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The Arab countries have recently shown a growing interest in 
the peaceful applications of atomic energy and particularly in 
the use of nuclear energy in electricity generation and sea water 
desalination. A summit level council of the League of Arab 
States (LAS) recently took two important decisions, in Riyadh 
(KSA) and Damascus (Syria), aimed at encouraging the 
different Arab countries to promote and use nuclear sciences 
and technologies, in a peaceful way, for economic and social 
sustainable development. 

The first step toward the building of a nuclear power plant in 
any country is building and operating a research reactor. Such 
a facility will allow the country to develop the necessary human 
resources in reactor operation and maintenance, in nuclear fuel 
and nuclear waste management, in nuclear safety and security 
and in many other related fields (electronics, mechanics, 
environmental analysis etc…) 

The Arab Atomic Energy Agency (AAEA) is responsible for the 
promotion of nuclear energy, coordination between member 
states and all efforts aimed at building sustainable economic 
projects using nuclear energy. The AAEA works mainly in the 
field of human resources development. 

This document describes the different types of research reactors 
found throughout the world, and their possible applications. It is 
intended to help Arab scientists interested in such facilities to 
become familiar with the technology of reactors. It will help the 
AAEA and any other national atomic energy commission or 
university in the Arab countries to develop the culture of nuclear 
reactors. 
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Preface 
A nuclear reactor, in gross terms, is a device in which nuclear 
chain reactions are initiated, controlled, and sustained at a 
steady rate. The nuclei of fuel heavy atoms (mostly Uranium-
235 or Plutonium-239), when struck by a slow neutron,  may 
split into two or more smaller nuclei as fission products, 
releasing energy and neutrons in a process called nuclear 
fission. These newly-born fast neutrons then undergo several 
successive collisions with relatively low atomic mass material, 
the moderator, to become thermalized or slow.  Normal water, 
heavy water, graphite and beryllium are typical moderators.  
These neutrons then trigger further fissions, and so on. When 
this nuclear chain reaction is controlled, the energy released 
can be used to heat water, produce steam and drive a turbine 
that generates electricity. The fission process, and hence the 
energy release, are controlled by the insertion (or extraction) of 
control rods through the reactor. These rods are strongly 
neutron absorbents, and thus only enough neutrons to sustain 
the chain reaction are left in the core.  The energy released, 
mostly in the form of heat, should be continuously removed, to 
protect the core from damage.   

The most significant use of nuclear reactors is as an energy 
source for the generation of electrical power  and for power in 
some military ships. This is usually accomplished by methods 
that involve using heat from the nuclear reaction to power steam 
turbines. Research reactors are used for radioisotope 
production and for beam experiments with free neutrons. 
Historically, the first use of nuclear reactors was the production 
of weapons grade plutonium for nuclear weapons. 

Currently all commercial nuclear reactors are based on nuclear 
fission. Fusion power is an experimental technology based on 
nuclear fusion instead of fission.  
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1. Introduction 
Research reactors constitute a wide range of civil and 
commercial nuclear reactors which are not generally used for 
power generation. The primary purpose of research reactors is to 
provide a neutron source for research and other purposes. Their 
output (neutron beams) can have different characteristics 
depending on use. They are small with respect to power reactors 
whose primary function is to produce heat to make electricity. 
Their power is designated in megawatts (or kilowatts) thermal 
(MWt or KWt), but here we will use simply MW (or kW).  

The IAEA Nuclear Research Reactors Data Base (RRDB) [1] 
includes information on 278 (+6 not fully confirmed) operating 
research reactors, ranging in power from zero to several hundred 
MW thermal. Out of these 278 operating research reactors, 200 
reactors have a power level below 5 MW, the remaining 78 
reactors range from 5MW up to several 100 MW. The 
distribution of these reactors is shown in Figure 1: 

 
Figure 1. World distribution of  powers 

of  research  reactors  
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Research reactors are simpler than power reactors and operate at 
lower temperatures. They need far less fuel, and far less fission 
products build up as the fuel is used.  They are designed mainly 
for generation of high neutron intensities for research purposes. 
They may also be used for training, material testing and 
generation of radio nuclides. 

On the other hand, their fuel requires more highly enriched 
uranium, typically up to 20% 235U, although some older ones use 
93% 235U. They also have a very high power density in the core, 
which requires special design features. Like power reactors, the 
core needs cooling, and usually a moderator is required to slow 
down the neutrons and enhance fission. As neutron production is 
their main function, most research reactors also need a reflector 
to reduce neutron loss from the core. For almost 60 years, 
research reactors have been centers of innovation and 
productivity for nuclear science and technology. The multi-
disciplinary research that research reactors support has spawned 
new developments in nuclear power, radioisotope production, 
neutron beam research, nuclear medicine, materials 
development, component testing, computer code validation and 
pollution control. 

