the corners. In this manner, the adhesive on the corners 
containing hydrogen was taken as a comparison point in the segmentation of the silica gel and 
adhesive from the rock sample, as seen in Fig. 7.  

 
Fig.7: NT images (from 200 projections taken at ATI with 35 seconds per projection) of the 
silica gel / water distribution within the sandstone; gray segments showing the sandstone and 
yellow segments silica gel or other hydrogen containing minerals. 
 
3 Conclusions 
 

We presented applications of thermal neutron radiography and tomography in nuclear 
technology, aerospace and geology/mineralogy. Carrying out the NR experiments at both 
neutron radiography stations NR II at ATI and NEUTRA at PSI allows showing the effect of 
the neutron energy spectrum on the attenuation by boron. The measured neutron attenuation 
coefficients show clear differences after a specific thickness of material, which can be called a 
detection limit. The good agreement between the experimental and simulated data allows 
estimating the contribution of the beam hardening and also neutron multiple scattering effects 
to the radiography image. The micro-inhomogeneities in the material, the beam hardening 
effect and background strongly influence the attenuation coefficient of a strong absorbing 
material.  

According to the radiographic and tomographic results for fiber reinforced silicon 
ceramic composites, it can be concluded that the image contrast of the SiC/SiCf fiber bundles 
increases with increasing material thickness; the porosity problem exists even in 3 mm thick 
composites according to the neutron investigations. The measurements showed a one-
dimensional fiber bundle-alignment within the SiC/SiCf composites. 

The boron concentration in the TiAl turbine blade is distributed homogeneously up to 
the detection limit of 300 µm spatial resolution. The heterogeneity increases with the 
thickness of the TiAl component. Some interior defects like edge cracks could be observed at 
the transition from thinner to thicker parts, which are probably caused by the manufacturing 
process.  

In the inspections of rock samples, the efficacy of a silica gel impregnation was 
presented with the help of the strong neutron attenuation property of hydrogen. Besides the 
visualization of silica gel distribution within the rock samples, water adsorption could be 
determined with systematic investigations. On this account, the inspections of natural stone 
based construction material will be continued focusing on the quantitative analysis of water 
content. The minerals, which contain one of the strong neutron attenuators like H, B, Fe etc., 
can easily be determined by neutron imaging. 
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Abstract 
 
We present the layout and characteristics of the 3 neutron optics instruments located at the 
beam ports of the Vienna TRIGA reactor (hosted by the Atominstitut of the Austrian Univer-
sities, Vienna University of Technology) and the most recent experiments performed thereon. 
 
 
1. Introduction 
 
Neutron optics, particularly perfect crystal neutron optics and neutron optics with polarized 
neutrons, has always been a key research topic at the Atominstitut. Perfect crystal neutron in-
terferometry was invented here, and a series of fundamental experiments in quantum mechan-
ics have been performed with the neutron interferometer. The set-up at the Vienna TRIGA re-
actor has also always been a training facility and test ground for the interferometer facility at 
the high-flux reactor of the ILL, Grenoble. Most recent studies at the Atominstitut dealt with 
the dependence of the interferometric phase on environmental conditions, specifically tem-
perature variations of the perfect interferometer crystal and its surroundings. The double per-
fect crystal diffractometer in Bonse-Hart configuration for ultra-small-angle neutron scatter-
ing studies (USANS) allows to access scattering angles down to the µrad-range. We introduce 
recent diffraction experiments, specifically on artificial lattices which are both of fundamental 
and methodical interest for neutron optics and the USANS technique itself. Additionally, ex-
periments with magnetic prisms are presented which are novel components for beam prepara-
tion in polarized neutron optics: they have been used for interferometry with polarised neu-
trons and for the development of the new polarized USANS technique. The neutron polarime-
ter set-up at the tangential beam port is presented as the third neutron optics instrument at the 
Vienna TRIGA reactor. Current experiments deal with the measurement of geometric phases 
in neutron spin precession. This instrument has also recently been used for spin flipper devel-
opment and tests related to experiments at stationary and pulsed neutron sources, e.g. for a 
quantum contextuality measurement and perfect crystal neutron storage. 
 
2. Interferometry 
 
This year, it is exactly 30 years ago since the first perfect crystal neutron interferometer was 
tested by an Austrian-German cooperative group at the 250 kW TRIGA-reactor in Vienna 
[1,2]. Since that time, neutron interferometry became a laboratory for quantum mechanical 
test experiments. The key feature of this technique are two widely separated coherent beams 
of thermal neutrons (λ ~ 1.8 Å, E ~ 0.025 eV) which are produced by dynamical Laue-
reflection in a properly shaped perfect silicon crystal (Fig. 1). Analogies exist to the Mach-
Zehnder type interferometers used in light optics and to the Bonse-Hart interferometers de-
veloped for X-rays [3]. 
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Fig. 1. All neutron interferometers used at the Vienna TRIGA reactor or at the high flux reactor of 
the ILL, Grenoble, were manufactured and tested at the Atominstitut. 

 
Neutron interferometry has been used for a series of quite spectacular fundamental quantum 
mechanical experiments, e.g. interference phenomena in non-inertial frames [4], the magnetic 
Josephson effect [5], spin-superposition [6], He-3 [7] and tritium scattering lengths [8]. A 
most complete synopsis of results is given in [9]. Recent achievements are the demonstration 
of Bell’s inequality with single neutrons [10], measurement of topological phases [11], and of 
confinement induced quantum-phase [12]. 
Although the majority of these experiments had to be performed on the high flux reactor of 
the Institute Laue-Langevin, Grenoble, simply because of intensity reasons, it was essential to 
conceive and to prepare them at our reactor as well as to be able to test the functionality of the 
various components of the final setup. 
Following general symmetry considerations, the neutron wave functions originating from 
beam paths I and II in the forward direction (O-Det) are equal in amplitude and phase behind 
the interferometer because of the same number of transmissions and reflections at the crystal 
plates (Fig. 2). When placing a phase shifter with an index of refraction n and thickness D in 
one of the beam paths, the phase difference between the beams is given by χ = k∆ = (n–1)kD 
= –λNbcD (neutron wavelength λ, wave number k, and Nbc the scattering length density of the 
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Fig. 2. Sketch of a neutron interferometer and typical intensity modulation measured at the Vienna 
set-up. 
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Fig. 3. Phase shift due to temperature variation in the Vienna reactor hall (sensor 3) and phase 
control by thermal shielding (sensor 1) and temperature control of the interferometer (sensor 2). 

 
phase shifter material), and the corresponding wave functions differ by a phase factor ψI/ψII = 
exp(iχ). Accordingly, the intensity modulation as a function of the phase shift in an ideal in-
terferometer can be written as I ∝ | ψI + ψII|2 ∝ (1 + cosχ), whereas in a real interferometer 
the interference amplitude is reduced to a fraction K, usually referred to as the contrast. In the 
Vienna setup, contrast values of up to 60% have been obtained (Fig. 2). 
Additionally, the empty real interferometer exhibits an intrinsic phase which might change 
under external influences. A most striking example in this respect is the variation of the in-
trinsic phase with changes in the ambient temperature. Specifically for long term and preci-
sion measurements the knowledge of phase drifts and their possible control, i.e. elimination, 
is of utmost importance. Related investigations and developments in temperature control have 
been performed at the Atominstitut recently (Fig. 3). 
 
 
3. Ultra Small-Angle Neutron Scattering (USANS) 
 
Small-angle scattering of X-rays and neutrons is a widely used diffraction method for study-
ing the structure of matter. This method of elastic scattering is used in various branches of 
science and technology, including condensed matter physics, molecular biology and biophys-
ics, polymer science and metallurgy. It is well known that the most general and informative 
method for investigating the spatial structure of matter is based on wave-diffraction phenom-
ena. In diffraction experiments a primary beam of radiation influences an object under study, 
and the scattering pattern is analyzed. In principle, this analysis allows one to obtain informa-
tion on the structure of an object with spatial resolution determined by the wavelength of the 
radiation.  
Ultra-small-angle neutron scattering (USANS) with the use of perfect silicon crystals (Fig. 4) 
provides a resolution in the order of 10-5 Å-1 in reciprocal space, which corresponds to µrad in 
scattering angles and µm structures in real space (which are up to 5 orders of magnitude larger 
than the wavelength of the neutrons) [13]. 
This method, which has been developed decades ago by Bonse and Hart [14], is presently be- 
coming an established technique, mainly because of the new tail-suppression method de-
scribed by Agamalian et al. [15]. Several examples of application can be found in the survey 
of Hainbuchner et al. [16]. Further investigations on various topics of materials science can be 
found in recent literature [17-25]. 
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Fig. 4. Instrument layout (left) and instrument curve (right) of the double crystal diffractometer in 
Bonse-Hart configuration. 

 
 

Si - channel cut crystals  
   Reflection plane  [331], symmetric 
   Lattice constant  d331 = 1,246 Å 
   Plateau width of the Darwin curve  ∆� = 2.9 µrad = 0,596" 
Bragg angle  �b = 45 ° 
Neutron wavelength after monochromator  1,76 Å 
Wavelength spread  ∆λ / λ = 2,5 x 10-3 
Angular resolution of analyser rotation  0,1513 µrad 
Instrument curve full width at half maximum  3,3 µrad 
Cross section of the neutron beam  26 mm x 26 mm 
Background  0.05 neutrons/s 
Peak intensity  9,5 cps/cm2 
Integral intensity  285 cps/cm2 

 
Table 1. Technical data of the Vienna double crystal diffractometer. 

 
One example of structure analysis is the ongoing investigation of the inner structure of indus-
trial cellulose fibers (Fig. 5). Depending on the spinning parameters and other details of the 
fabrication process these fibers exhibit a remarkable variation of structure in the µm-range 
[26]. Data from experiments in Vienna are also shown in Fig. 5. It is important to note that in 
the microscope image the internal structure of the fibre was revealed only after massive 
chemical and mechanical treatment while in the neutron scattering pattern the internal features 
of the original fibre are present intrinsically. 
Model samples with known parameters, especially silicon phase gratings (Fig. 6) will help to 
better understand the basic features of the USANS technique and clarify the performance of 
the instruments involved [27-29]. Corresponding measurements were performed at the 
USANS facility of the Atominstitut (also Fig. 6). These experiments are of fundamental inter-
est as well since the diffraction patterns result after quantum mechanical multiple-beam inter-
ference of the neutron particle waves. 
A new development concerns the use of polarized neutrons for ultra-small-angle neutron scat-
tering (PUSANS). The corresponding instrument layout is shown in Fig. 7 with a typical in-
strument curve of this setup. The angular separation (several seconds of arc) of the two neu-
tron spin states with respect to the magnetic field, produced by prism refraction in air gaps of 
permanent magnets with triangular end pieces, is easily resolved with a Bonse-Hart camera. 
Hence, both spin states can be used for structure analysis in one measurement providing a 
new technique for the study of magnetic properties of matter. A similar setup has also been 
used for interferometry with polarized neutrons [30]. 
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Fig. 5. Electron microscopy image (left) of a cellulose fibre and neutron scattering data obtained 
by ultra-small-angle neutron scattering at the set-up in Vienna with a sample of a few hundred fi-
bres (right). 

 
 
 

   
 

Fig. 6. Electron microscopy image (left) of a periodic grating at the surface of a silicon wafer and 
corresponding neutron diffraction pattern obtained at the set-up in Vienna (right). 

 
 
 

  
 

Fig. 7. Layout of a Bonse-Hart camera with neutron polarization option (PUSANS) provided by 
magnetic prisms (left). Separation of the two neutron spin states is caused by their different neu-
tron-optical index of refraction within the magnetic field. Instrument curves, which exhibit a dou-
ble-peak structure where each peak consists of polarized neutrons, are shown on the right for one 
and two magnetic prisms inserted and compared to the single-peak instrument curve without po-
larization option. 
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4. Depolarization and Polarimetry 
 
Neutron depolarization, in particular its 3-dimensional extension, has developed into a power-
ful technique for investigation of domain structures of ferromagnetic materials. In magnetic 
textures the polarization vector P

v
 undergoes an evolution ( BPdtPd

vvv
γ×=/ ) called Larmor 

precession, caused by the interaction of the neutron spin state with the domain structure of the 
ferromagnetic solid. To measure successively all 9 components of the (3x3) depolarization 
matrix D~ , which describes the variation of the polarization upon passage through the sample 
( if PDP

vv ~
= ), a spin turning device is used in front and behind the sample. The information can 

be used for a three-dimensional tomographic reconstruction of the domain structure [31]. 
 
 

 
 

Fig. 8. Neutron polarimeter set-up at the tangential beam tube of the TRIGA Mark II reactor. 
 
The EXPON group Wien (EXperiments with POlarized Neutrons) [32] has focused on po-
larimetric transmission measurements, including neutron depolarization, aiming to investigate 
magnetic domain structures under various physical conditions, as well as on selected quantum 
mechanical fundamental experiments [33]. The instrument is sited at the tangential beam tube 
of the TRIGA Mark II reactor. Our latest installations allow the exploration of magnetic or-
dering structures in condensed matter down to temperatures of about 1 K and the observation 
of relaxation processes induced by transient strong magnetic fields up to 11 T. 
The neutron beam coming out of the reactor is monochromatized by two mosaic crystals 
made of pyrolitic graphite, selecting two wavelengths 1.65 and 1.99 Å (corresponding to the 
Bragg angles 28.5° and 34.7°). The crystals yield high integrated reflectivity at low gamma 
radiation. The beams are lead out of the biological shielding via supermirror polarizers, which 
have a multilayer structure of vapour deposited metal films on a substrate. Polarization is 
achieved by alternating deposition of non-magnetic and ferromagnetic layers. 
Beam #1 (λ = 1.65 Å) permanently hosts the 3D depolarization unit (Fig. 9). A neutron beam 
of distinct polarization enters the sample, which is magnetically shielded by a soft iron box to 
prevent magnetic influence from the spin turners in front and behind the sample. To prevent 



 105 

    
Fig. 9. 3D depolarization unit installed at beam #1 (left) and the set-up for Pancharatnam and 
geometric phase measurements at beam #2 (right). 

 
depolarization the neutron beam passes through a guide field before entering the spin-turner 
in front the sample, and between the second spin turner and the detector. 
A spin polarimetric experiment can be used to describe the non-commutation properties of the 
Pauli spin operators [34]: [σi,σj] ≠ 0 for i ≠ j. In this experiment, instead of a sample, two 
separately tuneable spin rotators are mounted to realize independent spin rotations. 
In recent years much attention has been paid to the concept of geometric phases. Therefore, 
beam #2 (Fig. 9) hosts a set-up for so-called Pancharatnam and geometric phase measure-
ments. Quite recently, such measurements were reconsidered due to their importance in quan-
tum computation [35,36]. In 1956 S. Pancharatnam described the phase acquired during an 
entirely arbitrary evolution of a wave-function [37]. In the spin-1/2 case the two orthogonal 
components of a superposition state acquire opposite Pancharatnam phases undergoing a uni-
tary transformation. 
The experiment is performed with an incident neutron beam polarized in the +z – direction. 
The neutrons pass a π/2-spin turner DC-coil rotating its polarization to the x-y–plain, thereby 
forming a superposition of the two orthogonal states with respect to the z–axis. Then, the spi-
nor undergoes an arbitrary SU(2)-transformation realized by the magnetic fields of two DC-
coils. Finally, the spin is rotated back again through -π/2 about the x-axis to the +z-direction. 
To yield the Pancharatnam phase an extra phase-shift is applied to the superposed states. It is 
implemented by a magnetic guide field in the z-direction in which the π/2-spin turners are 
 
 

 
Fig. 10. Typical results for measurements of Pancharatnam and geometric phases. 



 106 

translated at a constant distance L0 as shown in Fig. 9. After rotating and analyzing the beam 
in the z-direction, the intensity shows an oscillating behaviour, depending on the parameters 
of the SU(2) transformation, from which the acquired Pancharatnam phase is calculated. The 
results of typical measurements are shown in Fig. 10. 
The set-up is also used for new developments in polarized neutron optics. Recent examples 
are spin flipper developments used for demonstrating the violation of a Bell-like inequality at 
the ILL interferometer [10] and for cold neutron storage by perfect crystals at the ISIS pulsed 
neutron spallation source, UK [38,39]. 
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Abstract 

The use of the TRIGA reactor at the Atominstitute in Vienna as an irradiation facility 
in neutron activation analysis has a remarkable history. Present research work includes the 
recent determination of the precise half-life of 182Hf and the participation in an archaeological 
long-term research program (SCIEM2000).  
 

The decay of the now extinct 182Hf is used as an important chronometer for studying 
early processes in the solar system such as the accretion and differentiation of planetesimals 
and the formation of the Earth and the Moon. Since the only available data on the half-life of 
182Hf were measured 40 years ago, the precision is on the order of ±22%. This is absolutely 
insufficient for cosmochronological purposes. The redetermination was carried out in 
cooperation with the Institut für Isotopenforschung und Kernphysik, Vienna, and the ETH 
Zürich. NAA of long-time irradiated samples in combination with isotope dilution techniques 
resulted in a weighted mean (considering correlated uncertainties) half-life of 8,904 ± 0,088 
My.  

A different topic was targeted in the framework of the special research program 
SCIEM2000, an interdisciplinary project for the synchronization of civilizations in the 
Eastern Mediterranean Region in the 2nd millennium B.C. In this case NAA is used for the 
identification of volcanic products, in particular of pumice that has been used widely as an 
abrasive. The distribution patterns of the elements’ concentrations (chemical fingerprint) can 
be used to trace back the archaeologically stratified pumice samples to their respective source 
volcanoes. In some cases, layers of volcanic ash deposited directly from the eruption cloud 
are found in archaeological context and represent valuable dating information. NAA 
contributes additional information about the deposition conditions by quantifying the 
influence from local sediments. A similar onset is followed in another research cooperation to 
elucidate the stratigraphy of a speleothem (cave sediment) in Tilos, Greece, where 
palaeontologists found a rich faunal deposit interbedded with volcanoclastic material.  
 
Introduction 
Radiochemical work at the Atominstitute in Vienna is dedicated mainly to neutron activation 
analysis and the use of the reactor as neutron irradiation facility. Two examples of recent 
research work are presented to show the actuality and relevance of the application of NAA in 
highly different research fields, such as cosmochemistry, geochemistry and humanities.  
 
NAA of long-time irradiated hafnium  
In the last decade 182Hf was used as a chronometer to study fundamental processes in the early 
solar system. These processes include the accretion and differentiation of protoplanets and the 
formation of the Earth and the Moon. One of the most interesting questions to be answered is 
the timing of the separation of the solid protoplanets into core and mantle, during which Hf 
and W are separated according to their geochemical characteristics. Tungsten as a siderophile 
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element partitions preferably into the metallic core while lithophile hafnium remains in the 
silicic melt of the mantle [1-6]. The now extinct radionuclide 182Hf was present in the early 
stages of our solar system and the separation process took place early enough to derive 
chronological information from isotopic abundances. The β-decay of 182Hf with a half-life of 
about 9 million years produces stable 182W via 182Ta (half-life 114 days) and leads to tungsten 
isotopic anomalies in early fractionated materials (Fig. 1). 
 

 
 

Fig. 1. Sector of the Karlsruhe Nuclide chart showing the decay products of 182Hf. 
 
The sole half-life determination was performed 40 years ago in connection with the discovery 
of 182Hf, yielding a value of 9 ± 2 million years [7]. This large half-life uncertainty of ±22% 
was not satisfactory for chronometry. Basically, the half-life can be calculated according to 
the law of radioactive decay, when both the number of 182Hf atoms and their activity are 
measured. The isotopic ratio of 182Hf to 180Hf can be precisely determined by mass 
spectrometry, whereas NAA contributes the quantity of 180Hf in the same sample and γ-
spectrometry adds the activity of 182Hf. The sample material has been produced by Helmer 
and Reich more than 30 years ago, primarily for the investigation of 178m2Hf. They irradiated 
hafnium for up to 2 years with >4×1014 neutrons cm–2s–1 in the research reactors at Idaho 
Falls, USA [8, 9]. The redetermination was carried out in cooperation with the Institut für 
Isotopenforschung u. Kernphysik, Vienna, involving the quantification of Hf by NAA in 
long-time irradiated samples.  
 
Sample preparation 
The sample from Helmer and Reich was originally deposited on a white fibrous filter, covered 
with tape and mounted on cardboard. From this a quantity of 97,7mg of white powder 
containing the actual hafnium material was detached and split into five samples for NAA and 
activity measurements. To allow the calculation of the self-attenuation by a boron 
contamination (sample impurities due to glass filter fibres) one sample was purified by 
dissolution in HF, evaporation of the highly volatile boron compounds and calcination to form 
HfO2. By comparing the hafnium determinations before and after the purification, a boron 
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content of (1,28 ± 0,03)% was found, which was included in the corrections for neutron 
shielding. 
 
Analytical procedure 
The irradiation was performed at the TRIGA Mark-II reactor of the Atominstitute of the 
Austrian Universities in Vienna. To produce similar count rates for 182Hf and the activation 
product 181Hf (half-life 42,39d) in the sample, an irradiation at a flux of 108 neutrons cm-2s-1 
(reactor operation at 25W) was chosen. High purity HfO2 was used as hafnium standard. 
Several hafnium standard samples were irradiated for 5h together with the 182Hf-containing 
samples, and the rotation of the capsule (2 turns min-1) containing the samples guaranteed a 
homogeneous activation. Two irradiation runs of 182Hf-containing samples were performed at 
the conditions described, another one for 129min at 25kW was applied to a chemically 
purified 182Hf sample. 
The activities of 181Hf and 182Hf were measured by γ-spectrometry in three independent 
measurement series. For the activity of 181Hf the gamma line at 482keV, for 182Hf the 270keV 
decay line was used. For this 182Hf-emission line the newly determined branching ratio of 
0,790±0,006 was used [10]. For series 1 and 2 a HPGe-detector with 50% relative photo-peak 
efficiency connected to a Canberra DSP amplifier and a loss-free counting system was used. 
The first series was calibrated with an old QCY46 radionuclide solution (Amersham, 
production July 2002), resulting in imprecise efficiency data in the range of 270keV due to 
low 203Hg activity in this radionuclide solution. Improved data (series 2) were obtained by 
optimizing counting conditions with the same detector, a closer geometry and calibration with 
fresh QCY44 solution (production May 2003). For the third series, an independent check with 
a 30% HPGe, different electronics but the same calibration solution was performed. 
Corrections for self-attenuation of γ-rays were taken into account. 
 
Results 
The NAA in combination with gamma-spectrometry measurements lead to a value of 9,034 ± 
0,251 million years (My) for the half-life of 182Hf. Parallel investigations with another 
material from Helmer and Reich using isotope dilution for the determination of the amount of 
182Hf atoms (performed at the Institute of Isotope Geochemistry and Mineral Resources, ETH 
Zürich) gave 8,896 ± 0,089My [11]. The results are in satisfactory agreement and a weighted 
mean (considering correlated uncertainties) of 8,904 ± 0,088My is proposed (Fig. 2) [12]. 
 

 
 

Fig. 2. Results on the new half-life determinations of 182Hf 
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NAA of volcanic material with archaeological and palaeontological background 
A different topic was targeted in the framework of the special research program SCIEM2000, 
an interdisciplinary project for the synchronization of civilizations in the Eastern 
Mediterranean Region in the 2nd millennium B.C. NAA is used for the identification of 
volcanic products by chemical fingerprinting. The distribution patterns of element 
concentrations can be used to trace back the samples to their source volcano. Earlier studies of 
our research group have shown that the products of numerous volcanic eruptions in the 
Aegaen region can be distinguished with high reliability [13-15]. Pumice, a highly vesicular 
volcanic glass, widely used as abrasive since antiquity, can serve as a relative time mark when 
it is found in archaeological excavations (Fig. 3). The respective layer may not be older than 
the eruption of the source volcano. Up to now a database of all quaternary pumice-producing 
eruptions in the Aegean and of some cappadocian volcanoes was established. This extensive 
study is used as a reference for the identification of several hundred samples of 
archaeologically stratified pumice lumps analyzed over the last years.  
 
In some cases, layers of volcanic ash, deposited directly from the eruption cloud are found in 
archaeological context and represent valuable information as an absolute datum line (Fig. 4) 
[16-22]. Additionally, NAA contributes information about the deposition conditions by 
quantifying the influence from local sediments. A similar onset is followed in another 
research cooperation to elucidate the stratigraphy of a speleothem in Tilos, Greece, where 
palaeontologists found a rich faunal deposit interbedded with volcanoclastic material [23]. In 
general, the eruptions in that region are credibly dated, e.g. by radiocarbon dating of plants’ 
relicts found below the pyroclastic layer or by other radiometric methods [24, 25]. 
 

 
 

Fig. 3. Pumice lump, found in the excavation of Ashkelon, Israel (L. Stager, Harvard) 
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Fig. 4. Volcanic ash layer (Minoan eruption) in the excavation area of Iasos (Turkey) 
 
Sample preparation 
The following procedure is applied to samples from archaeological excavations as well as 
those that have been collected from natural deposits to enlarge the chemical data base. Each 
pumice sample first undergoes a thorough cleaning procedure, optical microscopy and is 
homogenized by grinding in an agate mortar to grain sizes < 3µm. Volcanic ash (tephra) 
samples from drill cores require additional separation by standard petrological techniques, 
such as separations due to magnetic properties, grain morphology and gravity to finally obtain 
a pure tephra sample, which is checked by polarization microscopy. 
 
Analytical procedure 
Instrumental neutron activation analysis (INAA) is a perfectly suitable method for the 
determination of some bulk and trace element concentrations in a matrix with high silica 
content [14]. After preparation, about 150mg of each sample are sealed into SuprasilTM quartz 
glass vials. Neutron activation is performed in the central thimble of the TRIGA Mark-II 
reactor of the Atominstitute of the Austrian Universities in Vienna. The samples are exposed 
to a neutron flux density of 1013cm-2s-1, the irradiation time varies from 35 to 60 hours. A set 
of multielement standards, in particular CANMET reference soil SO1, NIST SRM 1633b 
Coal fly ash, light sandy soil BCR No. 142, and MC rhyolite GBW 07113 is irradiated 
together with the volcanic samples and used for quantification of the elements’ concentration. 
 
After a decay time of 3 days, a first γ-spectrum is measured to obtain the activities of the short 
and medium-lived activation products 24Na, 42K, 76As, 140La, 153Sm and 239Np (decay product 
after 238U(n,γ)239U). At least three weeks later a second measurement is started to detect the 
long-lived activation products 46Sc, 51Cr, 59Fe, 60Co, 65Zn, 86Rb, 95Zr, 124Sb, 131Ba, 134Cs, 
141Ce, 147Nd, 152Eu, 160Tb, 169Yb, 177Lu, 181Hf, 182Ta, and 233Pa (decay product after 
232Th(n,γ)233Th). These 25 elements are usually sufficient to form an elemental concentration 
pattern, that can be used as chemical fingerprint for natural volcanic rocks [14,18]. The 
measuring times are 1800s and 10000s, respectively. All samples are measured using an 
automatic sample changer with a fixed measurement position at a distance of 4cm beside the 
detector. The whole analysis is performed with a 151cm3 HPGe-detector (1,79keV resolution 
at the 1332keV 60Co peak; 50,1% relative efficiency), connected to a PC-based multi-channel 
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analyzer with digital filter and loss-free counting system [26]. In some cases short time 
activation using a pneumatic transfer system (General Atomic) is performed additionally to 
obtain the concentrations of Al, Ca, Ti, V, Mn, and Dy. Irradiation time is 2 minutes; the 
measurements are carried out after decay times of 6 minutes and several hours. For this short 
time activation PE-vials are used.  
 
Usually pumices can be assigned to their source volcano by the 25 element distribution 
pattern. In very tricky cases – the distinction of compositionally highly similar eruptions of 
one volcano – it was found to be helpful to plot the ratios of some elements. A typical 
example are the preminoan rhyolithic eruption cycles of Santorini. Figure 5 shows the ratios 
of the elements Eu, Ta, Th, Ba and Hf found in pumice produced by the Lower Pumice 
eruptions Bu1 and Bu2 (ca 200ky), the Middle Pumice Tuff Bm (ca 100ky), the Cape Riva 
Tuff (ca 21ky) and the Minoan eruption (ca 3,6ky).  
 

 
 

 
 

Fig. 5. Eu/Th vs. Ba/Ta-diagram and Eu/Ta vs. Th/Hf to demonstrate the determination of 
different eruption cycles of Santorini. 
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Results and conclusions 
The following volcanoes have been integrated to the chemical fingerprint data base: 
Santorini, Milos, Kos, Giali, Nisyros, Lipari, and several Cappadocian sources.  
 
From archaeological excavation sites 364 pumice samples have been analyzed during the last 
years and could be assigned to one of the Mediterranean volcanoes with only few exceptions. 
The excavation sites are located all around the eastern Mediterranean: Knossos, Tilos 
(Greece), Miletos (Turkey), Ebla (Syria), Maroni (Cyprus), Tel Nami, Tel Megadim, 
Megiddo, Ashkelon, Tel Lachish (Israel), Tel el Ajjul (Palestine), Tell el Herr, Tell el Hebwa, 
and Tell el Daba (Egypt). 
 
These results demonstrate that NAA consistently is a powerful and highly reliable method for 
chemical analyses. The TRIGA reactor is therefore an indispensable irradiation facility, 
providing a solid basis for substantial progress in physical as well as archaeo- and 
palaeontological research. 
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ABSTRACT 
 

Automatic Activation Analysis (AAA) is rendered possible by a unique neutron 
activation analysis facility for short-lived isomeric transitions based on a fast rabbit system 
with sample changer and sample separation, and an adaptive digital gamma spectrometer for 
very high counting rates of up to 106 c/s. The system is governed by a computer program 
performing irradiation control, neutron flux monitoring, and gamma spectrometry with real-
time correction of counting losses, spectra evaluation, nuclide identification and calculation 
of concentrations in a fully automatic flow of operations. As spectrometry is done by means 
of hundreds of sequentially measured pairs of concurrently recorded loss-corrected and non-
corrected spectra, concentrations are derived from an optimally weighted average of all 
individual occurrences in this sequence of spectra which also enables the separation of 
isomeric transitions with coinciding energies but different half-lives such as 116m2In (162.4 
keV, t1/2 = 2.2 s) and 77mSe (162.2 keV, t1/2 = 17.4 s). 

An expert system for AAA specifically designed for Triga reactors and thus avoiding 
the procedural obstacles of ordinary activation analysis could be extremely helpful to 
facilitate the introduction of neutron activation analysis (NAA) at research reactors in 
developing countries where appropriate specialists are not (yet) available. 

 
 
 

ACTIVATION ANALYSIS AT SMALL RESEARCH REACTORS 

 

Trace and main element analysis are essential in many fields of the sciences: in 
environmental investigations, in nutrition research, in searching for mineral deposits, to 
mention only a few. Small research reactors offer the opportunity of investigating these fields 
effectively. The sensitivity of determinations by NAA depends on the activity induced. This 
activity being proportional to neutron flux and sample weight, a lower flux can be 
compensated by irradiation of larger samples with the distinct advantage of much lower 
radiation damage and better sample representation. In contrast to other methods of trace 
element analysis a further important advantage is the simple sample manipulation which can 
be performed by untrained personnel. With larger samples the danger of sample 
contamination can be neglected. In 2001, 283 research facilities were available in 56 
countries around the world. Many of these research reactors, especially in developing 
countries, could be used for main- and trace-element analysis if a modern system for 
activation analysis were accessible.  

At present, however, most permanent in-core irradiation systems in these research 
reactors contain metallic parts - mainly aluminum - which are strongly activated. As the 
transfer of the samples should be fast to allow the measurement of short-lived radio-nuclides 
in the range of seconds to minutes, the rapid movement of the rabbits involves friction which 
transfers activity to the sample catcher. The contamination of the transport-rabbit by metallic 

mailto:westphal@ati.ac.at


parts is minimized if re-enforced graphite pipes or quartz- tubes are used for the in-core parts. 
A much less expensive solution is the automatic separation of the sample from the rabbit. 

 Without sample separation the rabbit system allows the transfer of samples of up to 
20g. Thus, low flux research reactors can attain sensitivities comparable to high-flux reactors 
where only a few 100 mg samples are routinely activated.  

 
 

THE FAST RABBIT SYSTEM 
 
 A simple but highly effective pneumatic transport system is made from an aluminum 
in-core part connected to inexpensive plastic tubing, not at last to avoid costly bending of 
aluminum tubes1. Pressure comes from an industrial compressed air generator or, if available, 
from a central compressed air supply. Transport time at a pressure of 5 bars is 150 to 300 ms 
depending on sample size. Argon exhaust is collected in plastic balloons wherefrom it is 
removed by the TRIGA reactor’s beam tube ventilation system.  

An automatic sample changer with sample from transport rabbit separation has been 
described already elsewhere2. The sample changer as well as the rabbit system may be 
controlled manually or by the computer.  

 

THE SPECTROMETRY SYSTEM 
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analyser is programmed in Assembler and C++ and thus does not waste more than 90% of 
computer power on a fancy graphical user interface but saves it all for uncompromising real-
time performance. Storing immediately into the multi-megabyte memory of a Pentium type 
PC it offers programmable rabbit control and enables the collection of up to 1000 pairs of 
simultaneously recorded loss-corrected and non-corrected spectra of 16 k channels each, in a 
true sequence without time gaps in  between, at throughput rates of up to 200 kc/s. Counting 
loss correction is performed either by Loss-Free Counting with Digital Dead-time Extension1 
or according to the recently developed method of Computed Pileup Correction4 which also 
makes possible the loss-corrected multi-scaling of the system´s input counting rate. Intended 
for FNAA (Fast Neutron Activation Analysis), the system renders possible peak to 
background optimisations and separations of lines with different half-lives.  

The activation analysis system is controlled by the automatic sequence of the programs 
PREPARE (sample, irradiation and measurement description), MEASURE (irradiation and 
measurement), and ANALYZE (spectra analysis, nuclide identification and calculation of 
elemental concentrations).  

Interactive control of the multi-channel analyser, a live spectrum display and a number 
of system test facilities are also provided, together with a suite of spectrum manipulation 
programs from the (file and spectrum) compatible ACCUSPEC/ASAP system including the 
spectrum analysis program PEAK, by Nuclear Data/Canberra.  

 
 

A SYSTEM FOR AUTOMATIC ACTIVATION ANALYSIS 

 

To facilitate the introduction of NAA at research reactors where appropriate specialists 
are not (yet) available, an automatic system avoiding some of the procedural obstacles of 
ordinary activation analysis2 could be extremely helpful. Such a system is based on 
irradiations at a stable and reproducible neutron flux as it is available for instance at TRIGA 
and SLOWPOKE reactors, and on measurements in a fixed and reproducible geometry.  

Neutron flux at the irradiation position is measured regularly at the beginning and at the 
end of an NAA session by the replicate analysis of a sample of Zirconium. 

A necessary prerequisite for NAA in a single fixed geometry is a spectrometry system 
with a wide dynamic range of counting rates. The Preloaded Digital Filter with Loss-Free 
Counting provides quantitative results up to input counting rates of 106 c/s and at counting 
losses of more than 99%3. 

Determined under these preconditions, a table of saturation activities per gram of all 
elements under investigation, together with their half-lives and line energies, is already 
sufficient for nuclide identification as well as the direct calculation of elemental 
concentrations, immediately after automatic peak search and net peak area analysis.  

Net peak area analysis is based on the evaluation of simultaneously measured loss-
corrected and non-corrected spectra, the net peak area being derived from the corrected 
spectrum and its relative error by propagation of errors from the relative error of the non-
corrected net peak area and the relative error of weighting factors in the actual peak region. 
The errors of weighting factors are derived from a channel by channel comparison of 
corrected to non-corrected peak region according to the variance of grouped data8. 

All that steps are performed on all sequentially measured spectra, producing 
concentrations for every element found at the same time in a corrected and the corresponding 



non-corrected spectrum. From these intermediate values an optimally weighted average for 
every element found is computed as the final result of analysis.  

Isomeric transitions with coinciding energies but different half-lives such as 116m2In 
(162.4 keV, t1/2 = 2.2 s) and 77mSe (162.2 keV, t1/2 = 17.4 s) are separated by an optimally 
weighted least-squares fit to the sequential spectral data5. 

This automatic approach for the analysis of measurements is called ANALYZE, and it 
is complemented by PREPARE, a program for the preparation of samples, and MEASURE, 
the performance of measurements. In PREPARE, command files and data file headers are 
prepared for a number of samples, later on to be fed to the automatic sample changer, 
recording sample name and weight, irradiation time and measurement times for all intended 
sequential spectra, and their spectral resolution. Further recorded are basic peak search 
sensitivity which by MEASURE is modified automatically for each spectrum according to 
the square root of its average counting loss correction factor, and basic FWHM resolution 
versus energy, for properly resolving multiplets, which by MEASURE is automatically 
adapted for each individual spectrum according to its counting losses (for the PLDF, a quasi-
linear increase of line-width with counting losses may be observed2). MEASURE, finally, 
controls the sample changer, performs the irradiation of each individual sample, and 
measures its pre-determined sequence of corrected and non-corrected spectra. ANALYZE 
may follow immediately in a batch sequence, to give essentially what may be called an 
Automatic Neutron Activation Analyzer. Alternatively, the data may be transferred for 
analysis to an off-line computer which frees the on-line machine for an uninterrupted 
sequence of measurements. 

 
 

REFERENCE MATERIALS2

 
As a test of system reproducibility in sample separation geometry, measurements 

were performed of  NBS 1570 Spinach (1.33 g), NBS 1572 Citrus Leaves (2.43 g), NBS Pine 
Needles (2.42 g), NBS 1547 Peach Leaves (0.62 g), and Bowens Kale (2.30g) [Y. Muramatsu 
and R. M. Parr, IAEA /RL/128/ Dec. 1985], at an activation time of 10 s each. The data for 
K, Cl, Mn, Mg, Ca, Sc, V, compare excellently with the consensus values for NIST 
biological Standard Reference Materials, compiled by I. Roelandts and E. S. Gladney, 
Fresenius J. Anal. Chem. 1998, pp. 360. Though some of the consensus data show a rather 
large scatter, the larger sample size makes for an excellent sample representation, so that the 
consensus values correspond nicely.  

 

CYCLIC ACTIVATION ANALYSIS 
 

 Although not obvious at the first glance, the rabbit system, in spite of sample separation, 
may be operated also in the cyclic mode of operation. As the shooting position is the 
measurement position at the same time, after measurement the sample may be shot back into 
the transport rabbit waiting in the sample separator, to travel together to another irradiation. 
By that means, conventional cyclic operation is possible as well as a mode where a short 
irradiation and measurement cycle, to emphasise short half-lives, is followed by a longer one, 
to cover the rest. 
 To demonstrate the repeatability of the over all system, a sample of Zirconium has been 
irradiated for 2 s, measured in 7 subsequent pairs of corrected (and non-corrected spectra for 
error determination) of 1 s each, and irradiated a second time, also for 2 s, to obtain the 
second set of 7 pairs of spectra of 1 s each (Table 1). 



 
Zr-1 Zr-2 

2314.00 KeV 2314.00 KeV 
net peak area  net peak area  
5763+/-3.2% 5749+/-3.2% 
5503+/-2.3% 5345+/-2.3% 
2334+/- 2.9% 2208+/-3.0% 
986+/-3.7% 1061+/-3.7% 
424+/-5.3% 170+/-5.1% 
192+/-7.7% 168+/-8.0% 
78+/-13.0% 82+/-1.6% 

  
 

Table 1 
 

The first spectra are measured during shoot out (.33s) and flight (.15s) of the sample. 
Consequently, their net peak areas are lower by approximately 50%. Please, observe the 
excellent reproducibility! 
 
 
 

FLUX MEASUREMENTS BY MEANS OF ZIRCONIUM 
 

 The replicate analysis of a sample of 38 mg of Zirconium via its short-lived 133 keV 
and 2319 keV transitions with a half-life of 0.809 s is a test of system repeatability and, by a 
comparison of analysis error (“MeanErr[%]”) to standard deviation, reveals potential 
influences of neutron flux variations.  
 

Time keV Conc.[g/g] ErrMean[%] MeanErr[%] StdDev[%] 
13:30 133 1,022 1,08 3,38 3,41 
13:30 2319 0,972 0,72 2,07 2,27 
14:30 133 1,036 1,68 4,61 4,74 
14:30 2319 0,973 0,64 2,22 1,82 

 
Table 2 

 
Table 2 compares two replicate analyses of ten shots each (10 s irradiation, 10 sequential 
measurements of 1 s each) of the same sample, separated in time by a period of one hour. 
With standard deviations of 2.3 % (3.4%) and 1.8 % (4.7%) at analysis errors of 2.1 % 
(3.4%) and 2.2 % (4.6%) at 2319 keV (133 keV) they leave virtually no room for short time 
neutron flux variations which is good news as control rod movements obviously don’t play a 
role at this irradiation position. The difference between the averages of the two replicate 
analyses is 0.125 % at the background-free 2319 keV line (1.37% at the less favorable 133 
keV line), indicating excellent neutron flux stability. Replicate analyses of the 2319 keV 
Zirconium are performed therefore and documented routinely at the beginning and at the end 
of each measuring day, both as a functional control of the whole system and as a monitoring 
of neutron flux at the irradiation position. 



 
SEPARATION OF COINCIDING ENERGIES 

 
Isomeric transitions with coinciding energies but different half-lives such as 116m2In 

(162.4 keV, t1/2 = 2.2 s) and 77mSe (162.2 keV, t1/2 = 17.4 s) are separated by an optimally 
weighted least-squares fit to their sequential spectral data5. Fig. 1 shows a compound peak of 
a sample (prepared by micro-pipette) of nominally  5µg of Indium and 20 µg of Selenium (10 
s irradiation time, first spectrum, 2 s measurement time) which can be separated no longer by 
multiplet resolving techniques. In Fig. 2 the optimally weighted least-squares fit to the 
sequential compound peak areas is demonstrated, together with the now separated 
components, namely 5.3 µg +/- 0.6% of Indium and 19 µg +/- 0.8% of Selenium. Reasonable 
limits of the procedure seem to be approached at 0.2 µg +/- 8% of Indium in the presence of 
50 µg of Selenium, and 1 µg +/- 49% of Selenium in the presence of 20 µg of indium.    

 
 

VERIFICATION OF LOSS-FREE COUNTING6, 7, 8, 9

 
Replicate analyses of a reference sample of 137Cs under the influence of high counting 

rates from a sample of rapidly decaying 90mZr (τ1/2 = 809 ms) are a means to confirm the LFC 
error model, namely  

(dM/M)2 = (dN/N)2 + (1/N)(dW/W)2

Where M are the channel contents in the corrected spectrum, N the channel contents in the 
non-corrected spectrum and W =  M/N the LFC weighting factors. The standard deviation of 
the replicates should be less than or equal to the counting error given by LFC. At the same 
time, the net peak areas of the reference sample should remain constant over the whole range 
of the rapidly varying input counting rate, to indicate quantitative correction of counting 
losses.  

 
Fig. 3 shows the net peak areas, measurements of 1 s each, of 137Cs versus time 

together with the loss-corrected input counting rate, indicating proper counting loss 
correction.  

 
Again, Fig. 4 shows the loss-corrected input counting rate and compares the 

experimental error (the standard deviations of the replicated net peak areas of 137Cs) to the 
counting error as given by LFC. As the experimental error never exceeds the counting error, 
the error model of LFC may be assumed as valid.  

  
 

 
CONCLUSION 

 
 A low-cost but powerful neutron activation analysis facility for small research reactors 
has been described which due to  its operational simplicity may be called  a Neutron 
Activation Analyser. It is excellently suited to be a beginner’s AA system as it makes possible 
immediate analyses without going into details with spectrum evaluation, nuclide 
identification and the calculation of elemental concentrations. On the other hand, quite 
sophisticated research is possible: Short-lived nuclides are facilitated by a fast rabbit and a 
high-rate spectrometry system with real-time correction of counting losses. Sample-rabbit 
separation and above average sample sizes make for good sensitivity even at lower fluxes. 
And, finally: A completely programmable system with an ultra-fast processor and the 



capability of storing virtually unlimited numbers of sequential files is, in the hands of the 
more experienced user, a powerful tool for performing novel experiments.  

Neutron flux monitoring and the separation of isomeric transitions with coinciding 
energies but different half-lives were the last building blocks to complete the concept of 
Automatic Activation Analysis. Although not absolutely mandatory at TRIGA type reactors 
with their stable flux, it could be shown that replicate analyses of a short-lived reference 
sample may detect very small flux variations.  

The separation of isomeric transitions with coinciding energies but different half-lives 
such as 116m2In (162.4 keV, t1/2 = 2.2 s) and 77mSe (162.2 keV, t1/2 = 17.4 s) is now part of the 
automatic activation analysis package and is rendered possible by an optimally weighted 
least-squares fit to the sequential spectral data, with an accuracy limited only by counting 
statistics.  