As of June 2004, the International Atomic Agency’s Research 
Reactor Database contains information on 672 research reactors, 
of which 274 are operational in 56 countries (85 in 39 
developing countries), 214 are shut down, 168 have been 
decommissioned and 16 are planned or under construction.  
However, nearly two-thirds of the world's operating research 
reactors are now over 30 years old. Many of them have been 
refurbished to meet today's technological standards and safety 
requirements. But the challenges associated with the ageing of 
components and materials, along with maintaining staffing and 
funding for these facilities, continue to be serious issues in many 
countries. Fortunately, these issues are now receiving increased 
attention worldwide.  
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2. Categorization of Research Reactors 
Research reactors are costumer-tailored facilities. They are built 
for specific purposes, regarding uses as well as utilizations. 
Hence, the categorization of reactor types is difficult because of 
a lack of any standardization. In this study, research reactor 
types are categorized according to the following criteria : 

• Manufacturer’s designations are used for research 
reactors of which large numbers were produced and 
whose terminology is widely understood, e.g. 
ARGONAUT, TRIGA, SLOWPOKE, IRT and WWR. 

• Heavy water moderated and/or cooled reactors are listed 
as heavy water reactors. 

• Plate type fuelled reactors of the swimming pool type are 
listed as pool reactors. 

• Light water cooled and moderated reactors with closed 
cooling systems are listed as tank reactors. 

• Research reactors with homogeneous solid or liquid fuel 
and moderator are listed as either homogeneous (S) or 
homogeneous (L). 

• Critical assemblies are listed as such. 
• In order to avoid a large number of reactors in the ‘Other’ 

category, a short description of their most significant 
feature is used. 

Other designs are moderated by heavy water (12 units) or 
graphite. A few are fast reactors, which require no moderator 
and can use a mixture of uranium and plutonium as fuel. 
Homogenous type reactors have a core comprising a solution of 
uranium salts as a liquid, contained in a tank of about 300 mm 
diameter. The simple design made them popular early on, but 
only five are still operating.  
Research reactors have a wide range of uses, including analysis 
and testing of materials, and production of radioisotopes. Their 
capabilities are applied in many fields, within the nuclear 
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industry as well as in fusion research, environmental science, 
advanced materials development, drug design and nuclear 
medicine.  
The IAEA lists several categories of broadly classified research 
reactors. They include 60 critical assemblies (usually zero 
power), 23 test reactors, 37 training facilities, two prototypes 
and there is even one producing electricity. But most (160) are 
largely for research, although some may also produce 
radioisotopes. As expensive scientific facilities, they tend to be 
multi-purpose, and many have been operating for more than 30 
years.  
Russia has most research reactors (62), followed by the USA 
(54), Japan (18), France (15), Germany (14) and China (13). 
Many small and developing countries also have research 
reactors, including Bangladesh, Algeria, Colombia, Ghana, 
Jamaica, Libya, Thailand and Vietnam. About 20 more reactors 
are planned or under construction, and 361 have been shut down 
or decommissioned, about half of these in the USA. Many 
research reactors were built in the 1960s and 1970s [2]. The 
peak number operating was in 1975, with 373 in 55 countries, as 
shown in Figure 2. 

Figure 2. Number of research reactors built since 1945. 
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3. Types of Research Reactors 
There is a much wider array of designs in use for research 
reactors than for power reactors, where 80% of the world's 
plants are of just two similar types. They also have different 
operating modes, producing energy which may be steady or 
pulsed. The major reactor types with common design are: 

3.1. Argonaut reactor 
The original Argonaut (Argonne Nuclear Assembly for 
University Training) was built at Argonne National Laboratory 
and went critical for the first time on February 9, 1957. It was 
shut down in 1972. This reactor was rated for 10 kilowatts. 

Argonaut reactors operate at power levels between 2 Watt and 
300 kW. Most operating Argonauts are rated at 100 kW. These 
reactors are graphite reflected, light water moderated and cooled 
and operate either with high enriched or low enriched uranium 
fuel [3]. A variety of core configurations are possible ranging 
from one slab, two slabs (arc or straight slab) or annular core 
depending on the design and intended use: 
Technical data: 
Power: up to 100 kW 
Fuel material: U-Al 
Fuel type: plates 
Enrichment: 93% old type, 20% new type 
Maximum neutron flux density: 2x1012  n.cm-2.s-1 

Experimental facilities: 2 horizontal beam ports, 1 vertical 
channel, 1 thermal column, 2 pneumatic transfer systems, close 
to core irradiation positions. 