Replicate analyses of a reference sample of 137Cs at rapidly varying counting rates 
from a strong sample of short-lived 90mZr demonstrate quantitative counting loss correction as 
well as standard deviations of the replicates which are equal to or lower than the counting 
errors given by Loss-Free Counting. 
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Abstract. The FiR 1 –reactor, a 250 kW Triga reactor, has been in operation since 1962. The main purpose for 
the existence of the reactor is now the Boron Neutron Capture Therapy (BNCT), but FiR 1 has also an important 
national role in providing local enterprises and research institutions in the fields of industrial measurements, 
pharmaceuticals, electronics etc. with isotope production and activation analysis services. In the 1990’s a BNCT 
treatment facility was build at the FiR 1 reactor located at Technical Research Centre of Finland. A special new 
neutron moderator material Fluental™(Al+AlF3+Li) developed at VTT ensures the superior quality of the 
neutron beam. Also the treatment environment is of world top quality after a major renovation of the whole 
reactor building in 1997. Recently the lithiated polyethylene neutron shielding of the beam aperture was modi-
fied to ease the positioning of the patient close to the beam aperture. Increasing the reactor power to 500 kW 
would allow positioning of the patient further away from the beam aperture. Possibilities to accomplish a safety 
analysis for this is currently under considerations. Over thirty patients have been treated at FiR 1 since May 
1999, when the license for patient treatment was granted to the responsible BNCT treatment organization, 
Boneca Corporation. Currently three clinical trial protocols for tumours in the brain as well as in the head and 
neck region are recruiting patients. 

1. INTRODUCTION 
A multidiciplinary research project to carry out clinical application of boron neutron capture 
therapy (BNCT) was established in Finland in the early 1990's [1,2]. It was motivated both by 
the need to create new applications for the Finnish research reactor FiR 1 and by the ideas to 
start research and production of new boron carriers for BNCT in Finland. The basic design 
performed by VTT showed that an epithermal neutron beam suitable for BNCT of glioma 
could be constructed, and even with world top performance characteristics [3] despite its low 
250 kW power. The other epithermal neutron beams for BNCT had been created on rather 
high power research reactors: the 3 MW BMRR at BNL (USA), the 5 MW MITR-II at MIT 
(USA) and the 45 MW HFR at JRC Petten (NL). In Japan multimode BNCT beams, which 
include also epithermal modes, have been created at the KURRI (5 MW) and JRR-4 (3.5 
MW) research reactors. Recently epithermal neutron beams for clinical use have been 
established also in Studsvik, Sweden at the 1 MW R2-0 reactor and at the 500 kW RA-6 
reactor in Bariloche, Argentina. 
The FiR 1 reactor is located within the about one million inhabitant Helsinki metropolitan 
area at Otaniemi, Espoo, about 6 kilometers from the largest hospital of Finland, the Helsinki 
University Central Hospital. The reactor was taken in operation in 1962. It functioned as a 
training and research reactor for neutron activation analysis, isotope production, and neutron 
physics until the mid 1990's. In 1996 an epithermal neutron beam was constructed based on a 
new neutron moderator material Fluental™ (Al+AlF3+Li) developed and manufactured at 
VTT [1,4]. After successful demonstration of a high purity epithermal beam, the patient 
irradiation room was constructed by cutting partly into the original concrete shielding of the 
reactor (FIG.1). The Fluental™ moderator was shortened to create at that time the highest 
intensity and best purity epithermal neutron beam for BNCT. The whole reactor building was 
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renovated creating a dedicated clinical BNCT facility at the reactor site [4]. Since May 1999 
over 30 patients have been treated with BNCT at FiR 1. 
The main purpose for the existence of the reactor is now BNCT. The BNCT work dominates 
the current utilization of the reactor: three or four days per week are reserved for BNCT 
purposes and the rest for other purposes such as isotope production and neutron activation 
analysis. 

 
FIG. 1. BNCT Facility at the FiR 1 –reactor. 

2. FiR 1 RESEARH REACTOR 
The Finnish Research Reactor 1 (FiR 1) operated by the Technical Research Centre of 
Finland (VTT) is a 250 kW TRIGA II open pool reactor with a graphite reflector and a core 
loading of 15 kg U containing 3 kg 235U (20% enrichment) in the special TRIGA uranium-zir-
conium hydride fuel (8-12 w% U, 91% Zr, 1% H). The advantages of the TRIGA design for 
BNCT include large flux-per-Watt feature and inherent safety of the TRIGA fuel. Due to the 
strong and fast negative temperature coefficient of the reactivity of the TRIGA fuel and easy 
operation of this type of a relatively low power reactor FiR 1 is a safe neutron source for a 
clinical BNCT facility. The reactor has a good safety and availability record from 42 years. 

3. THE BNCT FACILITY 
The old training and research reactor facility has undergone major changes in becoming a 
BNCT clinic. The clinical facilities for BNCT are located on the ground floor of the reactor 
building with easy access from the driveway through the new BNCT facility entrance. There 
are the patient preparation and treatment simulation room, the irradiation room, the BNCT 
monitoring room, the boron analysis laboratory and room for physical dosimetry equipment 
and laboratory work. 



I. Auterinen and S.E.J. Salmenhaara 

  125 

Patient positioning on the treatment coach relative to the neutron beam aperture is performed 
in the treatment simulation room using a beam aperture simulator. Then the coach with the 
patient is rolled into the irradiation room into the same position relative to the beam aperture. 
A crosshair laser system provides an identical coordinate system for patient positioning both 
in the simulation room and in the irradiation room. 

3.1. The epithermal neutron beam 
The epithermal neutron field is produced by replacing the original thermal column graphite in 
the thermal column cavity starting from the very bottom with the patented Fluental™ neutron 
moderator (FIG. 2) [9-11]. The thermal neutron load from the graphite reflector of the reactor 
core is removed with a boral plate. By placing the wide moderator closer to the reactor core 
more neutrons are caught into it. These neutrons have a wide energy spectrum that is then 
compacted to the epithermal range due to collisions and capture reactions in the moderator. 
The bismuth shield passes through neutrons but attenuates efficiently the gammas originating 
from the reactor core and neutron activated structures. A conical beam collimator enables to 
use the epithermal field for human irradiations. The diameter of the beam exit aperture can be 
selected from 20 cm down to 8 cm in steps of 3 cm by the number of aperture collars in place. 
The FiR 1 neutron beam is well characterised and particularly well suited for BNCT because 
of its low hydrogen-recoil and incident gamma doses, and its high intensity and penetrating 
neutron spectrum characteristics [5-8]. The measured thermal (< 0.5 eV), epithermal (0.5 eV-
10 keV), and fast neutron (>10 keV) fluxes at the exit plane of the 140 mm diameter 
collimator at 250 kW power, are 8.1×107 n/cm2s, 1.1×109 n/cm2s, and 3.4×107 n/cm2s, 
respectively.. The undesired fast neutron dose is 2×10-13 Gy/epithermal n/cm2 and the gamma 
contamination 0.5×10-13 Gy/epithermal n/cm2. 
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FIG. 2. The epithermal neutron irradiation facility in its current configuration with a 63 cm thick 
FLUENTAL™ moderator. In patient treatments normally 14 and 11 cm diameter beams are used. 

3.2. The irradiation room 
Several cubic meters of the concrete biological shield had to be cut away in order to allow 
positioning of the patient at the beam aperture in proper bodily orientation. Limiting factor in 
the removal was the stability of the original biological shield. Structural strength analysis per-
formed by Olli Majamäki (IVO Power Engineering Ltd) showed that the thermal column 
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could be widened only so far that a suspending arch is still formed over the irradiation posi-
tion. Therefore the cutting was limited to halfway of the side faces. 
A heavy concrete shielded therapy room was built around the irradiation position (FIG. 1) 
[13]. By casting heavy concrete into steel tubes good structural strength was combined with 
high density (4.35 g/cm3). No load was allowed to put on the biological shield of the reactor 
so large beam lengths were used. The achieved high density ensured that with the 80 cm wall 
and roof thickness the dose rate levels outside are actually lower than outside the original 
biological shield. The neutron field in the irradiation room is depressed by a factor of 200 by 
lining the inner walls and the ceiling with in house made 30 mm thick lithium plastic ele-
ments. The floor is made of steel plate box elements filled with the same lithium plastic mix-
ture. Lithium was selected as the neutron absorbing isotope throughout the beam collimator 
and irradiation room to enable background free boron prompt gamma monitoring in the 
future. The complications created by the tritium production from the lithium have been 
manageable and no tritium contamination of the personnel has been detected.  

3.3. Improving patient positioning with recesses for shoulders 
To reach more efficient patient positioning, shoulder recesses were constructed in year 2003 
around the beam aperture so that the patient’s shoulders are fitted to recesses when 
positioning is performed to a lateral field and the patient is in supine position [14]. The 
lithiated plastic parts where the shoulder recesses were constructed were contaminated by 
tritium induced by the 6Li(n,α)3H reaction. Therefore the beam aperture collar supports which 
could be easily detached were remade of virgin material. The basic shielding layers behind the 
collar supports (see FIG 2.) had to be machined in situ. At the surface of these parts up to 
8 Bq/cm2 of tritium was measured. An underpressurized glove box was constructed and 
machine tools with local exhaust were used to confine the sawdust. The tritium contamination 
of the irradiation room and the personnel was controlled with measurements and no 
contamination was observed.  

3.4. Easy operation for patient irradiations 
During the irradiation the reactor is operated at full 250 kW thermal power. The reactor power 
is maintained at the specified level by the reactor automation, but the initial starting procedure 
has to be done manually by the reactor operator. The length of the irradiation is controlled 
based on the beam monitor units given by the beam monitor system [15,16]. When the speci-
fied amount of beam monitor units is reached a manual reactor scram is initiated by the 
BNCT operator. A rather rapid operation is achieved without beam shutter. Start-up after 
closing the irradiation room door takes 3 minutes. The patient can be removed latest 5 
minutes after reactor scram without uncomfortable doses to personnel.  

The medical team together with the reactor personnel has been trained for incidences and 
emergency situations with the reactor. Emphasis has been on the communication between the 
reactor staff and the BNCT-facility personnel. If the situation allows the shift supervisor of 
the reactor will consult the persons responsible for the patient irradiation, the radiation 
oncologist and the medical physicist, before he makes decisions about shutting down the 
reactor or evacuation of the reactor building in case of emergency. 

3.5. Possibilities to increase the reactor power 
To improve the capabilities of the facility, the option to increase the penetration of the 
epithermal neutron field using a spectrum hardening filter has been studied. Calculations 
using a 5 mm thick 6Li-filter at the beam exit show that the power of the reactor should be 
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increased by a factor of two, at least, to maintain the current irradiation times [17]. Also 
irradiations, where the patient has to be positioned at a distance, like 5 to 10 cm, from the 
beam aperture, would benefit from a higher reactor power.  

When FiR 1 started operation in 1962 its licensed power was 100 kW. In 1967 the power was 
increased to 250 kW but already then part of the required modifications were designed for 
1000 kW. In the 1996-97 renovation the cooling system was rated for 400 kW with most of 
the parts capable for even higher power. The large heat capacity of the reactor tank allows for 
limited periods, like duration of a patient irradiation, operation at a higher power than is the 
capacity of the cooling system.  

The feasibility of a power increase has been studied considering both reactor technical (like 
fuel safety and economy, core reactivity and control, cooling system) and radiation safety 
issues (both during normal operation and in exceptional cases) together with the requirements 
of the licensing authorities. An essential economic factor is the capability to still use the old 
aluminium clad fuel elements left in the current loading (48 of the total 79 fuel elements). The 
key issue in licensing is the safety of the aluminium clad fuel. Using steel clad elements in the 
regions with highest power, like already in the current core configuration, the safety margin 
for the use of the aluminium clad elements can be increased. General Atomics (USA), the 
manufacturer of the reactor, has experiences in using the aluminium clad fuel at power levels 
of 500 kW to 1000 kW [18]. From the licensing point of view it is clear that a thorough safety 
analysis for the aluminium clad fuel elements is required. Current control rods will be 
sufficient for safe and reliable power control of the reactor also at elevated power levels. 

Especially the temperature of the fuel meat is of concern due to the lower phase transition 
temperature (537-550 ºC) of the uranium-zirconium hydride used in the aluminium clad 
elements. A MCNP1-model has been developed at VTT to calculate the power of individual 
fuel elements. According to this model at 500 kW reactor power by replacing four of the 
aluminium clad elements with steel clad elements the power of the remaining individual 
aluminium clad elements will stay lower than the maximum power in a standard 250 kW core 
configuration (5.6 kW). Further thermal hydraulic and fuel rod thermal analysis is required. A 
model to predict the fuel temperature is required and it should be verified in a power 
increasing experiment. 

4. LICENSING  
The Radiation and Nuclear Safety Authority (STUK) gave in May 1999 to the BNCT facility 
at FiR 1 the licence to perform BNCT radiotherapy complying with experimental protocols 
accepted by the ethical committees. The licence required also an inspection and approval by 
the municipal health care authorities as well as an approval by the regional governmental 
medical authority.  
The operating license of the reactor was renewed beginning of 2000. The reactor is now 
explicitly licensed also to be used also as part of a BNCT treatment facility. The reactor 
personnel has now the right to judge the benefits of a completed patient irradiation by for 
example continuing the running of the reactor even in a emergency situation like fuel element 
leakage against risks in radiation and reactor safety. The operating license is by the Technical 
Research Centre of Finland (VTT), an independent government research organisation under 
the ministry for trade and industry. The management organisation of the reactor can be seen in 
FIG. 3. A special management position, the BNCT Manager, was set up for managing the 
BNCT facility.  
                                                   

1 MCNP—A General Monte Carlo N-Particle Transport Code, Los Alamos National Laboratory, USA. 
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The radio therapy license is hold by Boneca Corporation. Boneca Corporation is a firm owned 
by the Clinical Research Institute at Helsinki University Central Hospital, VTT and Sitra, the 
Finnish National Fund for Research and Development. The management organisation for the 
radiotherapy license is shown also in FIG. 3.  
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FIG. 3. The management organisation for the radiotherapy license. 

As can be seen the two organisations overlap and are partly included in each others licensing 
documents. VTT is responsible for the maintenance, operation and safety of the reactor and 
for the radiation safety of the BNCT irradiation facility. Boneca Corporation is responsible for 
the patient irradiations, especially for the dose the patients are receiving, e.g. dosimetry, 
treatment planning, boron determination and patient positioning into the neutron field. 

5. CLINICAL TRIALS 
Three clinical trials are currently underway at the FiR 1 BNCT-facility [19,20]. Since May 
1999 over 20 patients with glioblastoma, an until now uncurable brain tumour, have been 
treated with BNCT using boronophenylalanine (BPA) as the boron carrier compound within a 
context of a prospective clinical trial (protocol P-01). BPA-fructose is given at the BNCT-
facility as 2-hour infusion prior to neutron beam irradiation. Blood samples are analyzed for 
blood boron concentration using inductively coupled plasma-atomic emission spectrometry 
(ICP-AES) in a dedicated analytical laboratory at the reactor. The irradiation is given in one 
or two fractions from two fields. The irradiation procedure typically lasts for about one hour. 
In another trial (protocol P-03) already some patients with recurring or progressing glioblas-
toma following surgery and conventional cranial radiotherapy have been treated with BPA-
based BNCT. Recently also a trial for adult patients with histologically confirmed recurrent 
inoperable head and neck carcinoma after standard external beam radiotherapy has been 
started (HN-BPA-01-2003 trial).  

The conclusion has been that BPA-based BNCT has been relatively well tolerated both in 
previously irradiated and unirradiated patients. Efficacy comparisons with conventional pho-
ton radiation are difficult to perform due to patient selection and confounding factors such as 
other treatments given, but the general results support continuation of clinical research on 
BPA-based BNCT [19]. With the head and neck carcinomas very promising results have been 
obtained [21]. 
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6. PRODUCTION OF ISOTOPES AND OTHER IRRADIATION SERVICES 
Although BNCT dominates the current utilization of the reactor, one or two days per week are 
used for other purposes such as isotope production and neutron activation analysis. The main 
routinely produced isotope is Br-82, either in the form of KBr or ethylene bromide. They are 
used by customers for flow measurements in industry. Typical produced activity per irradia-
tion capsule is around 40 GBq. Also other isotopes used in measurements in industry are pro-
duced. The volume of neutron activation analysis is dramatically smaller than in the 70’s and 
80’s when the reactor was operated close to daily only for activation analysis [22]. Occasion-
ally special isotopes or other irradiation services are produced for customers’ R&D projects. 

7. CONCLUSIONS 
Over thirty patients have been treated at FiR 1 since May 1999, when the license for patient 
treatment was granted to the Boneca Corporation. VTT as the reactor operator has a long term 
contract with the Boneca Corp. to provide the facility and irradiation services for the patient 
treatments. The BNCT facility has been licensed for clinical use and is being surveyed by 
several national public health authorities including the Radiation and Nuclear Safety 
Authority. The treatments are given in collaboration with the Helsinki University Central 
Hospital, located only about 6 kilometers from the reactor. 

FiR 1 has also an important national role in providing local enterprises and research institu-
tions in the fields of industrial measurements, pharmaceuticals, electronics etc. with isotope 
production and activation analysis services. The reactor is considered at VTT as a self suppor-
tive service unit without basic funding from VTT or other government sources. The funding is 
based on the sales and contracts with the customers.  
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SUMMARY 
 

This work presents a preparation of the radiolabeled cis-dichlorodiammineplatinum (II), CDDP, at 
TRIGA MARK I IPR R-1 research reactor and the results of its biodistribution in mice. This radiolabeled 
molecule, CDDP*,  was obtained by direct irradiation at 100 kW, under an average thermal flux of 6.4 x1011 
neutrons.cm-2.s-1 producing a compound with very high chemical purity. Preliminary results of the material 
irradiated bare and Cd-covered suggest that high specific activity with the necessary chemical and radiochemical 
purity can be obtained. The measured activity  of CDDP* in mice organs in a well- type detector showed 
satisfactory results for biological experiments. 
 
 Keywords:  radiolabeled cis-platinum, biodistribution, TRIGA research reactor  
 
 
INTRODUCTION 
 

 
The starting up of the TRIGA MARK I IPR-RI research reactor in 1960 marked the 

beginning of the activities of the Nuclear Technology Development Center (CDTN) 
sponsored by the National Commission of Nuclear Energy, (CNEN)[1]. Since then, the reactor 
has been used mainly for neutron activation analysis and training of the reactor operators. In 
the seventies, the reactor played an important role during uranium prospecting, applying the 
delayed neutron fission analytical method. At that time this method was used to analyse all 
Brazilian mineral samples. Nowadays it is mostly used for medical and environmental 
assessment, determining several elements in a large range of concentration in several 
matrixes. Conventional and the k0

 methods of neutron activation technique are responsible for 
80% of the analytical activity carried out at CDTN[2,3]. 

Due to the increase of researches involving new drugs or new formulation of the 
existent ones, there has been a local demand for research and development of some 
radiolabeled compounds such as CDDP* which is necessary for pharmacokinetics studies in 
vivo.  

CDDP is an effective chemotherapeutic largely used to treat systemic tumours in several 
organs: testicles, ovary, head, neck, bladder[4,5]. However, its side effects are serious 
principally the nephrotoxicity. Besides, the cancer treatment employing the cisplatin can  lead 
up to the appearance of  clinical resistance. Furthermore, some drugs show the chemical 
incompatibility with the cisplatin becoming impossible the use of some medical 
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associations[6-11]. Investigation of new formulations containing CDDP to minimise or 
eliminate these effects is extremely relevant.  

In the last few years there have been many studies that show the development of similar 
compounds of platinum or the use of drug delivery systems in order to obtain higher 
concentration in the tumour region [12-15].  

The development of new formulation for possible clinical use requires many stages of 
assessment such as  biodistribution, pharmacokinetics and toxicity studies. The evaluation of 
of in vivo biodistribution using CDDP* has many advantages compared with others available 
analytical methods, such as, spectrophotometry of atomic absorption which requires laborious 
sample treatment, and consequently, longer time for the analysis. Furthermore, CDDP* may 
allows,  in the future, to investigate  its potential clinical use and of other platinum 
compounds in postoperative treatment using gamma imaging systems already. Platinum 
radionuclide of longer half-life, 195mPt, (4.02d), produced by 194Pt(n, γ)195mPt reaction, emits 
photons of (99.0 and 129.0) keV close to 99mTc, 140.0 keV. This study describes the 
preparation of CDDP*, its chemical and radiochemical purity and its in vivo biodistribution.  

CDDP* can be obtained through direct irradiation or through the activation of the 
precursor species, K2PtCl4, or the metallic platinum itself followed by its synthesis[16-18].  

Hoeschele et al. obtained the CDDP* with high radiochemical purity and specific 
activity, up to 48.1MBq.mg-1, synthesised from 195mPt. This radionuclide was obtained by the 
activation of 194Pt of high isotopic purity, 97%[16]. This strategy was also used by Kawai et al.  
showing an increase of around 30 times of the final specific activity if compared to the 
synthesis with the natural platinum synthesis[16].  

Skyes et al. demonstrated that CDDP* with higher specific activity can be obtained 
indirectly through the irradiation of the precursor, K2PtCl4, but the direct irradiation has  more 
practical advantages. Irradiation time was 2 hours under a flux of thermal neutrons of 5x1011 
n.cm-2s-1 reaching a specific activity lower than 38.1 kBq.mg-1[18].  

The procedures for the indirect preparation  of CDDP* are alternatives to get the 
highest possible specific activities as well as chemical and radiochemical purity. However the 
isotopic enrichment is highly costly and the stages of synthesis with radioactive material are 
very complex[16]. Therefore, the direct irradiation is undoubtedly the most simple procedure in 
spite of its limitations related to maximum specific activity, chemical and radiochemical 
purity to be reached.  It occurs due to the breaking of  Pt -NH3 and Pt -CI bonds, by the recoil 
of the excited nuclei of Pt and Cl, - the Szillard-Chalmers effect - and by the collision with 
high energy neutrons[18-20].   

Thus,  the preparation of CDDP* showing an high specific activity, good chemical and 
radiochemical purity  by the direct irradiation process is important in order to optimise the in 
vivo biodistribution studies, avoiding eventual corrections of decay time in the activity for 
each sample and also allowing the assessment of its potential clinical use with gamma 
imaging systems. 

 
 

MATERIAL AND METHODS  
 
Irradiation and Gamma Spectrometry 
 

CDDP samples were irradiated in the under the flux of average thermal neutrons of 6.4 
x 1011 n.cm-2.s-1 at 100 kW for 2, 3, 4, 6 and 8hours. After 4hours of irradiation the sample 
turned from yellow, its original colour, to grey, the colour of elemental platinum, confirming 
the molecule degradation,  as already expected[18]. As some platinum isotopes have high 
integrals of resonance related to the thermal cross sections[21],  (Table 1),  the CDDP samples 
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covered by a Cd capsule of 1mm thickness were irradiated in order to obtain an higher 
specific activity with acceptable chemical and radiochemical purity. Gamma spectrometry 
was applied in a HPGe detector with 15% nominal efficiency and 1.85 keV FWHM for 1332 
keV peak of 60Co GENIE 2000, CANBERRA software was used for data preparation and 
spectrum analysis. 

 
Determination of chemical and radiochemical purity 
 

Determination of chemical purity was obtained using the high performance liquid 
chromatography. Radiochemical purity determination was performed by the in silica gel thin 
layer chromatography [22].  
 
Radiation counting in mice 
 

Mice were used to evaluate the biodistribution of CDDP* after its administration  The 
CDDP* samples were irradiated during different times: 2hours (bare sample) and 3, 4, 6 and 
8hours (Cd-covered samples). The liver and the spleen were collected and submitted to the 
gamma spectrometry using the well-type NaI detector, of  20% efficiency. The measurement 
time was of  2 min. 
 
 
RESULTS AND DISCUSSION 
 
 

The main radionuclides produced are platinum isotopes and 37Cl activation. These 
isotopes, the half-life times, the thermal cross sections (σth), the resonance integrals (RI) and 
the gamma energy are indicated in the Table 1.  

 
 
Table 1. Main radionuclides produced by CDDP irradiation and nuclear data. Adapted from ref. [19] 
 

Stable 
Nuclide 

Natural 
abundance  

(%) 

Nuclide 
Produced 

σth 
(barns) 

RI 
(barns) 

Half-life γ energy in keV ,  (abundance %) 

190Pt 0.01 191Pt 150 67.0 2.96d 359.93 (6), 409.48 (8), 538.9 (13.7) 

192Pt 0.79 193mPt 2.2 -- 4.33d ----- 

194Pt 32.9 195mPt 0,09 -- 4.02d 30.8 (2.3), 98.8(11.4), 129.7 (2.8) 

196Pt 25.3 197Pt 0,74 8.0 18.3h 279.11(2.3), 191.36( 3.7) 

198Pt 7.2 199Pt 3.58 60.9 30.8m 317.06 (4.87), 493.74 (5.7), 542.9 (14.8) 

37Cl 24,2 38Cl 0.423 0.29 37.24m 1642.69(31.0), 2167.68(42.0) 

 
 
In the Figure 1, it is showed the gamma spectra of bare samples and Cd-covered 

samples irradiated for 2hours, after the decay time of  30 min.. It can be observed that the 
spectra are similar up to 300keV, but above this limit, photopeaks of  191Pt of 359.6 keV, 
409.4 keV and 538.9 keV  were detected in the bare sample but not  in the spectrum of the  
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Figure1. CDDP* spectra of 2hours of irradiation : upper: bare sample; lower, Cd-covered sample. 
 

sample irradiated with cadmium. This result could be expected  according to the values of 
(σth) and RI  of 191Pt shown in the Table 1. 

The specific activity was of 11.5 kBq.mg-1 for the bare sample irradiated during 2hours 
and approximately 30 kBq.mg-1 for the Cd-covered sample during 8hours.  
 
Determination of chemical and radiochemical purity 
 

The results of CDDP* chemical purity (%p/p) obtained were of 98.0 ± 0.8% and 99.0 ± 
0.8%, respectively, for the bare and covered samples irradiated for 2h and of 65 ± 2% and 90 
± 2% for an irradiation time of 4h. Approximate results for the Cd-covered samples irradiated 
for 6 and 8hours were 95.0 ± 5% and 91.0 ± 5%, respectively. Slight variations in these 
results are observed according to irradiation conditions that can cause slight variations in the 
average flux in the sample at the same time[20,23].   

Preliminary results for the radiochemical purity obtained through the thin layer 
chromatography suggest that the samples irradiated for 2hours have a satisfactory level of 
purity. The Rf  values of 0.64 an 0.69 obtained for the bare and the Cd covered samples are 
very close to CDDP pattern (Rf = 0,69), which are in agreement with the literature[18]. The 
radiochemical purity in the covered samples irradiated for 6 and 8hours are being carried out 
in our laboratory. 
 
Radiation counting in mice 
  

The results of detection of radiation of CDDP*  in the spleen and the liver are shown 
in the Figures 2 and 3. The irradiation time of 8hours allowed to a great level of detection.  

Figure 2. Gamma counting of CDDP*  in the spleen samples. 
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   Figure 3. Gamma counting of CDDP*  in the liver samples. 
 

 
CONCLUSIONS 
 
 

CDDP* biodistribution assessment in mice organs indicate that the specific activity  
obtained with the bare sample irradiated for 2hours is already enough but not so good to carry 
out the experiment. Irradiation for a time longer than 2hours of the bare sample showed that 
most part of the sample is degraded, which was confirmed by HLPC results. Preliminary 
results of CDDP irradiation under cadmium cover suggest that it is possible to obtain higher 
specific activity with and chemical purity allowing better efficiency of detection during 
biodisponibility  experiments. 

The present research is at its early stage and additional reproducibility analysis are 
being performed. Other methods of molecular degradation assessment under different 
irradiation conditions are being investigated. 

CDDP* preliminary results obtained through irradiation in the TRIGA reactor 
operating at 100kW open new and promising prospects to enhance the use of the reactor for 
research and development of new drugs or new formulation of those existent ones. Optimistic 
prospects for radiolabeled drugs production open new possibilities for its use in biological 
research at CDTN/CNEN and partners confirming the importance of nuclear area as an 
indispensable research tool . 
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Abstract. The BNCT shall be applied for an explantated organ with metastases at the TRIGA 
reactor Mainz, Germany. After the treatment of the patient with 10B pharmaceutical the liver 
will be explanted, irradiated in the thermal column and then implantated again (auto-
transplantation). This was first successfully done in 12/2001 for a 48 years old male patient at 
the TRIGA reactor in Pavia. 
For a treatment with BNCT it is necessary to determine the total dose and partial radiation 
doses like the boron and gamma dose. Since several parts of the dose can not be measured, 
calculations are necessary. For this procedure the program Simulation Environment for 
Radiotherapy Applications (SERA) developed by INEEL, Idaho, U.S., can be applied, which 
allows an individual dosimetry for the patient. 
The SERA program consists of a manual and semi-automated geometric modeling of the 
treatment objects like the liver derived from MRI, CT or other medical imaging modalities. 
The dose for these geometric models is calculated with the INEEL radiation transport 
computer code and the dose contouring is also derived. 
The SERA program was adapted at MHH to calculate the radiation dose in the case of liver 
autotransplantation. Also, the technical characteristics and the physical environment of the 
thermal column were programmed for SERA. For the first reactor model the core of the MHH 
TRIGA reactor and the thermal column of the Mainz TRIGA reactor were used. The thermal 
column was modulated with layers of bismuth and lead to minimise the gamma dose. 
 
 
1. Introduction 
 
The BNCT is based of the big cross section for capture of thermal neutrons by the isotope B-
10. During the interaction of B-10 with thermal neutrons B-11 arises and this decays into an 
alpha particle, a Li-7 particle and a gamma irradiation of 0.49 MeV. By this reaction an 
energy of 2.5 MeV is produced. Alpha and Li particles have a big linear energy transfer of 
150 keV/µm and 175 keV/µm. So a short distance results with about 4.5 to 10 µm in the 
tissue. These distances are in the magnitude of the cell diameter. By accumulation of the 
boron in the tumor tissue the radiation particles destroy the tumor. So the BNCT is qualified 
for a selective tumor therapy [1]. 
 
Today the BNCT is applied at several research reactors in the world for the treatment of 
glioblastoma and melanoma. Therefore, the patient is directly irradiated with thermal neutrons 
from the reactor. This method has the disadvantages of long irradiation times and relative high 
doses also for the healthy tissue and organs. To avoid these disadvantages the BNCT is 
applied for an explantated liver at the research reactor in Pavia, Italy. The patient is treated 
with B-10 pharmaceutical. Then the liver with metastases is explantated, irradiated with 



 138 

thermal neutrons and implanted again (autotransplantation). This was first successfully done 
in 12/2001 for a 48 years old male patient [2-4]. 
 
For a treatment with BNCT it is necessary to determine the radiation doses. Because the dose 
consists of several parts, which can only partly be measured, it is essential to calculate the 
dose and the treatment planning. For this procedure the program SERA developed by INEEL, 
Idaho, U.S., can be used [5,6,7].  
The SERA program consists of a manual and semi-automated geometric modeling of the 
treatment objects like the liver derived from MRI, CT or other medical imaging modalities. 
The dose for these geometric models is calculated with the INEEL radiation transport 
computer code and the dose contouring is also derived. 
 
 
2. BNCT - Dosimetry 
 
The radiation field in BNCT consists of several separate radiation dose components, with 
different physical properties and biological effectiveness. The radiation doses depend on the 
amount of boron, the radiation field and the position of the patient or organ in the field.  
 
At each point of interest in the patient, one can identify four components contributing to the 
absorbed dose [1]: 
- The gamma dose: the dose due to gamma rays accompanying the neutron beam as well as 

gamma rays induced in the tissue itself. In the latter case, hydrogen in tissue absorbs 
thermal neutrons in 1H(n,γ)2H reactions and emits 2.2 MeV gamma rays. 

- The neutron dose: epithermal and fast neutrons cause "knock-on" recoil protons from 
hydrogen in tissue in 1H(n,n‘)p reactions resulting in locally deposited energy from   the 
recoiling protons. 

- The proton dose from nitrogen capture: 14N in tissue absorbs a thermal neutron and emits 
a proton in a 14N(n,p)14C reaction. Dose results from locally deposited energy from the 
energetic proton and the recoiling 14C nucleus. 

- The dose due to the 10B fission reactions: 10B absorbs a thermal neutron in a 10B(n,γ)11B 
reaction. The energetic emitted alpha particle and the recoiling 7Li ion result in locally 
deposited energy averaging about 2.33 MeV. About 94% of the time the recoiling 7Li ion 
is produced in an excited state and de-excites in flight, emitting a 477 keV gamma ray. In 
the remaining events, the 7Li is emitted in the ground state with no gamma ray emission. 
Because the emitted gamma rays are about two orders of magnitude less prevalent and 
about half the energy of the 2.2 MeV gamma rays from hydrogen capture, they can be 
ignored from a dosimetry perspective. 

 
As a result of the change in boron dose, the relative contribution of the four dose components 
at any point will be modified.  
Due to the rapid attenuation of the epithermal or thermal neutrons  in the tissues, the relative 
contributions of the four components vary significantly throughout the normal tissues and in 
the target volume. Each vary is also differently as function of depth, and could vary 
considerably between different epithermal neutron beams [1]. 
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After selection of  the biological weighting factors of the four dose components the total 
biologically weighted dose Dbw, in Gy-Eq, becomes [1]: 
 
Dbw =  wc DB  +  wγ Dγ  +  wn Dn  +  wp Dp 

 
with 
wc =   biological weighting factor of boron dose, derived of the Compound Factor. 
DB  =  boron dose. 
wγ  =  biological weighting factor of gamma dose, derived of the RBE. 
Dγ  =  gamma dose. 
wn  =  biological weighting factor of neutron dose, derived of the RBE. 
Dn =  neutron dose. 
wp  =  biological weighting factor of proton dose, derived of RBE. 
Dp  =  proton dose. 
 
For the gamma, neutron and proton dose the concept of relative biological effectiveness 
(RBE) is used while this procedure is not applicable for the boron dose. Here the compound 
biological effectiveness (CBE) is used as weighting factor for the dose [1,9]. 
The biological effectiveness factors change for different tissues such as tumor, brain, liver  or 
skin. These biological effectiveness factors will also differ among different boron compounds.  
 
 
3. SERA: BNCT-Dose computation  
 
SERA is a generalized simulation environment for planning three-dimensional neutron 
capture therapy treatment. It is developed by INEEL, Idaho, U.S. and the Montana State 
University, Bozeman, Montana, U.S. and allows an individual dosimetry for the patient. The 
dose computation bases on the Monte Carlo method [5,6]. 
 
SERA program is made up by seven different blocks, everyone with a singular function. 
There is a sequence work: each one produces a set of out files which will be used by the 
following module.  
 
The dose calculation developed with SERA begins with seraImage. Its basic function is to 
allow the user to load and format the patient tomographic files like MRI, CT or other medical 
images of the liver. In Europe the standard format for the tomographic files is the dicom-
format. This format must be converted into the QSH format, which is the internal format used 
within the SERA modules. Since this transformation does not work correctly with a Linux 
application dicomtoqsh is used.  
 
After the preparations of the image, it has to be edited with the module seraModel. The 
purpose is to separate an image set easily and rapidly into regions of interest and create the 
model geometry. In fig. 1 the user-defined regions are shown for the liver and metastases. 
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Fig. 1: Window of SeraModel: The brown color represents the liver and the red one the metastases. 
 
Sera3D allows the user to represent the three-dimensional model created by seraModel and 
provides dose data generated during the treatment planning process. The user can rotate the 
model of the organ, do zooms and decide which regions should be represented. Any output 
file is generated in this module. 
A three dimensional liver representation with already calculated dose is shown in four views 
in the fig. 2. A two dimensional image (slice) can be superimposed in the three dimensional 
liver model to see the dose distribution in each body. 
 

 
Fig.2. Graphic interface of  Sera3D for a CT image of a liver.  The red color represents the 
maxim dose. 
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SeraCalc is the interface which is used by the SeraMC program. This module has the function 
to apply the Monte Carlo transport simulation. This simulation calculates the dose which is 
received by the patient organ and allows the user to manipulate various input parameters with 
the aim to create an input file for a specific calculation and also to manipulate some edit 
directives for SeraMC. Some input parameters are files which give information about the 
elements which take part in the simulation. 
 
The basic function of seraDose is providing a visual representation of the dose results of 
seraPlan. These contours are regular arrays of points, all of which reside in a common plane 
and have a certain constant dose level. This application represents the original tomographic 
images of the liver of  patient overlaid with the calculated isodose contours.  
 
Seraplot is the module which allows to make two representations and to modify them in order 
to check the dose effects. The two representations are the dose depth plot and the dose volume 
histogram. The first one represents the dose value along a line between two points which are 
included in the patient’s organ model. The second is the result of the dose integration in 
certain volume regions of the patient’s organ. 
These representations are made by two programs: Simplot to draw the dose depth plot and 
Dvall to plot the dose volume histogram.  
 
 
4. SERA-.source file 
 
Special files (.source file) were generally constructed for a specific neutron and coincident 
gamma source. For this project the determination of the source characteristics has been 
developed by the IKE (Institut für Kernenergetik und Energiesysteme, University Stuttgart, 
Germany) using the MNCP code. They have facilitated the physical parameters to model the 
Mainz TRIGA research reactor which will be use in the future experimental liver treatment. 
For our first reactor model, IKE experts used the case of the MHH TRIGA reactor core and 
the thermal column of the Mainz TRIGA reactor [8]. 
To generate a simple modle the center point of the planar source has been situated at the 
beginning of the thermal column, next to the graphite reflector. The source was conceived  as 
a disk source for 1/E energy interpolation with 10 concentric sources. 
 
 
 
5. Simulations 
 
In the liver image two lines were created to represent the results of the simulations along their 
different points. One crosses the regions of interest (normal tissue of the liver and metastases) 
and the other crosses only the normal tissue. The second one is included in this study to show 
the damage in healthy tissue about 1 cm around the tumour. Both lines are represented in fig. 
3. In this picture, the liver is painted in brown color and the metastases in red color. 
Since SERA delivers the different dose components for an irradiated organ the total dose 
Boron-10 dose and gamma dose values were discussed for a liver with metastases. The  
optimal configuration of the thermal column produces a low total dose in the normal tissue, a 
low gamma-dose in the normal and tumor tissue and a high boron dose in the tumor tissue. 
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Fig. 3. (a) Line crossing the liver and the metastases.       Fig.3. (b) line crossing the liver 
 
 
Since the future treatment will take place at the TRIGA reactor Mainz, a simple model of  the 
technical characteristics and the physical environment of the thermal column were 
programmed in SERA (fig. 4). The thermal column was modulated with layers of bismuth, 
lead and combinations of both materials in different thicknesses (1 cm, 5 cm and 10 cm) to 
minimize the gamma dose. The objective was to determinate the optimal geometry of the 
thermal column in order to obtain the best results for the application of BNCT on the liver. In 
the studies the configuration of a graphite layer with a thickness of 44.4 cm in x-coordinate 
and with a thickness of 34.4 cm in y-coordinate have been taken as reference. The best results 
were received for a bismuth layer with a thickness of 5 cm. The results for the Boron-10 dose 
and  gamma-dose in relative values are shown in fig. 5 a and 5 b. 

 
Fig. 4. Three-dimensional representation of the thermal column. 
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Fig.5a. Boron-10 dose in relative values received for layers of different materials with a 
thickness of  5 cm. 
 
 

 
 
Fig.5b. Gamma dose in relative values received for layers of different materials with a 
thickness of  5 cm. 
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6. Summary 
 
The SERA program was adapted at MHH to calculate the radiation dose in the case of liver 
autotransplantation. The functionality and the possibility to use SERA for the calculation of 
the different doses for an autrotransplantated organ in BNCT modules were proofed.  
A simple model of  the technical characteristics and the physical environment for the thermal 
column of the TRIGA reactor Mainz were programmed in SERA.  
Since SERA delivers the different dose components for the irradiated organ the total dose, 
Boron-10-dose and gamma dose of a liver with metastases were calculated for different 
configurations of the thermal column (layers of bismuth, lead and combinations of  both 
materials in different thicknesses). The optimal configuration of the thermal column produces 
a low total dose in the normal tissue, a low gamma-dose in the normal and tumor tissue and a 
high boron dose in the tumor tissue and was determined to a  bismuth layer with a thickness 
of 5 cm.  
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The development of the nuclear energy imposed the knowledge with high accuracy of 

the neutron characteristics in the nuclear reactors, both for control and safety, and for the 
calibration of the equipment operating in the neutron fields. In order to standardize the 
neutron measurements, different nuclear facilities were created, producing reproducible 
neutron fields with different neutron characteristics. The goal of our project is to develop 
thermal and intermediate energy neutron irradiation facilities at the steady state core of the 
Romanian TRIGA Reactor.  

The reference thermal neutron irradiation facility consists of a dry spherical cavity 
placed into the graphite thermal column of the SSR core. The intermediate energy neutron 
irradiation facility is a ΣΣ system located into the thermal flux cavity. The implementation of 
the irradiation facilities in the under-water thermal column represented an important challenge 
from the standpoint of instrumentation solutions. 
 

Experimental Devices 
 
The TRIGA Reactor thermal column is a graphite block (1716x1144x710 mm) made 

up of 98 rectangular graphite cells (12 rows x 8 bricks) in Aluminum cladding placed into the 
reactor pool, positioned on the North side of the steady-state core. The graphite bricks (with 
adequate positioning end gap) are positioned on a support grid fastened on the bottom of the 
reactor pool. A new device, containing a graphite block with a spherical central dry cavity has 
been placed in the thermal column by replacing 36 central bricks. The thermal flux cavity 
(Figure 1) is prolonged by 8 m high dry channel for access and instrumentation purposes. The 
dry channel allows the removal of a 300 mm diam graphite plug. The experimental cavity is 
50 cm diam large. A biological shielding (borate polyethylene and lead) is placed on the 
upper part of the dry channel, at about 3 m from the graphite plug.  

The probes or objects to be irradiated are 
attached to the graphite plug and inserted into the 
irradiation cavity. For small probes (such as activation 
foils) the pneumatic rabit penetrating the graphite plug 
are used.   The device was designed in such 
manner that it allows the placement of the ΣΣ standard 
system into the cavity.  

ΣΣ is a thermal-fast coupled spherical assembly 
located within a conventional graphite thermal column. 
The spherical natural uranium shell, 24.5 cm outer 
diameter x 5 cm thick, is centered in a 50 cm diameter 
spherical cavity in graphite. It contains also a 1.5 cm 
thick Aluminum-clad spherical shell of 
vibrocompacted natural boron carbide, which in turn 
surrounds the central intermediate-energy exposure 
hole, 11 cm in diameter. The concept of the 
intermediate-energy standard neutron field ΣΣ, has 
been promoted by CEN-SCK Mol, since 1967 [1]. The 

Figure 1: Thermal flux cavity 



natural uranium shell acts as a thermal-fast converter; the bulk of the fission neutrons is 
created within the first outer centimeter of this source and undergoes appreciable energy 
degradation through scattering collisions in the system components (uranium shell and 
graphite). The boron carbide shell is aimed to “cut” the neutron low-energy tail. 

An Aluminum holder ring, attached to the graphite plug using zirconium rods, 
supports the uranium shell. The mechanical instrumentation system is presented in Figure 2. 
The uranium shell attached to the graphite plug is inserted into the cavity, via dry channel, 
using adequate coupling and manipulation tools attached to the crane. The device attached in 
the upper part of the plug allows instrumentation with fission chambers placed into the ΣΣ 
cavity. The instrumentation procedure involves manual assembling of the boron carbide and 
uranium shells. 

 

 
Figure 2: ΣΣ System mechanical instrumentation 

 
 
Local flux monitoring system 
 
The flux monitoring system consists of two sealed fission chambers placed in the 

thermal column, in dry channels, in adjacent positions to the central cavity, as presented in 
Figure 3. Two fission chambers (1.5 mm diam) made by CEA-Saclay [2] are used. The 
monitor fission chambers are positioned in the mid-plan of the thermal column. The main 
characteristics of the fission chambers are: 

 Fission chamber 
identification 

Fissionable deposit Main isotope mass 

Monitor 1 FC5 239Pu 32 µg 
Monitor 2 FC20 233U+ 1% 233U 22 µg 



 
A triple-scaler pulse processing system proposed by Grundl [3] is used for signal 

processing. The interest value is the SU count rate, recorded by using PC-based data 
acquisition system. 

 
 
 

       
       
       
       
       
       
       
       

 
 
 

 
 
 
During the flux measurements performed in the both facilities (thermal flux cavity and 

ΣΣ system), linearity was checked for the monitoring system. The results show that the ratio 
between the central fission chamber SU count rate and the monitor SU count rate is practically 
constant (standard deviations below 1%), covering a large flux density range. The linearity 
checks results for monitor 1 are presented in Figure 4.   

The ratio between the count rates for the monitors SU
MON1/SU

MON2 has been increased 
up to 141.11 by replacing the second monitor fission chamber. The earlier value of 14.8, 
reported in ref [4], did not allow appropriate dead time corrections at high reactor operating 
power. The 233U fission chamber has been replaced by the 238U (1% 233U) fission chamber. In 
such manner the count rate for monitor 2 at 10 MW (thermal) reactor power will not exceed 
6000 cps and the count rate for monitor 1 at low power (100 W) will be around 30 cps. 
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Figure 4: Monitor 1 linearity checks results 
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Figure 3: Thermal column and monitors position 



 
Neutron spectrum and flux density measurements results 
 
The neutron flux and spectrum measurements have been performed using foil 

activation techniques and fission rate measurements by sealed fission chambers, followed by 
spectrum unfolding procedure. The absolute fission reaction measurements, using calibrated 
fission chambers, allow the neutron flux density unit transfer from international reference 
neutron fields. The fission chambers have been calibrated within international 
intercomparison programs and have been used for measurements in the reference facilities at 
CEN/SCK Mol. 

The MCNP-4C code package [5] was used for neutron spectrum computations in the 
thermal flux cavity and in the ΣΣ system. The thermal column was modeled as a repetitive 
cells structure with respect to the real geometry, coupled with a reference SSR core model, 
neglecting some core modifications. The core model is a repetitive homogenized cells 
structure. The presence of a water layer between the graphite cells, making up the thermal 
column, has been taken into account. The computed spectra were used as guess spectra for 
unfolding procedures.  