3.2. Slowpoke Reactor 
The SLOWPOKE (Safe LOW POwer Kritical Experiment) 
research reactor represents a low-power, compact-core reactor 
technology, developed by AECL in the late 1960s at the 
Whiteshell Laboratories. 
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The Slowpoke is a low cost, low power reactor of the tank-in-
pool type. It is beryllium-reflected with a very low critical mass 
and provides neutron fluxes higher than available from small 
accelerators or radioactive sources. Most Slowpokes are rated at 
a nominal 20 kW, although operation at higher power for shorter 
durations is possible.  The period of unattended operation has 
been increased to 18 hours.  The SLOWPOKE-2 core is only 
about 22 cm diameter by 22 cm high, and sits in a pool of 
regular ("light") water, 2.5 m diameter by 6 m deep, which 
provides cooling via natural convection. In addition to passive 
cooling, the reactor has a high degree of "inherent safety", that 
is, it can regulate itself through passive, natural means, such as 
the chain reaction slowing down if the water heats up or forms 
bubbles. These characteristics are so dominant, in fact, that the 
SLOWPOKE-2 reactor is licensed to operate unattended 
overnight (but monitored remotely).  

Up to 10 irradiation tubes may be installed in the reactor vessel, 
5 inner (7 cm3

 capsules) and 5 outer (27 cm3
 capsules). The 

maximum available thermal flux at the inner tube is in the order 
of 1x1012n. cm-2s-1. 

Technical data: 
Power: 20 kW 
Fuel material: U-Al 
Fuel type: rods 
Enrichment: 93% 
Maximum neutron flux density: 1x1012  n.cm-2.s-1 

Experimental facilities: 5 reflector irradiation facilities,4 ex-core 
irradiation facilities, 1 pneumatic transfer system 

Between 1976 and 1984, seven SLOWPOKE-2 reactors [4] with 
Highly Enriched Uranium (HEU) fuel were commissioned in six 
Canadian cities and in Kingston, Jamaica.  In 1985 the first 
Low-Enriched Uranium (LEU) fuelled SLOWPOKE-2 reactor 
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was commissioned at the Royal Military College of Canada 
(RMC) in Ontario.  Since then several units have been converted 
to LEU. Six of the original reactors are still in operation and one 
has been refuelled. 

SLOWPOKE reactors are used mainly for Neutron Activation 
Analysis (NAA), in research and as a commercial service, but 
also for teaching, training, irradiation studies, neutron 
radiography (at RMC) and the production of radioactive tracers. 
The main advantages are the reliability and ease of use of this 
design of reactor and the reproducibility of the neutron flux. 
Since the fuel is not modified at all for at least 20 years, the 
neutron spectrum in the irradiation sites does not change and the 
neutron flux is reproducible to about 1%. 
Although all of the technical goals of this reactor were achieved, 
the lack of foreign sales was disappointing, the market being 
taken by the Chinese version. 

3.3. The Miniature Neutron Source Reactor (MNSR) 

A Chinese version of the Slowpoke, designated the MNSR, is 
nominally rated at 27 kW with similar characteristics and 
performance. The Chinese built Miniature Neutron Source 
reactor (MNSR) is a small compact low power (<30 kW) 
research reactor based on the Canadian SLOWPOKE reactor 
design. The MNSR is tank-in-pool type, with highly enriched 
fuel (~ 90%  235U ). The tank is immersed in a large pool, and 
the core is, in turn, immersed in the tank. The maximum 
nominal power is ~ 30 kW, the power being removed by natural 
convection. The central core is formed of about 347 fuel rods, 
with 4 tie rods and 3 dummy elements distributed on a total of 
ten circles, each consisting of a number of fuel rods ranging 
between 6 and 62. The reactor is controlled by one central 
control rod, and the core is surrounded by a Be-reflector. 
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At nominal power, the maximum thermal flux is 1x1012  n.cm-2s-1 

and in the standard version the MNSR can operate for about 2 to 
3 hours per day at this power. The MNSR is a very useful tool 
for reactor physics education and training, and for short-lived 
NAA, therefore, this reactor becomes increasingly popular in 
developing countries as it is the cheapest research reactor 
presently available. 

China operates two MNSRs and has supplied Ghana, Iran, 
Pakistan, Nigeria and Syria with reactors of this type, as well as 
the enriched uranium to fuel them [5].  

Technical data: 
Power : 30 kW 
Max steady state thermal flux : 1.0x1012 n. cm-2

.s-1 

Max steady state fast flux : 3.0x1012  n. cm-2
.s-1 

Moderator : light water 
Coolant : light water 
Reflector : Beryllium, water 
Fuel material : U Alx –Al, 93% enriched 235U 
Fuel type : rods                                                                                     

Cladding   material : Aluminum alloy 
Coolant velocity : 10  mm/s 

3.4. TRIGA Reactors 
TRIGA reactors are versatile, multipurpose reactors with a 
world-wide distribution of more than 65 facilities in 24 
countries. TRIGA (Training, Research, Isotopes, General 
Atomics) reactors are designed and manufactured by General 
Atomics of the USA. They range in power levels from 18 kW to 
3 MW with 250 kW to 1 MW being the most common operating 
levels [6,7]. One special purpose test reactor is rated at 14 MW, 
built by GA in Romania. The core consists of 60-100 cylindrical 
fuel elements, about 36 mm diameter with aluminum cladding 
enclosing a mixture of uranium fuel and zirconium hydride (as 
moderator). It sits in a pool of water and generally uses graphite 
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or beryllium as a reflector. This kind of reactor can safely be 
pulsed to very high power levels (e.g. 25,000 MW) for fractions 
of a second. Its fuel gives the TRIGA a very strong negative 
temperature coefficient, and the rapid increase in power is 
quickly cut short by a negative reactivity effect of the hydride 
moderator. 

Fuel elements are cylindrical rods with stainless steel cladding. 
Their total length is 72cm with 3.7cm diameter. Fuel material is 
38cm long and has 8 to 10cm graphite slugs at the bottom and 
top ends acting as reflectors. There is a 0.635cm diameter hole 
through the center of fuel rods filled by a zirconium rod. The 
fuel is a homogeneous mixture of Uranium and Zirconium-
Hydride. The fuel is 20% enriched uranium where uranium 
content is 12% by weight. 

Technical data: 
Reactor type : TRIGA KARK II 
Power : 250  KW 
Max steady state thermal flux : 1.0x1013 n. cm-2

.s-1 

Max steady state fast flux : 1.2x1013  n. cm-2
.s-1 

Max pulsed thermal flux : 1.0x1016  n. cm-2
.s-1 

Max pulsed fast flux : 1.2x1016  n. cm-2
.s-1 

Moderator : light water, ZrH 
Coolant : light water 
Reflector : Graphite 
Fuel type : rods    

Coolant velocity : 0.161  m/s 
Control rods : 3 B4 C rods 
Cladding material : SS-304 
Fuel material : U-Zr-H,  LEU 

Detailed information about the TRIGA research reactors is 
given in Appendix A. 
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3.5. Material Testing Reactors (MTR) 
This is the most numerous of the reactor types described. The 
large variations in design make it difficult to describe a standard 
design.  A common design (67 units) is the pool type reactor, 
where the core is a cluster of fuel elements (plate type fuel in a 
rectangular configuration) sitting in a large pool of water.  They 
may be force-cooled (power >100 kW) or cooled by natural 
convection of light water. They may be water-reflected, 
reflected by graphite (the majority), by beryllium or by heavy 
water tanks on one or more sides. The operating power ranges 
from a few Watts to several tens of Megawatts. Although most 
reactors in this category operate with rectangular cores, several 
operate with different configurations. Pool reactors offer many 
possibilities for configuring the core for performance or 
economy reasons by moving or removing one or more fuel 
elements or reflector elements.  Among the fuel elements are 
control rods and empty channels for experimental materials. 
Each element comprises several (e.g. 18 or 19) straight or 
curved aluminum-clad fuel plates in a vertical box. The water 
both moderates and cools the reactor, and graphite or beryllium 
is generally used for the reflector, although other materials may 
also be used. Apertures to access the neutron beams are set in 
the wall of the pool [8]. Tank type research reactors (32 units) 
are similar, except that cooling is more active. 
Technical data: 
Power : up to 20 MW 
Fuel material : U-Al (as oxides or silicides). 
Fuel type : Plates 
Enrichment : previously 90%, mainly converted to 20 % 
Maximum neutron flux density : 2.7x1014 n.cm-2s-1 

Typical Experimental facilities : 10 horizontal channels, 4 core 
irradiation facilities, 12 reflector irradiation facilities, 2 
pneumatic transfer systems.    
Detailed information about the MTR type research reactors is 
given in Appendix B. 
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3.6. The MAPLE  Reactor 

MAPLE (Multipurpose Applied Physics Lattice Experiment) is 
the name of a new research-reactor technology developed by 
AECL, capable of fuels and materials testing, neutron 
experimentation and producing a large portion of the world's 
medical isotopes, especially Molybdenum-99, medical Cobalt-
60, Xenon-133, Iodine-131 and Iodine-125. 

The MAPLE concept features an H2O-cooled and D2O-reflected 
core, and operates with a thermal power of 5 to 40 MW. It offers 
a high thermal neutron flux, small core volume, and 
accommodation for multiple beam-tubes and in-core 
experimental sites, as well as driven spectrum-specific facilities 
in the reflector (cold-neutron source, fast-neutron flux trap, etc.) 
[9].   