For spectrum unfolding the SAND-II code [6], coupled with the IRDF90_V2 
Dosimetry File [7] was used. Neutron self-shielding effects have been corrected using 
corrected cross section data generated by the SELFS-3 code [8]. 

The neutron characterization results for the thermal flux cavity and for the ΣΣ 
reference system are summarized in Table 1. 

 
Table 1: Irradiation facilities characteristics 

 
  Thermal flux cavity ΣΣ System 

Neutron flux density Φ/MON1   (6.48±0.32)x108 n/m2·s·cps  
 Φ/MON2   (9.14±0.46)x1010 n/m2·s·cps (5.72±0.28)x1010 n/m2·s·cps 

Neutron flux density range 2•1010 - 5•1014 n/m2·s 1.4•1010 – 3.5•1014 n/m2·s 
Thermal spectrum temperature (37 ± 4) oC  
Cadmium ratio for 

reaction
gold 52.1 ± 3%  

Thermal neutrons 
(E>0.135 eV)

weight (95.2±1)%  

Spectrum mean energy   0.865 MeV 
 

Preliminary results, reported in references [4, 9, 10], show higher flux density values, 
but smaller neutron thermalization in the thermal flux cavity (cadmium ratio for gold reaction 
–18.8, epithermal flux weight – 9.2%). In this stage the cavity was placed in central position 
in the thermal column. To improve the thermal spectrum characteristics, we have chosen to 
move away the central cavity by 14.3 cm from the core (one row of graphite bricks).  

The ΣΣ facility spectrum shows no major discrepancies, compared with the 
preliminary results, excepting the flux density, which is about two times lower. A comparison 
with other similar facilities (ΣΣ-Mol, recommended ΣΣ spectrum) shows a higher average 
energy value due to the contribution of high-energy neutrons. This fact must be analyzed in 
correlation with our thermal column geometry, significantly smaller than other similar 
facilities. Therefore, the graphite thickness around the thermal flux cavity is up to 10 cm less 
on the bottom and upper sides and the neutron escape effects become perceptible. A 
comparison of some average cross sections presented in ref [4] shows higher values for 



threshold reactions (27Al(n,α), 238U(n,f)) for our ΣΣ facility, due to the spectrum high-energy 
tail, slowly increased as compared to other similar facilities. 

The measured neutron spectra (SAND II outputs) and the manner in which each 
reaction response covers the energy domains are presented in Figures 5 and 6. The solution 
spectra are obtained after two iterations, with a standard deviation between the measured and 
computed activities below 4%.  

 

The neutron flux density distributions into the irradiation facilities have been 
measured by using activation wires (Manganese wires for the thermal flux cavity and Nickel 
wires for the ΣΣ cavity). In the thermal flux cavity, along the longitudinal axis of the thermal 
column, the flux density distribution shows a higher gradient. On the vertical and transversal 
axis the flux density distributions do not show major changes. Also, in the ΣΣ cavity, the fast 
flux distribution, along the three axes (vertical, transversal and longitudinal), does not show 
major flux density changes. The measured flux density distributions are presented in Figures 7 
and 8. The measured flux density distribution agrees with the computed distributions results. 
 

Figure 5: Thermal cavity spectrum Figure 6: ΣΣ  spectrum 
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Figure 7: Flux density distributions in the thermal flux cavity 



 

  
 

Conclusions 
 
 The thermal and intermediate-energy neutron reference spectrum irradiation facilities 
are now available at the thermal column from the Romanian TRIGA-SSR core. The neutron 
characterization program demonstrates the accurate knowledge of spectrum characteristics 
and neutron flux densities reported to the local monitoring system count rates. Some 
discrepancies, as compared to other similar facilities, have been identified and discussed. 
These are caused by our thermal column particularities: the presence of a water layer between 
the graphite cells (thermal neutron absorption) and smaller geometrical dimensions (neutron 
escape phenomena).    

Based on the neutron characterization results presented above, the metrological 
certification process, according to Romanian metrological laws requirements, is now in 
progress.  

The computational and measurement program will carry on, in order to improve the 
spectral characterization and to demonstrate the results reproducibility. 

The thermal flux cavity has been already used to perform functional tests and response 
linearity checks for the special instrumentation at Cernavoda NPP, Unit 2. 
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Abstract 
 

Tamper-indicating seals have important applications in many areas, including nuclear 
disarmament and hazardous waste management. There are, however, many theoretical and 
practical problems with current seals and seal utilization, as well as with tamper detection in 
general. To show that these kind of seals can operate in radiation fields, the Atominstitute of 
Austrian Universities (ATI) has started a project together with the IAEA. 
 
The irradiation tests include gamma irradiation test at spent fuel storage (located in the reactor 
hall at ATI), thermal neutron irradiation test at the Thermal Column of the TRIGA MARK II 
and fast neutron irradiation in the irradiation room.  
 
The dose rates were selected form IAEA’s Safeguards agreement to use specific dose rates for 
irradiation purposes. In this case the behavior of investigated instruments was recorded during 
the irradiation.  
 
During the test the sealing wire is used to make sure that the seals are locked and the radiation 
effects can be made visible by controlling the received data from the investigated instruments. 
To make sure that the seals are active during the irradiation tests, a Relay Controller was used. 
The Relay Controller could make the seals tamper and other sealing wires were used in order 
to connect the Relay Controller to the seals under irradiation. 
The seals have the ability to send signals to a RF receiver system which is connected to a PC 
or a GPS sender and can collect the data form the seals and finally the data can be recorded 
and archived. 
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1 Introduction 
 
Irradiation of the DataSeal was done at the experimental facility of the Atominstitute of the 
Austrian Universities (ATI); a TRIGA MARK II research reactor and the spent fuel storage 
area is available at this facility.  
 
 System description 

 
The Hi-G-Tek system (Figure 1.1) was developed to fill the requirement of fast, automatic 
processing of secured cargoes and to provide real time monitoring of cargoes both in transit 
and storage. 
 

 
                         Figure.1.1. Hi-G-Tek system includes (left to right) the Data Reader terminal,  
                                       the DataSeals with wire and handheld data terminal.  
 

• DataSeal: The DataSeal is a sophisticated device, which includes a transmitter/ 
receiver unit, real-time click, processor and memory. The seal records any attempt of 
open, bypass or tamper with the containment. Combines the technological and 
operational advantages of both low frequency close-range data management and high 
frequency long range seal verification and automatic data collection. 

 
• Handheld Data Terminal: The Data Seal’s ability to log data and communicate it 

through a Handheld Data Terminal is best used in low frequency/short rang 
applications. This way the electronic manifest of the sealed containment can be written 
into the data Seal’s memory.  The information includes for instance Vehicle ID, 
container and invoice numbers, cargo description, quantities, destination, etc. Capable 
of logging up to 55 events, the information can be downloaded into a computerized 
database for storage and processing. 

 
• Data Reader: When used in high frequency/long rang applications; the Data Seal is 

capable of communicating its ID and status to a distance of up to 30 meters. The Data 
Seal transmits the information in reply to an interrogation by the Data Reader. The 
ability of the Data Seal to communicate with the Data Reader at long range enables the 
use of the Data Seal in applications such as: Sealing verification of container 
(Radioactive materials), Protection of containers in storage, remote, automatic data 
collection form secured places that used in safeguard applications. The Data Reader is 
used in long range applications to interrogate the Data Seals over the high frequency 
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channel for their ID and Status. The Data Reader in also used for writing information 
into the Data seal and retrieving logged information form the Data Seal. Each Data 
reader can communicate with numerous data Seals simultaneously and verify their 
presence and status. The Data Readers can be chained to allow coverage and 
protection for secured safeguards applications in large storage yards and ports. The 
Data Reader has an optional communication modem which allows the system to 
transmit the collected information through available communication channels to the 
Control Center. The Data Reader can be used in both outdoor and indoor applications. 

 
 
1.1 TRIGA MARK II research reactor 
 
The reactor is a typical 250-kW TRIGA Mark II light-water reactor with an annular graphite 
reflector cooled by natural convection.  The side and the top views of the reactor are shown in 
Figures 1.2. 
 

 
 

Figure.1.2. Side view of the TRIGA MARK II research reactor 
 
In accordance with its purpose as a research reactor, the TRIGA Mark-II is equipped with a 
number of irradiation devices (See Fig 1.2). 
The technical data for the irradiation facility in Vienna is given in table 1.1. For thermal 
neutron irradiation the thermal column is used. In this facility there is no gamma reflector or 
gamma absorber, the gamma radiation at the thermal column and the gamma spectrum are 
shown in figure 1.3 and table 1.2.  
 
The energy of the neutron is as follow (at 250 kW power): 

• thermal neutrons: E < 0.65 [eV] 
• epithermal neutrons: 0.65 [eV] < E < 0.183 [MeV] 
• fast neutrons: E > 0.183 [MeV] 
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Neutron radiography station 1 Neutron radiography station 2 
• Thermal neutrons  3x105 

[n/cm2.s1] 
• Fast neutrons  4x106 

[n/cm2.s1] 
 

• Outside of shielding door*:  
thermal neutrons  1x105 [n/cm2.s1] 

• Behind of the shielding door:  
thermal neutrons 1x108 n/cm2.s1 
(maximal) 

• No fast neutron flux 
* Heavy concrete door 

Table.1.1. Data of the thermal and fast neutron flux at the station 1 & 2 
 

Reactor power 100 [kW] Station 1 Station 2 
100 27 [mGy/h] 270 [mGy/h] 
240 33 [mGy/h] 676 [mGy/h] 

Table.1.2. Gamma dose rates at station 1 & 2 
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Figure.1.3. Gamma spectrum at thermal column (station 2) and in the irradiation room 

               (Station 1). The test was made with HSGM Gamma monitor SHF-IF 104. 
 
 
1.2  Spent Fuel Storage 
 
The spent fuel storage in the reactor hall is an excellent irradiation facility for high gamma 
dose experiments; several spent fuel rods are presently stored there. The gamma dose rate on 
the top of the spent fuel storage is about 1 Gy/h (100 rad/h). The gamma radiation in this area 
is homogeneous and the temperature in the container is about 18 °C. The distance between the 
top and the bottom of the dry fuel storage is about 3 m and the diameter is 23 cm. The seals 
are placed on the top of the active fuel container. (Fig. 1.4) 
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Figure.1.4. Side view of the spent fuel storage facility 

 
2 Radiation Tests 
 
The TRIGA Mark II reactor, including the spent fuel storage bay, located at the ATI 
(www.ati.ac.at) was used as the radiation sources for this equipment test.  The dose rates were 
adjusted according to IAEA project requirements as shown in table 2.1 below.   
 
Equipment Class Standard High Class Special Application 
Test Level 1 2 3 
Corresponding 
Values for levels 

10 µSv/h for 10 y 1 mSv/h for 7 y  10mSv/for 7 y 

Gamma dose 0,88 Gy 61,3 Gy 613 Gy 
Gamma dose rate 0,2 Gy/h 2 Gy/h 2 Gy/h 
Thermal neutrons 
fluence 

7,9 x 1010 n/cm2s 5,5 x 1012 n/cm2s 5,5 x 1013 n/cm2s 

Thermal neutron flux 5 x 106 n/cm2s 5 x 107 n/cm2s 5 x 107 n/cm2s 
Fast neutrons fluence 
(14,8 MeV) 

1,6 x 109 n/cm2s 1,1 x 1011 n/cm2s 1,1 x 1012 n/cm2s 

Fast neutrons flux 
(14,8 MeV) 

1 x 105 n/cm2s 1 x 106 n/cm2s 1 x 106 n/cm2s 

Table.2.1 
 
2.1 Thermal Neutron Irradiation 
 
The Thermal Column (TC) of the TRIGA reactor was used for the thermal neutron portion of 
the irradiation tests. The DataSeals were positioned in the TC based on the thermal neutron 
flux rates as shown in figure 2.1.  The actual thermal neutron flux at these positions was 
determined by the Au-foil activation method.  The position of the Seals is shown in Fig. 2.2.   
 
These seals use an RF communication link and it was possible to read their status during the 
radiation exposure.  An antenna was installed in front of the thermal column door to facilitate 
this communication link.   
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Figure.2.1. Thermal neutron flux at thermal column      Figure.2.2. shows the thermal column    
             [n/cm2s], reactor power 250 kW           and experiment setup 
 
2.2 Fast Neutron Irradiation 
 
The irradiation elevator (station 1) was used for the fast neutron irradiation test.  The 
DataSeals were placed in the elevator and lowered into the radiation field. The fast neutron 
flux can be controlled with a manual operated shutter, which is located in front of the 
collimator. The gamma dose at this fast neutron radiation facility is shown in figure 1.3 
above. 
 
The DataSeals were placed on an aluminum support plate (Fig. 2.3) and moved to the bottom of the 
irradiation station (Fig. 2.4). The distance between the DataSeals and the Data Reader was about 4 
meters.   

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure.2.3. A side view of placed DataSeals    Figure.2.4. A top view of the experiment  
                                                                                        setup in elevator 
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2.3 Gamma Irradiation 
 
The standard class Gamma irradiation test was carried out in the TC.  While the high class and the 
Special application class tests were conducted at the spent fuel storage facility. Generally the tests 
were carried out successfully, however during the special applications class test, the all of the 
DataSeals failed.  After approximately 107 hours, no further communication with the seals was 
possible.  However, before the seals failed, they were subjected to the complete set of thermal neutron 
and fast neutron irradiation tests, as well as approximately 107 Gy of absorbed gamma dose.  Total 
cumulative damage from the previous tests (Fast neutron and Thermal neutron) certainly contributed 
to the failure of the seals. 
Figures 2.5, 2.6 show the experimental setup of the irradiation tests at the spent fuel storage 
facility.  Each of the DataSeals is protected from contamination with a nylon cover and then 
lowered on the top of the spent fuel storage container. A long antenna cable was used to 
communicate with the DataSeals. A heavy lead cover was placed on the top of the fuel storage 
pit to reduce the gamma dose rate for the surrounding area.. 
An additional experiment performed to test the behavior of fresh DataSeals in the intense 
gamma radiation field. This test clearly shows that cumulative damaged from the previous 
tests shortened the life of the first set of seals in the intense gamma radiation field.  However, 
the fresh seals still failed to pass the gamma special applications test. 
 

 
  Figure.2.5 Top of the spent fuel pit and              Figure.2.6. Measurement of the gamma dose  
                   lead cover                                                              with a gamma monitor 
 
2.4 Test Reasults 
 

Total Absorbed Dose for each kind of Radiation for the first DataSeal Series: 
 

DataSeal ID: 
(The first series) 

Total Fast Neutron 
Fluence 
[n/cm2] 

Total Thermal 
Neutron Fluence 

[n/cm2] 

Total Gamma 
Dose 
[Gy] 

IAPA01052707 1,2116.1012 5,579.1012 190.6 
IAPA01052710 1,2116.1012 5,579.1012 190.6 
IAPA01052704 1,2116.1012 5,579.1012 190.6 
IABA01053553 1,2116.1012 5,579.1012 190.6 
IABA01053550 1,2116.1012 5,584.1012 190.6 
IABA01053554 1,2116.1012 5,579.1012 190.6 
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Total Absorbed Dose for each kind of Radiation for the second  
DataSeal Series: 

 
 
 
 
 
 
 
 
 
 

Total Absorbed Dose for each kind of Radiation for the third  
DataSeal Series: 

 
 
 
 
 
 
 
    
 
 
 
3 Conclusion 
 
The tests results indicate that the seals may be used in high-class radiation fields.  However, 
they will not survive in radiations fields that are present in some special applications.  In 
Strong gamma radiation fields, it was found that the instruments emit spurious signals and fail 
after a cumulative dose of about 350 Gy.  Similarly, the seals failed after an average thermal 
neutron fluence of 4,968.1013 n/cm2. 
 

1. No fast neutrons are present at the Thermal Column. Therefore, only the thermal 
neutron dose was calculated for tests done in the TC. 

2. Only a fast neutron spectrum with a negligible thermal contribution is present in the 
elevator. 

3. No major technical problems were observed with the Data Reader. 
4. The connectors used for the seal wire are not stable/secure enough.  Vibration in the 

reactor hall caused the seal to record tampering events. 
5. The Seals, the program and the results were checked every day during and after 

irradiation. 
6. A new series of fresh Data Seals was used for the thermal neutron irradiation test. 
7. A third series of fresh Data Seals was used for the gamma irradiation test.  
8. Neutron Activation Analysis shows that Br-82 is the only material used in the 

DataSeal that is prone to neutron activation. 
9. The absorption of thermal neutrons in each layer of the DataSeal's structure has been 

demonstrated using neutron tomography  
 

Applications: Special Class Level Additional Gamma 
absorbed dose from 
the thermal column 

 DataSeal ID: 
(The Second series) 

Thermal Neutron Fluence 
[n/cm2] 

Total Gamma Dose 
[Gy] 

IAPA01052717 5,5.1013 183 
IAPA01052700 5,076.1013 169,2 
IABA01053544 4,752.1013 158,4 
IABA01053566 5,076.1013 169,2 

Applications: Special Class Level 
DataSeal ID: 
(The Third series) 

Gamma Dose 
[Gy] 

IAPA01052718 442 
IAPA01052705 370 
IABA01053563 377 
IABA01053564 369 
IABA01053565 333 
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Abstract 
Axial and radial measurements of spectrum index (ratio of various fission rates) were 
performed using 235U, 238U and 237Np fission chambers located inside a special fuel pin. This 
special designed fuel pin is hollowed in the centre, and allows the fission chambers to be 
inserted inside the fuel. A tight tube is fixed at the upper part of the pin and enables the 
connexion cable to leave the pool of the reactor. 
Radial traverses were investigated to analyse the shape of the fission rate in different energy 
ranges. A strong asymmetry of the distribution was detected and an interpretation of that 
effect is given. 

1. Introduction 
The TRADE experimental activities are scheduled to begin in 2008 at the existing TRIGA 
reactor at the Casaccia Center of ENEA near Rome. The plan is to couple an existing reactor 
capable of demonstrating features of power operation (notably power coefficients of 
reactivity) with a neutron spallation source driven by a high energy proton beam. It is felt [1] 
that TRADE will be able to demonstrate and test many features of operability of an ADS such 
as relations among reactivity (including feedback), accelerator current, and source 
importance. There are a number of relevant measurements that can be made in the reactor 
before the spallation source is installed [2]. These include characterization type 
measurements, such as fission rate traverses or core thermo hydraulic performances, and 
fundamental reactor physics measurements such as determination of kinetic parameters 
through noise or other dynamic techniques. In this paper, we will summarize measurements of 
spectrum indices (ratio of various fission rates) in different core positions using 235U, 238U and 
237Np miniature (∅1.5 mm) fission chambers. These fission chambers are not calibrated yet. 
For this reason, the results related to spectrum indices will be treated later. The measurements 
were carried out on the G13-G31 main diagonal in a reference configuration, and a 
complementary measurement performed to check an asymmetry effect on the radial profile. 
These measurements were realized with the use of a special fuel pin, described here below.  

2. Description of the Special Fuel Pin 
To carry out measurements, a special instrumented fuel element (SIFE) was ordered from 
Framatome-CERCA. In this fuel element, the usual central rod of zirconium is replaced by a 
stainless steel tube having the same external diameter. The tube is closed at the lower edge 
and welded to the end cap of the usual instrumented fuel element for TRIGA. The hole in the 
centre enables the fission chamber to be inserted inside the fuel. The hole has a diameter of 5 
mm, allowing the insertion of the Ø1.5 mm fission chambers. The cross section of this special 
pin is reproduced on figure 1.  
                                                
* Correspondig Author: Roberto Rosa, ENEA – C.R. Casaccia, TRIGA Reactor, Via Anguillarese, 301, 00060 Roma, Italy, 

e-mail: roberto.rosa@casaccia.enea.it  
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The position of the fission chamber in the special fuel pin corresponds to the mid plane of the 
core. A tight tube is fixed at the end of fuel and enables the connexion cable to leave the pool 
of the reactor. Before each measurement, one withdraws a fuel pin and replaces it by the 
SIFE. 
 

 
 

Figure 1 – Cross-section of the special instrumented fuel pin (SIFE) 

3. Configuration of the core for measurements 
A typical core configuration for TRADE is characterized by the absence of the innermost fuel 
elements (the 6 elements in B ring) and by the presence of 4 fission chambers 235U loaded in 
the external G ring. This core loading, implying a subcriticality level of about 1$, is assumed 
as “reference” in the TRADE experimentation. For the experiments requiring a criticality 
state, a fuel pin is added in the B01 position.  
The configuration of the core for the fission rate measurements (see figure 2) is slightly 
different respect to the SC0 configuration and is characterized by: 

 the fuel element in B01 position; 
 the 5 B02 – B06 fuel positions empty (water in place of fuel); 
 the neutron start-up source in central (A00) position; 
 the 4 fission chambers in positions  G05, G14, G24 and G33 replaced by graphite 

dummy elements; 
 1 fission chamber 235U loaded with Ø1.5 mm, placed in the Ø15.5 mm hole between 

the G25, G26 and F21, F22 fuel elements, used as monitor. 
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3.1. Radial Measurements 
Radial traverses enable one to analyse the shape of the fission rate in different energy ranges, 
and to look at possible asymmetry effects. Measurements were carried out along the main 
G13-G31 diagonal, in the positions G13, F11, E09, D07, C05, C11, D16, E21, F26 and G31 
respectively. The power of the reactor was regulated according to the 235U fission chamber 
N°2092 used as monitor. 
Figure 2 reproduces the core configuration and the main diagonal positions. 
 
We will resume hereafter the main results obtained by type of fission chambers. In order to 
cover the broadest range in energy, various types of deposits were used: 
 

 two 235U fission chambers (n°1847 and n°331) for thermal fission rates; 
 one 237Np fission chamber (n°1523) for intermediate spectrum range; 
 one 238U fission chamber (n°861) for the fast energy range. 

3.1.1. Radial traverse with 235U FC n°1847 and 331 
The radial measurement was performed in critical condition. The reactor power was sustained 
at 10 W during the measurements. The acquisition time for the two fission chamber and the 
monitor was 100 seconds. All the points are normalized on the average G13 count rate. The 
associated uncertainties are about 1%. One notes an asymmetry between the left and the right 
parts. This will be analysed in paragraph 4. 

3.1.2. Radial traverse with 238U FC n°861 
The radial measurement was performed in critical condition. The reactor power was sustained 
at 50 W during the measurements, in order to increase the count rates in the 238U fission 
chamber. The acquisition time for both fission chamber and monitor was between 900 and 
1500 seconds. The radial traverse is normalized on position G13. The total uncertainty 
associated with this measurement is about 1%. 
An important asymmetry is also observed in the fast range between the left and the right part 
of the curve. This will be explained later on in paragraph 4. 