Construction of a facility containing two 10 MW reactors was 
completed by May, 2000, at AECL Chalk River Laboratories. 
An operational license was granted in August, 1999, for the 
MAPLE I reactor, and extended to include the MAPLE II 
reactor in June, 2000. Commissioning testing was begun 
immediately, with the MAPLE I achieving its first sustained 
reaction in February, 2000, and MAPLE II following in 
October, 2003. However, during testing, it was noted that some 
of the emergency shut-off rods in the MAPLE I reactor could 
fail to deploy in certain demanding situations. This failure was 
ascribed to workmanship and design issues, and related to fine 
metal particles accumulating in the control rod's housing and 
interfering with their free movement. As a result, the entire 
project has been on hold since July, 2000, while the control-rod 
system has been redesigned to have a greater operating 
tolerance, and the new system installed and re-tested. In addition 
to the now four-year-long delay in the start of commercial 
production, the project has significantly overrun its original cost. 
AECL and MDS Nordion are currently in mediation over the 
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future of the project, especially the sharing of the increased 
costs. 
MMIR-1, the first of these two new MAPLE medical isotope 
production reactors, was declared "critical" (began a self-
sustaining chain reaction) at 2:53 a.m. on Saturday, February 19, 
2000, at Chalk River Laboratories. This is the world's first 
reactor of the new millennium. Achieving criticality is an 
important milestone on the road to full commissioning.  MMIR-
2 achieved first criticality in 2003. Both reactors continue to be 
commissioned. 
Detailed information on the South Korean HANARO research 
reactor, which was designed and built based on the MAPLE 
Canadian technology, is given in APPENDIX C.  

3.7. High Flux Reactors 
The two most important facilities are the High Flux Reactor 
HFR at Patten/Netherlands and the High Flux Isotopes Reactor 
HFIR at ORNL. 

3.7.1. The High Flux Reactor (HFR) at Petten/ Netherlands 

It is owned by the Institute for Energy (IE) of the Joint Research 
Centre (JRC) of the European Commission (EC) [10]. Since 
1962, its operation has been entrusted to the Netherlands Energy 
Research Foundation Nuclear Research and Consultancy Group 
(NRG). Since February 2005, NRG has also been the licence 
holder of the HFR. 

The Original Technical Data 
Thermal Power : 45 MW 
Max thermal flux : 2.5x1014 n. cm-2

.s-1 

Max steady state fast flux : 4.6x1014  n. cm-2
.s-1 

Moderator : light water 
Coolant : light water 
Reflector : Beryllium  
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Fuel material : U Alx –Al, 93% enriched 235U 
                         (converted in 2005 to LEU)  

Cladding   material : Aluminum alloy 
Coolant velocity : 7  m/s 
Control rods : 6 Cd rods 
Average burn up on discharge : 50% 

Detailed information on the Petten HFR is given in APPENDIX 
D1. 

3.7.2. The High Flux Isotopes Reactor HFIR at ORNL 
One of the main original purposes of the HFIR is the production 
of californium-252 and other transuranium isotopes for research, 
industrial and medical applications. These materials are 
produced in the flux trap in the center of the HFIR fuel element 
where a working thermal-neutron flux of 2.0 x 1015 neutrons/ 
(cm².s) is available to irradiate the target material. Additional 
irradiation facilities are also provided in the beryllium reflector.  

Beyond its contributions to isotope production, the HFIR also 
provides for a variety of irradiation tests and experiments that 
benefit from the exceptionally high neutron flux available. In the 
fuel element flux trap, a hydraulic rabbit tube provides access to 
the high thermal-neutron flux in the reactor for short-term 
irradiations, and other positions are ideal for fast-neutron 
irradiation-damage studies. A modification of the flux trap 
experiment facilities in 1986 provided two locations in the 
maximum flux region that can accommodate instrumented 
capsules and engineering loops. The beryllium reflector contains 
numerous experimental facilities with thermal-neutron fluxes up 
to 1.0 x 1015 n. cm-2

.s-1. These facilities can accommodate static 
experimental capsules, complex fuel-testing engineering loops, 
and special experimental isotope irradiations [11]. 

Technical data 
Thermal Power : 85 MW 
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Max steady state thermal flux  : 2.5x1015 n. cm-2
.s-1 

Max steady state fast flux : 1.0x1015  n. cm-2
.s-1 

Moderator : light water 
Coolant : light water 
Reflector : Beryllium  
Fuel material : U3O8-Al  , 93% enriched 235U 
                         (converted in 2005 to LEU)  
Cladding   material : Aluminum alloy 
Coolant velocity : 16.2  m/s 
Control rods : 5 Europium rods 
Average burn up on discharge : 67 %  

Detailed information on the ORNL HFIR reactor is given in 
APPENDIX D2.  

3.8. Radioisotope Production Reactors 
The most recent reactor of this type is the OPAL reactor.  OPAL 
(Open Pool Australian Light-water reactor) is a 20MW 
multipurpose nuclear facility, for advanced nuclear and 
material-science research involving high neutron fluxes [12]. As 
a production reactor, it will supply various radioisotopes for all 
of Australia, and most of South East Asian medical, industrial 
and research markets. This new facility belongs to the 
Australian Nuclear Science and Technology Organization 
(ANSTO) and is located at the Centre for Science and 
Technology located at Lucas Heights, NSW, 35 km southwest of 
Sydney. OPAL replaces HIFAR, a British reactor dating from 
the fifties, recently decommissioned.   

Technical data 
Thermal Power : 20 MW 
Max steady state thermal flux  : 3.00x1014 n. cm-2

.s-1 

Max steady state fast flux : 2.12x1014  n. cm-2
.s-1 

Moderator : light water 
Coolant : light water 
Reflector : heavy water  
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Fuel material : U3Si2-Alx  -  LEU 
Cladding   material : Aluminum alloy 
Coolant velocity : 9.0  m/s 
Control rods : 5  Ag,In,Cd  rods 

Details of the OPAL reactor are indicated in APPENDIX E. 
 
4. Fuels of Research Reactors 
Fuel assemblies are typically plates or cylinders of uranium-
aluminum alloy (U-Al) clad with pure aluminum. They are 
different from the ceramic UO2 pellets enclosed in Zircaloy 
cladding used in power reactors. Only a few kilograms of 
uranium are needed to fuel a research reactor, although they are 
more highly enriched (compared with perhaps a hundred tons in 
a power reactor). Highly-enriched uranium (HEU - >20% 235U) 
allowed more compact cores, with high neutron fluxes and 
longer times between refueling. Therefore, many reactors up to 
the 1970s used it, and in 2004 more than 60 civilian research 
reactors still did so. Since the early 1970s, security concerns 
have grown, especially since many research reactors are located 
at universities and other civilian locations with much lower 
security than military weapons establishments where much 
larger quantities of HEU exist. Since 1978, only one reactor, the 
FRM-II at Garching in Germany, has been built with HEU fuel, 
while 21 have been commissioned on LEU fuel in 16 countries 
[2]. 

The question of enrichment was a major focus of the UN-
sponsored International Nuclear Fuel Cycle Evaluation in 1980. 
It concluded that to guard against weapons proliferation from 
the HEU fuels then commonly used in research reactors, 
enrichment should be reduced to no more than 20% 235U. This 
followed a similar initiative by the USA in 1978 when its 
program for Reduced Enrichment for Research and Test 
Reactors (RERTR) was launched.  Most research reactors using 
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HEU fuel were supplied by the USA and Russia; hence efforts 
to deal with the problem are largely their initiative. The RERTR 
program concentrates on reactors over 1 MW, which has 
significant fuel requirements.  These programs have led to the 
development and qualification of new, high-density, low 
enriched uranium (LEU) fuels. The original fuel density was 
about 1.3-1.7 g/cm3 uranium. Lowering the enrichment meant 
that the density had to be increased. Initially this was to 2.3-3.2 
g/cm3 with existing uranium-aluminum fuel types. 

Up to late 2004, 38 research reactors (11 in the USA) either 
have been or are being converted to low-enriched uranium 
silicide fuel, and another 36 are convertible using present fuels. 
31 more, mostly Russian designs, need higher-density fuels not 
yet available. The goal is to convert 105 reactors by 2013. Some 
other HEU reactors are expected to close down by then. US 
exports of HEU declined from 700 kg/yr in the mid-1970s to 
almost zero by 1993. 

The former Soviet Union made similar efforts from 1978, and 
produced fuel of 2.5 g/cm3 with enrichment reduced from 90 to 
36%. It largely stopped exports of 90% enriched fuel in the 
1980s. However, no Russian research reactor has yet been 
converted to LEU.  The first generation of new LEU fuels used 
uranium (U) and silicon (Si) (U3Si2-Al-uranium silicide 
dispersed in aluminum), at 4.8 g/cm3. There have been 
successful tests with denser U3Si-Al fuel plates up to 6.1 g/cm3, 
but US development of these silicide fuels ceased in 1989 and 
did not recommence until 1996. An international effort is 
underway to develop, qualify and license a high density fuel 
based on uranium-molybdenum (U-Mo) alloy dispersed in 
aluminum, with a density of 6-8 g/cm3. The principal 
organizations involved are the US RERTR program at Argonne 
National laboratory (ANL) since 1996, the French U-Mo Group 
(CEA, CERCA, COGEMA, Framatome-ANP and 
Technicatome) since 1999 and the Argentine Atomic Energy 
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Commission (CNEA) since 2000. This development work has 
been undertaken to provide fuels that can extend the use of LEU 
to those reactors requiring higher densities than available in 
silicide dispersions and to provide a fuel that can be more easily 
reprocessed than the silicide type. Approval of this fuel was 
expected in 2006, but tests since 2003 have failed to confirm 
performance due to unstable swelling under high irradiation, and 
the target is now 2010. 