3.1.3. Radial traverse with 237Np FC n°1523 
The radial measurement was performed in critical condition. The reactor power was sustained 
at 80 W during the measurements.  
The acquisition time for both fission chamber and monitor was between 2500 and 3000 
seconds. The radial traverse is normalized on position G13. The total uncertainty associated 
with this radial measurement is about 2%. 
Again, one observes the asymmetry phenomenon. This will be analysed in paragraph 4. 

3.2. Synthesis of the radial measurements 
The measurement with two complementary 235U fission chambers enables one to evaluate an 
average value for each position if the two sets are consistent. The results are summarized in 
table 1. The discrepancy (dispersion) between the average values are well within the 
uncertainty limits. Both series can be considered as consistent and averaged. 
 
The radial traverses on the G13-G31 diagonal can be plotted on the same diagram, to lead the 
results reproduced on figure 3. 
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FC Position U235 N°1847 U235 N°331 Average Dispersion
G13 1.000 1.000 1.000 0.00%
F11 1.343 1.334 1.338 0.44%
E09 1.715 1.712 1.714 0.14%
D07 1.904 1.906 1.905 0.07%
C05 2.231 2.270 2.250 1.22%
C11 2.342 2.319 2.330 0.72%
D16 2.062 2.060 2.061 0.06%
E21 1.915 1.910 1.913 0.18%
F26 1.599 1.598 1.599 0.04%
G31 1.241 1.257 1.249 0.93%  
Table 1 – Comparison between the two 235-U fission chambers 

 
One observes the thermal flux tilt at the centre of the core, due to the local moderation from 
the water in the middle of the configuration. This thermal part is only “seen” by the 235U 
fission chambers, as expected. One can also note that there is no reflector effect (i.e. a thermal 
increase of the flux) at the periphery of the core. 
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Figure 3 - Normalized count rates on G13-G31 diagonal with all Fission Chambers 

 
 

4. Analysis of the asymmetry 
As one mentioned previously, all the radial traverses show a strong asymmetry between the 
G13 and the G31 part. Putting all the asymmetries in the same table (table 2) and on the same 
graphics (figure 4) shows the following trend: 
 The analysis shows that the G13-C05 part is less moderated than the C11-G31 part. 

This under-moderation decreases as one approach the core centre, and clearly shows a 
very strong influence of the G13 pin on the curve.  

 The surrounding environment of this pin must then be checked. In particular, the 
presence of a graphite pin could modify the spectrum locally enough to induce such 
asymmetry. 
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Position 235U n°331 235U n°1847 238U n°861 237Np n°1523 

G13/G31 0.795 0.806 0.805 0.776 
F11/F26 0.835 0.840 0.869 0.819 
E09/E21 0.896 0.896 0.898 0.862 
D07/D16 0.925 0.923 0.925 0.920 
C05/C11 0.979 0.953 0.961 0.958 

 
Table 2 – Comparision between the two 235-U fission chambers 
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Figure 4 - Asymmetry of the radial traverse as a function of the FC used 

 
Following the analysis of the strong asymmetry between the 2 parts of the radial distribution, 
an additional measurement was added on diagonal G07-G25, symmetrical to the G13-G31 
respect to the G01-G19 axis. This additional measurement should emphasize the effect of the 
graphite pin situated near the G13 pin (in G14). If the graphite is responsible of the 
asymmetry, a radial traverse symmetrical to the previous one should show the inverse of the 
phenomenon, i.e. a higher fission rate for G25 since there is a graphite pin in G24. 

5. Additional radial traverse 
This measurement was carried out with the fission chamber 235U N°331 only. The positions 
are reproduced on figure 5.  
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Figure 5 - Second diagonal for complementary radial traverse measurements. 

 
The obtained traverse is reproduced on figure 6. 
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Figure 6 - Normalized count rates on G07-G25 diagonal with FC U235 n°331. 

 
The comparison of the two diagonals measured with the same fission chamber gives the 
following trend, reproduced on figure 7. 
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Figure 7 - Normalized count rates on G13-G31 diagonal with FC U235 n°1847 

 
Contrarily to what was foreseen, the trend is exactly the same and there is no influence of the 
graphite pin position on the curve. The source of the problem is then somewhere else. A deep 
investigation of the TRIGA reactor geometry enabled to find the cause of the asymmetry. The 
effect is certainly due to the presence of a tangential beam tube of important diameter situated 
in the core mid-plane, in the reflector. This tube (its position is reproduced on figure 8) is 
voided:  it removes an important part of the graphite reflector and induces a very important 
local void effect.  
The void reduces the fission rate in its neighbouring, and then modify (hardens) the spectrum 
around fuel pins G13 and G07: as it is positioned a little bit higher than the mid-plane, its 
influence on the axial should be asymmetric.  
As a preliminary investigation for this asymmetry, an axial measurement was performed with 
the miniature fission chamber U235 N°331 inserted between positions G18, G19, F15 and 
F16 (see figure 9). The measurement was performed in critical condition. The reactor power 
was sustained at 3W during the measurements. It should be noted that the positive part is 
located between the fuel mid plane to the top of fuel. 
These measurements were not made in the SIFE but in a guide tube, and carried out manually. 
Its then suffer of a lack of precision in the position. 
The results presented are readjusted compared to the centre of the fuel and are standardized 
with the monitor count. 
It is unfortunately quite difficult to establish a reliable conclusion for this axial. Nevertheless, 
one can note that the asymmetry between the left part (the bottom of the core) and the right 
part (the top of the core) shows a strengthening of the spectrum: in the higher part (the slope 
is increased). This can also be due to the tangential tube situated not far from the 
measurement position. 
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Figure 8 - Vertical and horizontal cross section of the TRIGA core. 
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Figure 9 - Normalized count rates on G13-G31 diagonal with FC U235 n°1847. 
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ABSTRACT 

 
      This paper is dealing with neutronic and thermohydraulic analysis of the last refueling 
step from April 2004. 
 
      Due to the lump of 18 LEU fuel bundles (from the total of 35) toward the center of the 
core, the behavior of the reactor starts to change. It is well known that the LEU fuel has a 
high initial reactivity contribution (unlike HEU)  This effect leads to an extra load for the 
central  control rods.  
 
       In order to maintain the reactivity, one has to change the refueling patterns preserving the 
safety parameters.  
 
      The paper presents the calculations results compared to some experimental data obtained 
during the last refueling step and proposes solutions for the next steps. 
 
 
 
1.     Neutronic and Thermo-Hydraulic Computation for SSR Core Refueling with 3 
Fresh LEU Fuel Bundles. 
 
      For the neutronic computation, there were used the following computer codes and 
libraries developed in INR : 

- 3-dimensional diffusion code with burnup - DFA 
- Multi-cell transport code - WIMS ANL 
- Monte Carlo transport code - MCNP 4C and its libraries 
- Microscopic cross sections library with 7 energy groups ( GA partition), 7 burnup   
       intervals and 2 temperatures - D27 and D227 
- The selection program for the bundle to be replaced, according to their burnup - ORD 
- Power distribution and pin / bundle factor computation code – POW 
- Point cinetic and termohidraulic code PARET. 

      Due to the burnup of about (50% in U235) of the freshest LEU instrumented fuel element, 
their temperature output represents a piece of information indirectly usable ( correlated to the 
burnup) with the purpose of determining the maximum temperature inside the fuel. This is 
obtained for any pin, computing the load ratio. 
      All computation was done with the experimental locations filled with water. 
      The following abbreviations are used: 

- CU means cold, un-poisoned 
- HP means hot, poisoned to the equilibrium. 

      We started from the burned configuration showed in Fig. 1. 



               
       For this configuration there was done the burnup computation until april 2004 ( taking 
into account the burnup reached by the core of  21634MWD at 1/07/2002 , and 300MWD the 
operation since the last refueling step). In fig 2  it is shown the U235 concentrations for all 
bundles and the main 2 instrumented pins. 
      Using the concentration table,  3 bundles having the highest burnup will be determined 
(the last 3 of them ). In this case, there will be removed from the core  H17, H28, H25 and 
will be replaced by the fresh LEU fuel bundles L60, L61, L62. 
                                                                                                                                                                               
The multiplication computed for 10 MW at the reactor shutdown is Keff=1.0061, about 0.87$, 
in conditions HP and Keff=1.033 ,  4.71$ in conditions CU .   
      The burnup computation is done for 5 distinct axial regions in each bundle, therefore each 
bundle will have 5 concentration sets. 



 
      The order of the bundles in the core and U235 average concentration, as being  after 
completion of changes in the concentration file, are shown in Fig.3. The first analised 
refueled configuration. Is shown in fig.4.  For this configuration and using the bundles 
concentrations obtained as described, there were performed burnup computations using DFA 
code and its microscopic cross-sections libraries for LEU and HEU, generated with the code 
WIMS-ANL. 
      The configuration after refueling has mainly to satisfy the high-flux requirement for the 
irradiation of Capsule C9, Loop A, in the same time with irradiation in C2 and C5. For this 
reason the Capsule C9 has been pushed in location G9-G10.  
 
      The following flux (thermal < 1.12 eV, unperturbed, 14MW) values are given  
 
     -     XC1→ 2.94 E+14 n/cm2s, 

- G9 ( Capsule C9) → 1.4 E+14 n/cm2s, 
- E6 (Capsule C2) →  1.3 E+14 n/cm2s 

 
      Even it was intended to refuel the core with the last 4 bundles existing in INR, the idea 
was abandoned because a LEU bundle (with a fresh instrumented pin) has to be preserved for 
comparative measurements, in the view of qualification of the fuel imported or possible 
manufactured at INR. 
      The bundle has to be used initially only for zero-power measurements and then used for 
the next refueling with 3 LEU-s. 



                    
      To compensate for the fact that the refueling was not done with 4 LEU bundles, the core 
was shrunk with all fresh bundles toward the core center ( it is not possible more than this), 



being placed in a descending spiral according to the burnup. Special care was given to the 
newly inserted bundles that have to be placed in spots with moderate load, preferable around 
the operational control rods. The multiplication computation gives Keff= 7.65$ (CU) or 
Keff=4.45$ (HP, 10 MW).  
      The control rods bank have 15.75$ worth (computed value for refueled configuration), 
which seems to be not enough to compensate the 7.65$ representing the reactivity excess for 
the cold un-poisoned core. However a special care must be taken during refueling for 
fulfillment of the safety criterion - shutdown with the most reactive control rod blocked up – 
in our case, CR #3, which worth 7.4$. The compensation safety margin computed as:   
 
                                     Core excess+CR3 worth << Bank worth 
 
      In our case  7.65+7.4 < 15.75   The 0.7$ safety margin is not sufficient in order to proceed 
to build the new configuration. Usually till now for the same refueling procedure the safety 
margin was up to 2$ As is well known the LEU fuel reactivity starts at a high level then is in 
continuous decreasing, not like HEU which starts at a low level then maintain for a long time. 
       That is why we considered a less reactive core configuration making a slight change of 
fuel arrangement.  
 
 2.       Reactivity and hot spots evaluation for the final core configuration 
 
     For the refueling scheduled in 2004 with 3 fresh LEU bundles, we have tried a tight 
compromise, between the reactivity gain and the fulfillment of the safety criterion concerning 
reactor shutdown with the most reactive control rod blocked up. 

During the tests performed in the refueling procedure, the above-mentioned safety 
criterion was not fulfilled because : 

- to preserve the reactivity, it was created an agglomeration of LEU bundles in      
      the central area of the core, mostly around control rod #3  
- the LEU fuel behavior start to be dominant once we have more than half of core  LEU  

fuel bundles (18LEU and 17HEU ) from a total of 35 fuel bundles in the core. 
In the present paper, it was analyzed the final configuration to satisfy simultaneously the 

following conditions: 
1. The reactivity gain of the core reactivity has to ensure the reactor operation for at least 
two more months until the next reconfiguration. 
2. The hot spots have to be below the safety limits ( 465oC for fresh LEU and 600oC for 
LEU with a burnup over 20MWD ) 
3. The safety criterion - reactor shutdown with the most reactive rod up ( CR #3) - must 
be fulfilled 

      To accomplish these, the bundle H1 located in I10 was replaced with L61 located 
originally in F5, reaching the configuration shown in Fig.5. Pin Power factors (PPF-s) are 
given in Fig.6 
      The computations give: 

- core excess :  6.98$ 
- value CR #3 : 6.37$ 
- value CR bank :15.95$ 
-     compensation safety margin is 2.6$ which is sufficient.  
- maximum pin factor 2.92  

      One may observe in Fig.6 that the maximum pin factor is 2.92 in the point (X25,Y40).  
The hottest position is (X26,Y40), but there it is inserted a burned-out instrumented pin. 



                             
      From the gained data analysis, one may note that the refueling with 3 bundles satisfies the 
long irradiation period required by C9 (about 200 daysThe maximum PPF for this 
configuration is 2.95, placed in the corner of a LEU bundle (L2). There is to be placed the 
instrumented pin LEU1, the less burned one. The instrumented pin LEU2 will be placed in a 
spot with maximul load on bundle L8 (see fig. 5). 
      After the core configuration was completed a control rod calibration was performed.  
Using the calibration we calculate the experimental values for the reactivity as fallow : 

- core excess : 7.20$ 
- value CR#3 : 6.14$ 
- value CR bank : 16.1$ 
- compensation safety margin 2.76$ 
Comparing the two sets of data one can remark a good agreement between the calculations  

using the INR code system and the experimental data. 
      From the nuclear safety point of view, there were estimaded analitically the reactivity 
values for the devices to be inserted into the core, as follows : 

- C1/C2   +0.5$ in ED6 
- C9         -0.2$  in G9 
- C5         +0.2$ in D8 

      Iridium and Cobalt targets have negative reactivity, regardless the place where are 
inserted. As it can be seen, one of them has small positive values that can be easily 
compensated by the control rods.  
      From the thermal-hydraulic point of view we performed analises for the hotest spots in 
fresh LEU, burned LEU and for the best instrumented element. The calculations has been 
carried out using PARET code. The code was extended tested against the experimental 
rezults during the core conversion steps. The maximum temperatures for the center of fuel 
elements is as follow : 

- The hottest fresh LEU (corner of L62) – 390C – Safety limit  465C 
- The hottest burned LEU (corner of  L2) – 533C – Safety limit  600C 
- The best instrumented element placed in corner of L2–389C (380C experimental )  



      The calculations has been performed using 10MW Reactor power as input. As one can 
notice the reactor can be safe operated using the present core configuration up to 12MW. 
      According to the analysis performed in this paper, the obtained PPF satisfies the 
temperature criteria for the fresh and burned LEU fuel, for the power reactor of 10 MW.  
      The best-instrumented pins will be placed in positions with coordinates (X26,Y40) and 
(X20,Y34) These correspond to the bundles L2 and L24. 
 
      As a conclusion of the calculations, and measurements is that the initial high reactivity of 
LEU fuel start to be dominant soon as we pass over half of core completed with LEU fuel 
bundles. 
      This will determine  that the core refuelment and rearrangement steps should be analyzed 
more carefully and also a change in a pattern of the refuelment . 
 The usually refuelment pattern was using 3-4 fresh fuel bundle for 2500-3000MWD 
 From now we have to refuel often only with 2 fresh  LEU at a time for 1300-
1600MWD due to a specific LEU reactivity behavior. 
 
 
                                        ********************************* 
 



 

                                        Figure 6 
 

                                Power Pin factors (PPf) across the final core configuration 
 
 
     
  0   10   11   12   13   14   15   16   17   18   19   20   21   22   23   24   25   26   27   28   29   30   31   32   33   34   35   36   37   38   39   40   41   42   43   44 
     
 16  .97  .75  .73  .76  .90  .00  .58  .57  .56  .57  .69  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .37  .31  .29  .27  .27  .00  .24  .21  .19  .18  .20 
 17  .82  .56  .55  .58  .72  .00  .51  .50  .48  .49  .65  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .35  .28  .26  .24  .25  .00  .22  .19  .17  .16  .18 
 18  .86  .59  .57  .60  .75  .00  .53  .52  .51  .52  .70  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .36  .29  .27  .26  .26  .00  .23  .20  .18  .17  .19 
 19  .95  .66  .65  .68  .83  .00  .58  .57  .55  .57  .77  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .37  .32  .30  .29  .29  .00  .25  .22  .20  .19  .21 
 20 1.21  .90  .88  .91 1.06  .00  .64  .62  .61  .64  .87  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .40  .36  .35  .33  .33  .00  .29  .26  .23  .22  .24 
 21  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00 
 22  .80  .66  .64  .66  .68  .00  .99  .86  .83  .87 1.30  .00  .00  .00  .00  .00  .00  .00 1.11  .75  .69  .69  .78  .00  .55  .52  .50  .48  .49  .00  .32  .29  .26  .24  .26 
 23  .86  .71  .70  .71  .72  .00  .96  .80  .76  .81 1.27  .00  .00  .00  .00  .00  .00  .00 1.10  .66  .60  .61  .72  .00  .56  .54  .51  .49  .49  .00  .33  .29  .26  .24  .27 
 24  .92  .76  .75  .76  .77  .00 1.01  .84  .81  .86 1.35  .00  .00  .00  .00  .00  .00  .00 1.22  .73  .66  .68  .79  .00  .61  .58  .56  .53  .53  .00  .36  .31  .28  .26  .29 
 25  .99  .83  .81  .82  .83  .00 1.09  .91  .88  .93 1.44  .00  .00  .00  .00  .00  .00  .00 1.34  .83  .76  .77  .88  .00  .67  .64  .60  .57  .58  .00  .41  .36  .32  .30  .32 
 26 1.11  .96  .94  .95  .94  .00 1.24 1.05 1.01 1.08 1.57  .00  .00  .00  .00  .00  .00  .00 1.49  .99  .90  .90 1.02  .00  .72  .68  .64  .62  .66  .00  .53  .51  .47  .43  .43 
 27  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00 
 28  .00  .00  .00  .00  .00  .00 1.58 1.27 1.23 1.30 1.87  .00  .00  .00  .00  .00  .00  .00 1.79 1.20 1.11 1.11 1.22  .00 1.15 1.02  .95  .92 1.17  .00  .00  .00  .00  .00  .00 
 29  .00  .00  .00  .00  .00  .00 1.49 1.18 1.14 1.19 1.73  .00  .00  .00  .00  .00  .00  .00 1.67 1.12 1.05 1.05 1.15  .00 1.05  .92  .84  .82 1.13  .00  .00  .00  .00  .00  .00 
 30  .00  .00  .00  .00  .00  .00 1.51 1.21 1.18 1.23 1.76  .00  .00  .00  .00  .00  .00  .00 1.70 1.15 1.09 1.10 1.20  .00 1.09  .94  .86  .84 1.17  .00  .00  .00  .00  .00  .00 
 31  .00  .00  .00  .00  .00  .00 1.57 1.29 1.26 1.31 1.85  .00  .00  .00  .00  .00  .00  .00 1.77 1.22 1.16 1.16 1.27  .00 1.15  .99  .91  .88 1.20  .00  .00  .00  .00  .00  .00 
 32  .00  .00  .00  .00  .00  .00 1.74 1.50 1.48 1.56 2.16  .00  .00  .00  .00  .00  .00  .00 2.03 1.43 1.34 1.34 1.44  .00 1.29 1.13 1.03  .99 1.26  .00  .00  .00  .00  .00  .00 
 33  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00 
 34 2.04 1.59 1.56 1.59 1.74  .00 1.74 1.58 1.57 1.72 1.85  .00  .00  .00  .00  .00  .00  .00 2.31 1.51 1.39 1.38 1.48  .00 1.35 1.17 1.06 1.00 1.14  .00  .62  .61  .56  .51  .51 
 35 1.85 1.35 1.33 1.40 1.59  .00 1.66 1.51 1.49 1.60 2.62  .00  .00  .00  .00  .00  .00  .00 2.38 1.42 1.30 1.29 1.38  .00 1.25 1.07  .97  .89  .98  .00  .50  .46  .41  .38  .41 
 36 1.89 1.38 1.37 1.44 1.64  .00 1.72 1.56 1.55 1.65 2.72  .00  .00  .00  .00  .00  .00  .00 2.52 1.45 1.32 1.29 1.39  .00 1.25 1.06  .95  .88  .95  .00  .47  .43  .38  .35  .38 
 37 1.96 1.45 1.45 1.53 1.73  .00 1.81 1.65 1.64 1.74 2.79  .00  .00  .00  .00  .00  .00  .00 2.57 1.51 1.36 1.33 1.44  .00 1.33 1.13 1.02  .94 1.02  .00  .50  .45  .40  .36  .39 
 38 2.19 1.66 1.65 1.73 1.95  .00 2.04 1.88 1.87 1.98 2.87  .00  .00  .00  .00  .00  .00  .00 2.66 1.71 1.54 1.51 1.72  .00 1.89 1.78 1.67 1.55 1.59  .00  .69  .61  .54  .48  .48 
 39  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00 
 40 2.22 1.68 1.67 1.76 1.98  .00 2.08 1.92 1.91 1.97 2.34  .00 2.84 2.83 2.85 2.92 1.42  .00 2.16 1.66 1.53 1.53 2.05  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00 
 41 2.03 1.50 1.50 1.59 1.81  .00 1.91 1.75 1.74 1.77 1.98  .00 1.97 1.78 1.74 1.75 2.01  .00 1.75 1.47 1.38 1.39 2.03  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00 
 42 1.99 1.46 1.46 1.54 1.76  .00 1.86 1.72 1.71 1.74 1.91  .00 1.85 1.66 1.60 1.59 1.73  .00 1.66 1.43 1.35 1.36 2.03  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00 
 43 1.99 1.47 1.46 1.54 1.75  .00 1.85 1.71 1.71 1.74 1.91  .00 1.85 1.66 1.60 1.60 1.73  .00 1.68 1.46 1.37 1.37 1.99  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00 
 44 2.26 1.78 1.75 1.80 1.97  .00 1.99 1.84 1.84 1.87 2.06  .00 2.05 1.89 1.85 1.85 1.99  .00 1.97 1.76 1.66 1.64 2.10  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00 
 45  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00 
 46  .00  .00  .00  .00  .00  .00 2.04 1.79 1.79 1.83 2.09  .00  .00  .00  .00  .00  .00  .00  .99  .95  .90  .86  .85  .00 1.87 1.62 1.49 1.37 1.40  .00  .60  .53  .47  .42  .43 
 47  .00  .00  .00  .00  .00  .00 1.85 1.57 1.57 1.61 1.90  .00  .00  .00  .00  .00  .00  .00 1.00  .96  .91  .86  .79  .00 1.32  .97  .85  .78  .84  .00  .41  .37  .33  .31  .33 
 48  .00  .00  .00  .00  .00  .00 1.80 1.50 1.50 1.55 1.85  .00  .00  .00  .00  .00  .00  .00  .99  .94  .89  .83  .76  .00 1.21  .87  .75  .69  .75  .00  .37  .34  .30  .28  .31 
 49  .00  .00  .00  .00  .00  .00 1.79 1.49 1.48 1.53 1.85  .00  .00  .00  .00  .00  .00  .00  .97  .91  .86  .80  .74  .00 1.21  .89  .78  .71  .76  .00  .37  .33  .30  .28  .30 
 50  .00  .00  .00  .00  .00  .00 1.93 1.63 1.62 1.68 1.99  .00  .00  .00  .00  .00  .00  .00  .93  .86  .81  .76  .74  .00 1.55 1.32 1.21 1.10 1.07  .00  .41  .35  .31  .29  .31 
 51  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00 
 52 1.42 1.23 1.22 1.23 1.26  .00 1.59 1.40 1.39 1.44 1.67  .00 1.36 1.34 1.32 1.31 1.30  .00 1.60 1.34 1.23 1.20 1.47  .00  .00  .00  .00  .00  .00  .00  .49  .35  .30  .27  .29 
 53 1.25 1.04 1.04 1.08 1.12  .00 1.41 1.24 1.23 1.28 1.50  .00 1.25 1.22 1.19 1.16 1.14  .00 1.28 1.03  .94  .93 1.30  .00  .00  .00  .00  .00  .00  .00  .50  .33  .27  .25  .27 
 54 1.16  .96  .96 1.00 1.05  .00 1.32 1.16 1.16 1.20 1.41  .00 1.18 1.15 1.12 1.08 1.05  .00 1.16  .92  .84  .84 1.22  .00  .00  .00  .00  .00  .00  .00  .48  .31  .25  .23  .25 
 55 1.10  .91  .91  .95 1.01  .00 1.28 1.12 1.12 1.16 1.36  .00 1.13 1.09 1.05 1.01  .98  .00 1.08  .86  .79  .79 1.15  .00  .00  .00  .00  .00  .00  .00  .45  .29  .24  .22  .24 
 56 1.11  .93  .93  .97 1.03  .00 1.39 1.25 1.25 1.29 1.47  .00 1.15 1.10 1.06 1.01  .97  .00 1.12  .94  .89  .89 1.16  .00  .00  .00  .00  .00  .00  .00  .41  .28  .24  .22  .24 
 57  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00  .00 
 58  .77  .66  .66  .69  .75  .00  .73  .71  .71  .73  .77  .00  .96  .89  .85  .80  .78  .00  .00  .00  .00  .00  .00  .00  .61  .59  .55  .50  .45  .00  .32  .25  .22  .20  .22 
 59  .68  .58  .58  .62  .68  .00  .69  .67  .67  .69  .72  .00  .86  .78  .74  .71  .70  .00  .00  .00  .00  .00  .00  .00  .48  .41  .37  .34  .32  .00  .26  .21  .19  .18  .20 
 60  .63  .53  .53  .56  .63  .00  .64  .62  .62  .64  .67  .00  .79  .71  .67  .65  .67  .00  .00  .00  .00  .00  .00  .00  .45  .37  .32  .29  .28  .00  .23  .20  .18  .17  .19 
 61  .59  .50  .50  .53  .60  .00  .61  .59  .59  .61  .64  .00  .75  .68  .65  .63  .66  .00  .00  .00  .00  .00  .00  .00  .45  .36  .31  .28  .27  .00  .23  .20  .17  .17  .18 
 62  .64  .57  .57  .60  .67  .00  .67  .66  .67  .68  .71  .00  .85  .78  .75  .73  .76  .00  .00  .00  .00  .00  .00  .00  .50  .42  .37  .34  .32  .00  .27  .23  .21  .20  .21 
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1. Introduction  
 