In Russia, a parallel Russian RERTR program funded by the 
Russian Ministry of Atomic Energy (MINATOM) and the US 
RERTR program has been working since 1999 to develop U-Mo 
dispersion fuel with a density of 2-6 g/cm3 for use in Russian-
designed research and test reactors. However, this too has not 
fulfilled expectations. 

In a further stage of U-Mo fuel development that has now 
become the main priority, ANL, CEA and CNEA are testing U-
Mo fuel in a monolithic form, instead of a dispersion of U-Mo in 
aluminum. The uranium density is 15.6 g/cm3 and this would 
enable every research reactor in the world to convert from HEU 
to LEU fuel without loss of performance. The target date for 
availability is 2010.   All fuel is aluminum-clad. 
 
5. Spent Fuel from Research Reactors 
U-Al fuels can be reprocessed by Cogema in France, and U-Mo 
fuels may also be reprocessed there. U-Si and TRIGA fuels are 
not readily reprocessed in conventional facilities. However, at 
least one commercial operator has confirmed that U-Si fuels 
may be reprocessed in existing plants if diluted with appropriate 
quantities of other fuels, such as U-Al.  

To answer concerns about interim storage of spent research fuel 
around the world, the USA launched a program to take back US-
origin spent fuel for disposal and nearly half a ton of uranium-
235 from such HEU fuel has been returned. By the time the 
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program was to end with fuel discharged in 2006, U-Mo fuel 
was expected to be available. Due to the slippage in target date, 
the US take-back program has now been extended by ten years. 
Disposal of high-enriched or even 20% enriched fuel needs to 
address problems of criticality and requires the use of neutron 
absorbers or diluting or spreading it out in some way.In Russia, 
a parallel trilateral program involving IAEA and the USA is 
intended to move 2 tons of HEU and 2.5 tons of LEU spent fuel 
to the Mayak Reprocessing Complex near Chelyabinsk over the 
ten years to 2012. This Russian Research Reactor Fuel Return 
Program (RRR FRP) envisages 38 shipments (of both fresh and 
spent fuel) from ten countries over 2005-08, then 8+ shipments 
from six countries to remove all HEU fuel discharged before 
reactors are converted to LEU or shut down. Seventeen 
countries have Soviet-supplied research reactors, and there are 
25 such reactors outside Russia, 15 of them still operational. 
Since Libya joined the program in 2004, only North Korea 
objects to it [2]. 
 
6. Utilization of Research Reactors 
The most important role of research reactors is to produce 
neutrons. Neutron can be used for [13]: 

• Analysis of the structure of matter. These investigations 
help to develop better materials for use in engine parts, 
better magnetic materials, better superconductors and 
better materials for other applications.  

• Radiation damage studies to develop better materials for 
nuclear and industrial applications.  

• Neutron Activation Analysis for accurate determination 
of elemental concentrations in material.  

• Production of isotopes that are used in biology, 
medicine, agriculture, industry, hydrology and research.                                                  

• Training of scientists, engineers and technicians needed 
to support the nuclear power industry. 
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6.1. Studies of the Structure of Matter                    

6.1.1. Radiation Damage Studies 
Dedicated irradiation rigs using state-of-the-art specialized 
irradiation technology have been developed for almost all of the 
operating research reactors around the world, for the study of  
issues related to materials and components ageing and neutron 
embrittlement, in order to obtain high quality irradiation data to 
support modelling of radiation embrittlement mechanisms. The 
investigations are mainly aimed at improving the forecast of life 
extension for Reactor Pressure Vessels (RPV), comparing also 
with RPV surveillance data, and the qualification of novel non-
destructive examinations techniques to complement destructive 
methods. Both Western-based and Russian-based materials are 
involved in the various activities, which are mainly undertaken 
as international co-operation projects with key players in the 
EU, Candidate Countries and NIS countries. The research is in a 
broad context of supporting the various ageing nuclear power 
plants in the EU and immediate neighbouring countries [10]. 
6.1.2. Non-Destructive Testing by Neutrons 
This diagnostic technique is used to improve the knowledge of 
materials’ structures and of defects in materials. Neutron 
radiography is a modern investigation procedure, similar to X-
ray analysis, but using neutrons. The "picture" is registered on a 
neutron sensitive foil (Gd, Dy) which activates a film by 
photons produced in a converter foil via neutron interaction. 
Present applications are corrosion studies in aluminum (aircraft 
industry), behaviour of moisture in building materials, 
distribution of hydrogen, oil and/or lubricants in mechanical 
equipment [13]. 
This method is also applicable to computer tomography with 
neutron beams to obtain information about spatial location from 
two-dimensional projection. This technique is under 
development and seems promising for the future. 
Reactor requirements 
Neutron flux : 5x1011 n.cm-2.s-1 