The aim of this work is to determine moderating properties of different materials, in specific the   Slowing-
down Power (SDP) and the Moderating Ratio (MR), defined as  
 

SSDP Σ=ξ   
A

SMR
Σ
Σ

= ξ  

where SΣ  and AΣ  represent respectively the macroscopic scattering and absorption cross section, and ξ  
is the average logarithmic energy loss per collision. 
Slowing-down power indicates how rapidly a neutron will slow down in the material, but it does not fully 
explain the effectiveness of the material as a moderator. In fact, a material can slow down neutrons with 
high efficiency because of its big SΣ , but it can be a poor moderator because it also absorbs neutrons with 
high probability. 
Thus, the most complete measure of the effectiveness of a moderator is the moderating ratio parameter 
because it takes into account also the absorption effects: the bigger is the moderating ratio values, the 
more effectively the material performs as a moderator.  
The first part of the work consisted in the comparison between the SDP and MR parameter evaluated for 
different materials by means of Monte Carlo simulations and by means of calculations based on their 
definition formula: these calculations are based on knowledge of material composition and of microscopic 
cross section iσ  (derived from literature). 
The second part of the work was dedicated to correlate the materials’ MR values with the measured 
variation of reactivity induced by the insertion of the materials in the core of TRIGA Mark II reactor of the 
University of Pavia.  
 
 
2. SDP and MR determination by means of MCNP Code and by means of definition 

formula. 
 
Calculations from the definition formula and Monte Carlo simulations were performed for the following 
material: 
 

Material d (g/cm3) 

H2O 1.00 

Graphite 1.60 

Sample A 1.90 

Sample B 1.85 
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Where Sample A and Sample B are two perfluoropolyether received from Solvay Solexis s.p.a.[1] with the 
following composition: 

 
  

Sample A:  
  

CF3O(CF2CF(CF3)O)n(CF2O)m(CF(CF3)O)pCF3  
n=20; m=0.3; p=0.7 
 

Sample B:  
 

T - O(CF2O)m(CF2CF2O)n - T’    n= 81.54; m=76.2 
 
T , T’(molar fractions) = CF3 (0.64); CF2Cl (0.21); 
CF2CF2Cl (0.15). 

 
 
Monte Carlo simulation were performed by means of MCNP (Monte Carlo N-Particle) code and 
concerned the evaluation of macroscopic total cross section TΣ  and of diffusion length L.  
 
Considering a mono-directional beam of neutrons of intensity 0Φ , which strikes on a material of thickness 
x (Fig. 1), every neutron that interacts in the material will be lost from the beam. If )(xΦ  is the intensity of 
the uncollided neutrons after penetrating the distance x and emerging from the target, the attenuation of 
neutron beam is given by: 
 

Txe Σ−Φ=Φ 0  
 

Since the purpose is to evaluate TΣ   in correspondence of thermal energy region, the input for the source 

0Φ  in MCNP has been a neutron beam whit Maxwell energy spectral distribution at 293.6°K. The output 
correspond to the uncollided flux Φ : once fixed the thickness x, TΣ can be calculated. 
 
 

TΣ  (cm-1) Material 
Calculation MCNP 

H2O 1.5190 1.9480 
Graphite 0.3814 0.3640 
Sample A 0.2430 0.2883 
Sample B 0.2695 0.3104  

x 

N - Source 

0φ

* 

φ

 

Figure 1 
 
The diffusion length L is a typical parameter for a neutron population at thermal equilibrium in the infinite 
medium in which diffusion takes place. The relation connecting L with the distance R from the neutron 
source and with the corresponding flux )(RΦ at that point, in an infinite and homogeneous medium (Fig. 
2), is given by: 

L
R

eaRR
−

=⋅Φ )(  



  
 

 
 

179 

*

��������������������������������������������������������������������������������������
��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
���������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������
�����������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

R 

)(RφSource 
* 

 
Figure 2 

0,01

0,1

0 20 40 60 80 100
R (cm)  

 

Figure 3: exponential fit of RR ⋅Φ )(  as function of R. 

 
In this case, MCNP calculation is performed placing a neutron isotropic point source in the middle of a 
sphere of radium R filled whit moderator material  (the outside of the sphere is composed of moderator 
too to take into account the diffusion in an infinite medium).  The output of MCNP is the flux )(RΦ : by 
means of an exponential fit of RR ⋅Φ )(  the moderator diffusion length L can be evaluated (Fig. 3).  
 
 

L (cm) Material Literature Calculation MCNP 
H2O 2.75 [2] – 2.85[3] 3.11 2.54 
Graphite 52.5[2] - 59[3] 55.57 57.21 
Sample A - 57.44 48.22 
Sample B - 23.45 21.53 

 
Once TΣ  and L have been evaluated it is possible to calculate the macroscopic scattering ( SΣ ) and 
absorption ( AΣ ) cross section by use of following equations: 
 

TΣ = SΣ + AΣ  
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The results were compared with values reported in literature, when possible, and with those obtained by 
simple calculation of macroscopic cross section. 
 

SΣ   (cm-1) 
Material Literature Calculation MCNP 

H2O  1.4970 1.9220 
Graphite 0.3851 [3] 0.3811 0.3639 
Sample A - 0.2420 0.2878 
Sample B - 0.2673 0.3081  

AΣ  (cm-1) 
Material Literature Calculation MCNP 

H2O 0.0222 [3] 0.0229 0.0262 
Graphite 2.73e-4 [3] 2.834e-4 2.794e-4 
Sample A - 4.16e-4 4.964e-4 
Sample B - 2.230e-3 2.299e-3  
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Logarimic energy loss per collision ξ  has been calculated by definitions: 
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respectively in the case of a nuclide with atomic number A and of a mixture of nuclides. Calculated value 
of ξ  were compared with literature when possible.  

 
 H2O GRAPHITE Sample A Sample B 

ξ  
calculation 

0.92 0.158 0.123 0.138 

ξ  
literature 

0.92 0.158 - - 

 
Using the obtained value for SΣ  and AΣ , Slowing-Down Power (SDP) and Moderating Ratio (MR) have 
been calculated for different materials: results are reported in the following tables and mark a common 
trend and a good agreement between calculation and MCNP simulation.  
 
 

SDP Material Literature Calculation MCNP 
H2O 1.35 [2] 1.380 1.780 
Graphite 0.06[2] 0.060 0.057 
Sample A - 0.029 0.035 
Sample B - 0.037 0.042 

 
 

MR Material Literature Calculation MCNP 
H2O 71[2] 62.09 67.85 
Graphite 192[2]   212.50 205.80 
Sample A - 71.55 71.31 
Sample B - 16.54 18.49 

 
 
3. MR determination by reactivity measure. 
 
The experimental determination of Moderating Ratio has been performed by measuring the insertion of 
positive or negative reactivity in the reactor due to the introduction of the materials inside the Central 
Thimble of reactor core. 
 
In order to avoid reactivity effects due to temperature, measurement has been performed at 15W power. 
The measure procedure consisted of the following steps: 

− Reactor is brought critical at 15 W power, central thimble is void; 
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− the position values of control rods are registered;  
− a sample of material X is introduced into the Central Thimble: the perturbation induces a deviation 

from steady state, which is associated to an insertion of positive or negative reactivity ρ ;  
− Fixed the SHIM e TRANSIENT control rods positions, critical condition at 15 W is achieved 

again by inserting or extracting the REGULATING control rod 
− the positive of negative reactivity inserted in the core ( Xρ∆ ) as consequence of the introduction 

of material X, is evaluated using the REGULATING rod calibration data.  
 
 
Before to start the measurement an analysis of the four materials was performed looking for contaminant 
with high absorption cross section. All samples resulted very clean materials, but, from the analysis 
certificate, graphite resulted contaminated by less than 0.5 ppm in weight of natural boron. Besides, since 
graphite was in a micro-particulate state, the density of the sample was considerably low, about 1.03 g . 
cm-3. For this reasons, the MR parameter for graphite was recalculated by means of the definition formula: 
the new value estimation was 191. 
  
The results of the measurement performed on the samples are reported below:  
 
  

Material ∆ρ (cents) 
H2O              (density = 1.00) 9.22  
Graphite       (density = 1.03) 7.52  
Sample A     (density = 1.90) 9.95 
Sample B     (density = 1.85) 8.74 

 
 
At this point the goal was to correlate the measured Xρ∆  with the calculated MR. In order to do this it 
was necessary to think about what parameters of the measure could give a contribution to the variation of 
reactivity but wouldn’t effect the MR value. 
Two parameters were identified: the total weight of the sample of the material inserted in the reactor core 
Wx and the atomic density per barn of the material itself Nx . 
As result a new parameter of the measure was defined as follow: 
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and the MRx/MRH2O values of the materials were displayed as a function of the parameter Sx giving as a 
result an exponential fit (Fig. 4). The error on the MR evaluation is due to the uncertainties on the 
microscopic cross section values and on the density values of the materials and, for our calculation, can be 
estimated about few percent. The error on parameter S is mainly due to the accuracy in the indication of 
the reactor power level and to the uncertainties in the estimation of the REGULATING rod reactivity 
value, of the weight and of the density of the materials. The error on parameter S is estimated less than 
±2%. 
 



  
 

 
 

182 

0,1

1

10

0,85 0,9 0,95 1 1,05 1,1

M
R

x/M
R

H
20

S
 

Figure 4: exponential fit of MRx/MRH2O values of the materials as a function of the parameter Sx. 

 
 
4. Conclusions 
 
The comparison between the SDP and MR parameter evaluated for different materials by means of Monte 
Carlo simulations and by means of direct calculations based on their definition formula showed a good 
agreement with errors less that 10%. Thus the Monte Carlo code seems to be a good support for the 
calculation of the moderating parameters, particularly useful when the materials are compound of many 
elements. 
The correlation between the values of the MR of different materials with the measured variation of 
reactivity induced by the insertion of the materials in the reactor core is possible by means of a definition of 
a new parameter of the measure. This parameter, named S, depends from the total weight of the sample 
inserted in the reactor core and from the atomic density per barn of the material. The MR values of the 
materials displayed as a function of the parameter S give as a result an exponential fit. 
In order to validate this correlation, though, it will be necessary to perform other measurements using very 
clean materials with a very well known composition. This will be one of the future activity of LENA. 
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[2]  K.H.Beckurts and K.Wirtz, Neutron Physics, Springer-Verlag, 1964. 
[3]  John R. Lamarsh, Introduction to Nuclear Reactor Theory, Addison-Wesley Publishing Company, Reading, 
Massachussetts, U.S.A., 1966. 
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Abstract 
The computing codes used for the thermo-hydraulic aspects of the TRADE (TRiga Accelerator 
Driven Experiment) require the basic information of the temperature distribution across the core 
and its correlation with the thermal power produced by the core itself during the normal operation. 
Moreover the core codes used for the evaluation of the effects on the system following a changing in 
the reactor reactivity require the knowledge of the reactor responses to the system variation. With 
the aim of give the as complete as possible answer to these requests, an acquisition system based on 
PC was realized. A series of records of the temperature distribution across the core in several 
steady states as well during reactivity transients was performed. 
 

1. Introduction 
The TRADE experimental activities are scheduled to begin in 2008 at the existing TRIGA reactor at 
the Casaccia Centre of ENEA near Rome. The plan is to couple an existing reactor capable of 
demonstrating features of power operation (notably power coefficients of reactivity) with a neutron 
spallation source driven by a high energy proton beam. It is felt [1] that TRADE will be able to 
demonstrate and test many features of operability of an ADS such as relations among reactivity 
(including feedback), accelerator current, and source importance. There are a number of relevant 
measurements that can be made in the reactor before the spallation source is installed [2]. These 
include characterization type measurements, such as fission rate traverses or core thermo-hydraulic 
performances, and fundamental reactor physics measurements such as determination of kinetic 
parameters through noise or other dynamic techniques. In this paper, we will summarize 
measurements of temperature distribution inside the core at different steady level of power and with 
different reactivity steps. These measurements were realized with the use 20 thermocouple placed in 
the core cooling water, described here below.  

2. Data Collection System 
The goal of the measurement campaign was the assessment of the temperature increase associated 
to the core heat on the outlet water for the different rings. This information is basilar for the 
computational codes used for the follow-up of the reactor dynamic. The request was to have a set of 
data linked to the reactor power and fuel temperature changes as consequence of the reactivity steps 
or steady states. For this purpose we realized a personal computer based data logging system 
combining two National Instruments A/D modules for the 14 bit digital conversion of the signals 
coming from the different devices and instruments with a special designed LabVIEW application 
ensuring a paced collection and store of the different temperature sensors, the two power channels 
and the rod movement. Each A/D module allows 16 single-ended channels, with the possibility of 
different ranges and amplifications. 
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3. Thermocouple positioning and connection 
The temperature in the core is characterized by a high gradient from the water channel towards the 
fuel element: at 1 MW, mean temperatures of the cooling water are about 40 °C while fuel 
temperatures are about 270 °C. Different thermocouple positioning among various sensors implies 
an un-comparable data collection. Using the ten holes in the top core grid having the corresponding 
holes in the bottom grid (Fig. 1), a set of ten housing tubes was designed in order to minimize their 
impact in the water flowing and ensure the thermocouple positioning just below the two grids. 
Figure 2 illustrates the sensor positioning and the housing tube details. The mapping traverse is the 
North-South axis of the core (Fig. 1). Each small tube has a prolongation for its positioning from 
the pool top (Fig. 3). With this arrangement, 20 K-thermocouples, with stainless steel cladding 
having φ 1 mm, was connected to data acquisition system, each among a conditioning module 
ensuring the galvanic de-coupling and the first amplification. 
For the fuel temperature information, one of the two available thermocouples inserted in the hottest 
pin (in B06 position) was connected to the data acquisition system with the above conditioning 
module. 

4. Reactor power and control rod information 
The output signals from the two channels, associated to the two compensated ionization chambers 
of the reactor control system, was connected to the data acquisition system for the continuous 
monitoring of the changing in the reactor response as consequence of the reactivity modifications. 
The synchronization with the control rod movement was ensured by means of virtual switch in the 
graphic interface of the LabVIEW application.   
 
 

 
Figure 1 – Measurement positions. 
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Figure 2 – In-core thermocouple positioning (left) and housing tube detail (right). 

 

 
 

Figure 3 – Prolongation tubes in the pool with top grid magnification  

5 - Reactor state  
The core configuration selected for the temperature measurement campaign is based on the pre-
TRADE core loading [3], characterized by the control rods positioned in D ring, with the excess of 
reactivity essential for operate at maximum power (1 MW). The four control rods were calibrated 
with dynamic measurements: figure 4 illustrates the typical S curve of the rod SHIM 1, used for the 
positive reactivity insertions in all step measurements. The control rods are moved with DC motors 

Top

Bottom
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having constant speed. The position of the rod is detected with a multi-turn potentiometer and the 
indication ranges from 100 (rod inserted) to 800 (rod completely withdrawn). The values of rod 
position (sometime cited as "cycles") are referred to the above indication. The movement from 100 
to 800 (i.e. 700 cycles) requires ~ 90 seconds. Figure 5 illustrates the reactivity controlled by 
SHIM 1 as a function of the position. Negative steps were obtained by the complete drop of the 
Regulating Rod. During all the measurements performed, the primary pumps are always in action, 
ensuring a water flow 80 m3/h. The pumps of the secondary loop were switched off during some 
measurements. 

 
Figure 4 – SHIM 1 Calibration Curve 

 
Figure 5 – SHIM 1 Reactivity <vs> position 

6 - Steady State Measurements 
The measurements were performed at different levels of the reactor power in steady state 
conditions. These conditions were obtained in two ways: 

• Long acquisitions in steady state at maximum power, dedicated to observation of possible 
counter reaction due to poisons and/or bubbles effects (Fig. 6); 

• Before  and/or after the step insertion (Fig. 7 and 8). 
 

 
Figure 6 – Temperature oscillations after step 

insertion 
 

 
Figure 7 – Temperature oscillations after step 

insertion 
 

A first examination of the thermocouple responses during the steady states reveals that the water 
temperature in the upper part of the core, just below the upper grid, is continuously oscillating (Fig. 
7) sometime accompanied by the oscillation in the neutron detector response (Fig 8). 
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Figure 8 – Temperature and neutron 

oscillations  
 

  
Figure 9 – Temperature with S3 tube lifted 

 

 
A possible justification of this behaviour was, at the beginning, that the tubes holding the 
thermocouples and connecting the lower plenum with the upper part of the core, establish an 
unsteady forced convection flow within the tubes. A measurement was executed inserting  a step of 
reactivity starting form about 500 kW and, during the steady state between two step insertions, 
moving up a thermocouple holder (S3 position) in order to place the lower thermocouple (S3B) in 
the position previously occupied by  the upper one (S3T). Figure 10 shows the displacement. 
 

 
Figure 10 – Thermocouple holder displacement 

 
The inspection of the temperature plot obtained (Fig. 9) excludes the first assumption: the 
temperature in the upper position continues its oscillation, even after the step insertion. 
A long-period acquisition (14.000 seconds) at maximum power steady state, keeping un-altered the 
control rod position (Fig. 11), reveals a low frequency oscillation, superimposed to the high 
frequency “noise” of the linear channel. A magnification of the linear channel and fuel temperature 
plots (Fig. 12) reveals that the two low frequency “oscillations” are strictly correlated: variations in 
neutron flux are accompanied by fuel temperature variations. The high frequency correlation 
requires further investigations.   
With the temperature collected during the long-period acquisitions, a radial map of the temperature 
across the core was achieved with the mean values of each thermocouple over a long observation 
time. The inlet and outlet temperatures are shown in figure 13 as well as the differential temperature 
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across the core. The shape of the outlet temperature profile is in good agreement with the flux 
distribution in the core, tacking into account the asymmetry highlighted in [3]. The 1N and 2S 
indications are slightly misaligned respect to the flux distribution. This is probably due to a small 
displacement of the thermocouple sensitive parts inside the housing tubes. Inlet temperatures are 
constant over the whole plenum below the bottom grid. 
 

 
Figure 11 – Temperature and flux oscillations 

 
 

 
Figure 12 – Temperature and flux oscillations: 

Magnification 
 

 

 
 

Figure 13 – Temperature profile in the core 
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7 - Positive reactivity insertions 
More than forty measurements were executed with positive step insertions. The reactivity 
values are indicated in the React. Step. in Table I. 
Figure 17 summarizes the reactivity steps performed at the various starting steady power of 
the reactor  
Examples of that category of measure are shown in Figures 14, 15 and 16. 
 

 
Figure 14 – Positive reactivity insertion 

 

 
Figure 15 – Positive reactivity insertion 

 
 

 
Figure 16 – Positive reactivity insertion 

 

 
Figure 17 – Negative reactivity insertion 

 

8 - Negative reactivity insertions 
Nine measurements were executed with negative step insertions obtained by the Reg. Rod 
drop, having 39 ¢ of reactivity. Figure 17 gives an example of that category of measurements. 

9 - Conclusions 
With the discussed measurement campaign, data from more than 50 reactivity steps are 
available. Figure 18 illustrates the different reactivity steps categorized by the starting 
steady power of the reactor. Dynamic code developers have data for benchmark 
Temperature oscillations require further examinations: a possible theme to be investigated 
is the water pressure changing in the core by the natural convention cooling. 
Temperature asymmetries in the two sides of the core (North and South) are explained by 
the already detected flux asymmetry. 
. 
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Figure 18 – Reactivity steps performed <vs> starting steady 
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Abstract. In 2001 the working group decommissioning was founded in the department 
incorporation of the German/Switzerland association for radiation protection. Members of the 
group are representatives of dismantling projects, dismantling companies, organisations of 
experts, authorities, institutions of measuring incorporations, research facilities and 
universities. Aims of the group are to guarantee a continuous information and experience 
exchange between the different decommissioning projects, to establish criteria for facility 
specific advanced training and further education, to propose requirements for in-vitro 
incorporation measuring facilities and to draw up a recommendation for incorporation 
protection of decommissioning projects. It is tried to harmonize the procedure in principle 
regarding the specific conditions of the different nuclear facilities.  
The bases for the recommendation are formed by the experiences of the previous dismantling 
projects in Germany. As an example in this contribution the procedure at the TRIGA reactor 
of MHH is presented and compared to a facility with alpha-emitters. 
 
 
1. Introduction 
 
In the last years many experiences were gained with the decommissioning and the dismantling 
of nuclear facilities in Germany. Many articles and recommendations are published about the 
planning of the dismantling, the dismantling techniques, the dismantling concepts and the 
radiation conceptions [1,2,3]. Concerning the incorporation protection and control no general 
requirements are applied. In comparison to an operating power reactor a higher amount of 
work with possible alpha incorporations must be performed for dismantling, decontamination 
and handling the radioactive waste. Additionally, the nuclide vector can be shifted from 
gamma and beta emitters to alpha radiation caused by decontamination or the radioactive 
decay of the isotopes.  
 
Therefore, in 2001 the working group decommissioning was founded in the department 
incorporation of the German association for radiation protection. Members of the group are 
representatives of dismantling projects and companies, organizations of experts, authorities, 
institutions of measuring incorporations, research facilities and universities. Aims of the 
group are to guarantee a continuous information and experience exchange between the 
different decommissioning projects, to establish criteria for facility specific advanced training 
and further education, to propose requirements for incorporation measuring facilities and to 
draw up a recommendation for incorporation protection of decommissioning projects. 
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2. Recommendation for incorporation protection 
 
One important objective of the working group decommissioning is to draw up a 
recommendation for incorporation protection by decommissioning projects in Germany. The 
recommendation shell be used for prevention of incorporations by planning, for protection, 
control and determination of incorporations during dismantling of different nuclear facilities. 
It includes incorporation concepts and the requirements for the institutions of measuring 
incorporations in Germany. It is tried to harmonize the procedure in principle regarding the 
specific conditions of the different nuclear facilities [4].  
 
The recommendation will be separated in a general part and in special parts for power 
reactors, research reactors and hot cells together with other nuclear facilities. 
 
The general part includes the following items: 
• Radiological conditions of the facility 
• Radiation protection guideline values 
• Precautionary radiation protection measures 
• Training and education 
• Incorporation monitoring   
• Estimation of the radiation exposure 
• Documentation 
• Behaviour by accidents 
 
The bases for the recommendation are formed by the experiences of the previous and current 
dismantling projects in Germany. For power reactors these are for example the KKW 
Würgassen [5] and Grundremmingen Block A [6]. For research reactors the experience of 
facilities of the research center in Karlsruhe, Jülich and Seibersdorf (Austria), of the Verein 
für Kernverfahrenstechnik und Analytik Rossendorf e.V. (VKTA) and Medizinische 
Hochschule Hannover (MHH) can be used. For hot cells and other nuclear facilities the 
radiation protection measures of the “Wiederaufarbeitungsanlage Karlsruhe” (WAK) [7], the 
facilities of the VKTA [8] and the hot cells in Karlstein [9] receive the bases for the 
recommendation.  
 
 
3. Radiological conditions of the facility  
 
In preparation for dismantling a facility in general first the radiological situation will be 
determined using the following measures: 
• Compilation of the history of the facility 
• Collection of the dose rates and contaminations of the facility 
• Sampling of representative components and materials 
• Estimations or calculations of the activation and dose rates 
 
As a result the nuclide vectors and guided nuclides, the specific activations, the dose rates and 
surface contamination are received. The radiological data deliver the dismantling concept and 
techniques, the handling of the residual materials, the amount of radioactive waste as well as 
the necessary radiation protection measures especially to avoid and monitor incorporations of 
the personal.  
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As example the procedure to determine the radiological condition of the MHH-TRIGA 
reactor is given [10]. Samples were taken from the following materials and components from 
areas of high neutron flux (see Fig. 1): 
• Graphite from a graphite element 
• Aluminium from the reactor tank  
• Aluminium from the top grid plate   
• Stainless steel from a screw in the top grid plate 
• Baryt concrete and reinforcement irons from the biological shield 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic diagram of the reactor. Samples were taken from the marked positions and 
materials: 1 stainless steel from a screw in the upper grid plate, 2 baryt concrete and 
reinforcement irons from the biological shield, 3 aluminium from the reactor tank, 4 
aluminium from the upper grid plate, 5 graphite from a graphite element. 
 
Calculations of the specific activities and dose rates were done by the IKE Stuttgart [11-13]. 
The 2D SN program DORT and the 3D Monte Carlo program MCNP-4C were used to solve 
the neutron and photon transport equation. For calculating the activity after irradiation and 
determination of photon sources ORIGEN-2 was used. Cross sections processed at IKE were 
used based on ENDF/B-VI and JEF-2.2 for transport calculations and FENDL for activation 
calculations. The principle geometry of the TRIGA reactor is cylindrical and therefore it can 
be described by a 2D model. The non-symmetrical parts, i.e. the radial beam tube, the filter 
equipment, graphite elements, control rods and instrumentation tubes as well require a 3D 
description. 
 

1

2
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Table I shows the calculated specific and total activities of the important components and 
materials of the TRIGA reactor. 
 

Table I. Materials and activity of components 
Component Material Specific activity 

[Bq/g] 
Total activity [Bq] 

Upper grid plate AlMg3F18 3.9E+04 2.0E+08 
Lower grid plate AlMg3F18 5.3E+04 4.2E+08 
Central irradiation tube AlMg3F18 1.8E+05 3.6E+08 
Instrumentation tubes AlMg3F18 5.0E+03 1.0E+08 
Reactor tank with radial 
beam tube 

AlMg3F18 9.0E+01 1.1E+08 

Rotary specimen rack  Stainless steel, Al 1.5E+07 3.3E+10 
Steel components 
(screws etc.) 

Stainless steel  1.7E+07 3.4E+09 

Graphite elements Graphite, Al 9.3E+04 3.3E+09 
Control rods B4C, Al 1.15E+05 4.6E+08 
Filter equipment Al, Pb, He, graphite 4.1E+03 1.4E+09 
Graphite reflector Graphite, Al 2.0E+04 1.6E+10 
Biological shield (2D 
model) 

Baryt concrete 0.01 30 

Biological shield (3D 
model) 

Baryt concrete 1.1 7,700 

 
The maximal total activity of the activated components and materials of the TRIGA reactor is 
about 84 GBq. This value includes the measured activity of the reinforcement irons of the 
biological shield.   
The main parts of the total activity are the rotary specimen rack and small stainless steel 
components, the graphite reflector and activated concrete of the biological shield. The 
stainless steel components have the highest specific activities, but a total mass of  only 2.5 kg. 
The graphite reflector has less specific activity, but a mass of 800 kg and the activated 
concrete also has a low specific activity, but a heavy mass of 10,000 kg. 
 
Fig. 2 shows the activation in the reactor tank and the biological shield.  
 
From the specific activity the following nuclide vectors were determined: 
 
• Aluminium: Fe-55 (71%), Co-60 (27%), Ni-63 (1%), Eu-152 (1%) 
• Stainless steel: Fe-55 (23%), Co-60 (62%), Ni-63 (15%) 
• Graphite: H-3 (65%), C-14 (11%), Co-60 (6%), Eu-152 (16%), Eu-154 (2%) 
• Baryt concrete :  H-3 (15%), Fe-55 (2%), Co-60 (2%), Ba-133 (64%), Eu-152 (16%),  

Eu-154 (1%) 
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Fig. 2. Top: Co-60 activation product in the aluminium tank with boundary for dismantling, Bottom: 
right: Ba-133 activation in the symmetric region of the biological shield with boundary for 
dismantling, left:  Ba-133 activation product in the top layer of  heavy concrete near the radial beam 
tube 
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Table II shows examples of the results of the dose rate calculations.  
 

Table II. Dose rates at the surface and at a distance of 1 meter for some components 
Material / Location Dose rate [mSv/h] 
 At the surface At a distance of 1 meter 
Empty reactor tank, 1 m over 
bottom 

5.0 E-03 2.8 E-03 

Lower grid plate 6 E+00 8 E-02 
Graphite reflector 9.5 E+00  9 E-01 
Rotary specimen rack 2 E+02 4.1 E-01 
Central irradiation tube 6 E-01 3.0 E-03 
 
The calculations and measurements provide a complete picture of the activity of the area near 
the core from the center of the core to the biological shield. Thus all the main data required 
for planing the dismantling techniques of the reactor, handling the residual materials and the 
radiation protection measures are available. Additionally the amount of radioactive waste  and 
its total activity can be estimated. 
 
 
4. Precautionary radiation protection measures 
 
Works with high incorporation risk are for example every work on alpha assembly sections, 
the decomposition and dismantling of contaminated components, the handling of the 
radioactive residual materials and the decontamination of the materials and components or 
facilities. The incorporation risk can be reduced by administrative and technical precautionary 
radiation protection measures. Their application depends on the dose rate, the contamination 
and the expected activity concentration in the air at the working place.  
 
The following measures are planned to ensure the radiation protection during dismantling the 
MHH-TRIGA-reactor: 
• Shieldings (mobile and fix) 
• Foil tends and mobile ventilation systems 
• Remote control techniques 
• Decontamination of components 
• Overhead of areas and components with foils 
• Personal protection cloth like overall, extra gloves and inhalation protection 
• Packages for the radioactive residual materials and prevention of surface contamination of 

the packages  
 
In order to estimate the dose during dismantling procedure the calculated dose at the surface 
and at a distance of 1 m of the components was taken as a basis to definite the following dose 
guidelines for the working staff: 
• Daily  0.2 mSv 
• Weekly   0.5 mSv 
• Monthly   2.0 mSv 
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After the German Radiation Protection Ordinance [14] a total dose of 20 mSv  is the yearly 
limit of a working person. 
 
 
5. Incorporation monitoring measures 
 
The incorporation monitoring is separated in a incorporation control of the personal and the 
determination of the activity concentration in the air. In dependent of the nuclide which shell 
be analysed incorporations of personal will be measured using the whole body counter, an 
organ counter or by in-vitro analysing methods. These checks can be necessary routinely 
(normal operation) or in particular cases (operational faults) like stay of a person in alpha-
areas without inhalation protection, defect of the protection clothes or injury with open 
wounds. In-vitro measurements for the analyses of alpha emitters are necessary in dependence 
of the work and the project by work on alpha assembly sections. Lung counter will be used by 
a suspicion of an alpha particle incorporation.  
 
The monitoring concept for the dismantling of the MHH-reactor (no alpha-emitters) includes 
• measurements of  the dose rates 
• determination of the activity concentration in the air in working areas 
• sampling of the components during dismantling 
• measurements of the external radiation exposure of the personnel  
• incorporation control of the personal 
• control of the activity release with air and water 
• surveillance of the environment 
 
The personnel´s exposure to radiation will be solely from external radiation exposure. 
Incorporations during dismantling are not relevant since the release of aerosols is less and 
radiation protection measures are taken into account. The whole body counter of MHH is used 
to determine the incorporation of gamma radionuclides of the staff at the begin and at the end 
of their work. 
 
 
6. Advanced training and further education 
 
The incorporation risk especially if it is caused by the handling of alpha nuclides can be 
minimised when all radiation protection measures will be attended by the personal. The 
experience of the dismantling projects shows  that  a special training and education is 
necessary to sensitise the stuff working on alpha assembly sections. Also the exchange of 
personal for training in other facilities or the teachers can be useful regarding the prosperity of 
the education. 
 
 
7. Summary 
 
The working group decommissioning delivers the possibility to discuss the difficulties and to 
exchange information and experience of radiation protection measures especially regarding 
the incorporations of radioisotopes between the different groups which are involved in the 
decommissioning projects. One aim of the group is to use the experiences of the previous and 
current dismantling projects in Germany to develop a recommendation for incorporation 
protection for power reactors, research reactors, hot cells and other nuclear facilities which 
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shall be dismantled. The recommendation shell ensure the avoidance of incorporations 
(prevention by planning), the incorporation protection (protection during dismantling) and 
monitoring of the personal (concepts of incorporation controls and requirements of the in-
vitro analysis institutions). In consideration of the specific radiological situation of the facility 
it is tried to harmonise the procedure concerning incorporation protection for the different 
nuclear dismantling projects in principle.  
The TRIGA reactor of MHH can be used as example for a facility without alpha-emitters. 
Due to the administrative and technical precautionary radiation protection measures no 
essential modifications in comparison to the operating research reactor must be respected 
concerning the incorporation protection in this case. 
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Abstract 
 
The FiR 1 –reactor, a 250 kW Triga reactor, has been in operation since 1962. The main purpose to run the 
reactor is now the Boron Neutron Capture Therapy (BNCT). The BNCT work dominates the current utilization 
of the reactor. The weekly schedule allows still one or two days for other purposes such as isotope production 
and neutron activation analysis.  
 
According to the Finnish legislation the research reactor must have a nuclear waste management plan. The plan 
describes the methods, the schedule and the cost estimate of the whole decommissioning waste and spent fuel 
management procedure starting from the removal of the spent fuel, the dismantling of the reactor and ending to 
the final disposal of the nuclear wastes. The cost estimate of the nuclear waste management plan has to be 
updated annually and every fifth year the plan will be updated completely. According to the current operating 
license of our reactor we have to achieve a binding agreement, in 2005 at the latest, between our Research Centre 
and the domestic nuclear power companies about the possibility to use the Olkiluoto final disposal facility for 
our spent fuel. There is also the possibility to make the agreement with USDOE about the return of our spent fuel 
back to USA. If we want, however, to continue the reactor operation beyond the year 2006, the domestic final 
disposal is the only possibility. 

In Finland the producer of nuclear waste is fully responsible for its nuclear waste management. The financial 
provisions for all nuclear waste management have been arranged through the State Nuclear Waste Management 
Fund. The main objective of the system is that at any time there shall be sufficient funds available to take care of 
the nuclear waste management measures caused by the waste produced up to that time. The system is applied 
also to the government institutions like FiR 1 research reactor. 

 
 
1. Introduction 
 
The FiR 1 reactor, a 250 kW Triga reactor, has been in operation since 1962. The main 
purpose to run the reactor has been lately the Boron Neutron Capture Therapy (BNCT). The 
epithermal neutrons (0.5  eV – 10 keV) needed for the irradiation of brain tumor patients are 
produced from the fast fission neutrons by a moderator block consisting of Al+AlF3 
(FLUENTAL) developed and produced by VTT. The material gives excellent beam values 
both in intensity and quality and enables the use of a small research reactor as a neutron 
source for BNCT purposes [1]. Over thirty patients have been treated since May 1999, when 
the license for patient treatment was granted to the responsible BNCT treatment organization 
[2]. The treatment organization has a close connection to the Helsinki University Central 
Hospital. The funding of the BNCT-project is coming from a public funding organisation. 
The goal of the funding of the BNCT project is to develop the treatment organisation to a 
profit-making company. VTT as the reactor operator has a long term contract with the 
treatment organisation to produce epithermal neutrons for the patient treatments. 
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The BNCT work dominates the current utilization of the reactor: three or four days per week 
for BNCT purposes and the rest for other purposes such as the neutron activation analysis and 
isotope production. Figure 1 describes the general layout of the BNCT facility at the FiR 1 
reactor. The facility gives a high epithermal neutron field, 1.1×109 n/cm2s with a very low fast 
neutron and gamma component. 
 
During this and the next year (2004 and 2005) the back end solutions of the spent fuel 
management will have a very important role in our activities and in the possibility to continue 
the operation of the reactor. According to our current operating license we have to achieve 
next year (2005) a binding agreement between VTT and the domestic nuclear power plant 
companies about the possibility to use the final disposal facility of the nuclear power plants 
for our spent fuel. In this case we can continue the operation of the reactor as long as there is 
reasonable work to do and the funding is in order. Naturally we can also make an agreement 
with the USDOE within the well-known time limits. 
 
 

 
   Fig 1.  BNCT Facility at the FiR 1 –reactor 
 
 
2. Final disposal solution of spent fuel in Finland 
 
The Finnish nuclear power companies founded in 1995 a separate company Posiva to develop 
the technology and carry out safety analysis and site investigations for implementing the spent 
fuel final disposal. In 1999 Posiva submitted an application for a decision in principle for a 
final repository to be built at Olkiluoto, on the western coast of Finland. Olkiluoto is also one 
of the two nuclear power plant sites in Finland. At the end of the year 2000 the Finnish 
government approved the application and sent it to the parliament for ratification. The 
ratification took place in May 2001. Separate licenses still will be needed for the construction 
of the facility, scheduled to start in 2010, and also for the operation, 10 years later. The 
government alone will grant these licenses and no political aspects are supposed to involve in 
the licenses.  

For the final repository the spent fuel will be encapsulated in airtight copper canisters and 
situated in the bedrock at a depth of 500 m. The safety of this deep underground repository is 
based on multiple natural and engineered barriers. Each canister contains 12 normal fuel 
assemblies from nuclear power plants. The present concept for Triga fuel elements is that the 
elements will be loaded in containers, which have the same outer dimensions as the nuclear 
power plant fuel assemblies. This ensures that the Triga fuel will be easily handled in the final 
disposal facility and loaded in the heavy copper canisters. Figure 2 describes the final disposal 
canisters. 
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                 Posiva Oy        Posiva Oy 

Fig 2. Final disposal canisters 

 
 
3.   Nuclear waste management and spent fuel situation at the FiR 1 reactor 
 
In Finland also the research reactor must have a nuclear waste management plan, which 
contains among others a part for spent fuel management. The plan describes the methods, the 
schedule and the cost estimate of the whole spent fuel management procedure starting from 
the removal of the fuel from the reactor core and ending to the final disposal. The cost 
estimate of the nuclear waste management plan has to be updated annually and every fifth 
year the plan will be updated completely. The plan has been based on the assumption that the 
final disposal site will be somewhere in Finland. Now we know that the final disposal facility 
for the spent fuel of the nuclear power plants will be situated in Olkiluoto. The final disposal 
facility is supposed to be in operation in 2020. 

In Finland the producer of nuclear waste is fully responsible for its nuclear waste 
management. The financial provisions for all nuclear waste management have been arranged 
through the State Nuclear Waste Management Fund. The cost estimate of the nuclear waste 
management will be sent annually to the authorities for approval. Based on the approved cost 
estimate the authorities are able to determine the assessed liability and the fees to be paid to 
the Fund [3]. The main objective of the system is that at any time there shall be sufficient 
funds available to take care of the nuclear waste management measures caused by the waste 
produced up to that time. The system is applied also to the government institutions as FiR 1 
research reactor operated by the VTT. 

We have had already for fourteen years an agreement in principle about the possibility to use 
the final disposal facility of one of the Finnish nuclear power companies. Later this agreement 
was transferred to the joint nuclear waste management company Posiva. According to the 
current operation license of our reactor we have to achieve a binding agreement between our 
Research Centre and either Posiva or USDOE about the back end solution of the spent fuel. 
This means that the said agreement in principle is not sufficient any more. The binding 
agreement with Posiva is the only alternative, when we want to continue the reactor operation 
beyond the year 2006. Obviously the idea is that the binding agreement has to be established 
during the time when there are still two possible agreement partners left. Before we can start 
the real negotiations about the final disposal of our spent fuel with Posiva, we have to prepare 
a safety study about the behaviour of the Triga fuel in the final disposal surroundings. 
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The current operation license of our reactor will expire in 2011. It is possible to apply a new 
license at that time. In every case it is very probable that there will be certain waiting time 
from the shut down of the reactor to the opening of the final disposal facility. Therefore there 
have to be a sufficient interim storage for the spent fuel before the transportation to the final 
disposal facility. After enlargement work of the spent fuel storage in 1997 we have 
sufficiently storage capacity for the fuel in the reactor building. So far we have used it as dry 
storage. In addition to the domestic final disposal solution there is still the USDOE alternative 
available until 2006. 

 

4.   Safety of the Triga fuel in the final disposal repository 
 
For later negotiations aiming to the binding agreement we are making safety studies about the 
long term behaviour of the spent TRIGA fuel in the final disposal surroundings. The main 
safety aspects, which have to be analyzed and compared to the spent fuel coming from 
nuclear power plants, are the criticality safety, the solubility of the fuel (UZrHx) in water and 
the existence of some moving and long-lived radioactive isotopes. The TRIGA fuel is much 
more reactive compared to the spent fuel coming from nuclear power plants and therefore the 
TRIGA fuel can not be situated so tightly in the final disposal canister. The Triga containers 
will be situated in the outer zone of the canister and the inner zone will be left empty. In 
practice the empty positions will be loaded with dummy assemblies made of cast iron. The 
criticality safety calculations show, however, that it is possible to load safely all the TRIGA 
fuel elements in one final disposal canister. This is important, because if the criticality safety 
would demand the fuel to be divided to two or more canisters, the expenses would also be 
about twice or more compared to the one canister alternative. 

 

5.   Final disposal of the decommissioning waste 

The nuclear waste management plan is based on immediate dismantlement after the final 
shutdown of the reactor. Experienced personnel will be still available to conduct the 
decommissioning work. The decommissioning waste is supposed to be disposed of in the 
repository constructed in the bedrock of the Loviisa nuclear power plant site at the depth of 
110 m. At the moment preparatory work has been done to clarify the possible problems of the 
decommissioning waste of our reactor in the surroundings of decommissioning waste of the 
nuclear power plant. Our goal is to work out an agreement between VTT and the Loviisa NPP 
about the final disposal of our decommissioning waste in the said repository. 

The decommissioning waste studies concentrate mainly on the long term safety of the 
decommissioning waste disposal. The main part of the active reactor components will be 
packed in concrete packages in the waste disposal facility, which means an additional barrier 
against the ground water flow. Among others the amount and behaviour of some long-lived 
radioactive isotopes like 14C belong to these studies. Triga reactors have typically plenty of 
irradiated graphite in many components. 

 

6.   Conclusions 

At the moment, when the BNCT and other irradiations develop satisfactorily and the funding 
of the reactor is in order, the primary alternative for the spent fuel management is naturally 
the domestic one. It is, however, reasonable to keep so far both of the possibilities still open: 
the domestic final disposal and the return to the USA offered by USDOE. The cost estimates 
of the both possibilities are on the same order of magnitude. At the end of this year (2004) we 
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will be ready to have an opinion about the future of the BNCT and the reactor. Consequently 
we will be able to decide, which of the spent fuel policies will be obeyed. Meanwhile the 
necessary safety assessment concerning the behaviour of the spent fuel in the final disposal 
surroundings will be completed and based on the safety assessment the draft of the binding 
agreement will be written.  
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