Neutron beam tube and collimator systems. 
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6.2. Neutron Activation Analysis 

Neutron Activation Analysis (NAA) is a highly sensitive 
method for the accurate determination of elemental 
concentrations in material. Sensitivities are sufficient to measure 
certain elements at the nanogram level and below [3].  The NAA 
method is based on the detection and measurement of 
characteristic gamma rays emitted from radioactive isotopes 
produced in the sample upon irradiation with neutrons. Samples 
with unknown elemental concentrations are irradiated with 
thermal neutrons in a nuclear reactor, together with standard 
materials of known elemental concentrations. Neutrons are 
absorbed in the nuclei of constituent atoms, and later these 
nuclei emit radiation with energy and quantity characteristic of 
the particular element. This emitted radiation is a 'fingerprint' of 
the element, and the amount of radiation given off at a certain 
energy is indicative of the amount of the element present in the 
sample. A comparison between specific activities induced in the 
standards and unknowns provides the basis for computation of 
elemental abundances. From this analysis, a report is issued 
giving elemental concentrations in the unknown sample. 

Typical applications are in geology, crime investigation, 
archaeology, art and medicine. 

Reactor requirements 
Neutron flux: 1x1011   n.cm-2.s-1 

Necessary instruments: 
High quality multi-channel analyzer with semiconductor 
detectors and computer with specific software. Sample 
preparation and transport system. 

6.3. Reactor Utilization in Medicine 

Radioisotopes can be manufactured in several ways. The most 
common is by neutron activation in a nuclear reactor. This 
involves the capture of a neutron (target material) by the nucleus 
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of an atom resulting in an excess of neutrons (neutron rich). 
Some radioisotopes are manufactured in a cyclotron in which 
protons are introduced to the nucleus, resulting in a deficiency 
of neutrons (proton rich).  The nucleus of a radioisotope usually 
becomes stable by emitting an alpha and/or beta particle (or 
positron). These particles may be accompanied by the emission 
of energy in the form of gamma rays. This process is known as 
radioactive decay. 

Radioisotopes in Medicine. 

Radioisotopes which are used in medicine are referred to as 
radio-pharmaceuticals.  They are used in nuclear medicine for 
diagnosis as well as treatment.  Some of the mostly commonly 
used isotopes in nuclear medicine are grouped in Table 1 [10].   

Table 1 
Some Radioisotopes used in Nuclear Medicine 

Isotope Half-
life/days Use With/ for 

Molybdenium-
99/ 
Technitium-
99m 

2.75/0.25 Diagnostic Cancer: Lung, brain, heart, 
thyroid and kidney function 
/ infections/ bone diseases  

Iodine-131 8.04 Therapeutic Thyroid diseases
Xenon-133 5.25 Diagnostic Lung function
Strontium-89 50.5 Pain relief Bone Metastases
Iridium-192 73.8 Therapeutic Cancer: cervical/ lung/ 

neck/ mouth/ tongue. To 
prevent rest enosis after 
balloon angioplasty

Samarium-153 1.89 Pain relief Bone Metastases. In 
development for new 
therapies.

Rhenium-186 3.78 Pain relief Bone Metastases.
Iodine-125 60.1 Therapeutic Cancer: prostate/ eyes
Yttrium-90 2.67 Pain relief Arthritis
Erbium-169 9.4 Pain relief Arthritis
Lutetium-177 6.71 Therapeutic Various types of cancer 
Holmium-166 1.12 Therapeutic In development: liver/ blood 

cancer and other therapies 
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A new field is Targeted Alpha Therapy (TAT), especially for the 
control of dispersed cancer. The short range of very energetic 
alpha emissions in tissue means that a large fraction of that 
energy goes into the targeted cancer cells, once a carrier has 
taken the alpha-emitting radionuclide to exactly the right place. 
Laboratory studies are encouraging and clinical trials for 
leukaemia, cystic glioma and melanoma are under way. An 
experimental development of this is Boron Neutron Capture 
Therapy using boron-10 which concentrates in malignant brain 
tumours [10]. The patient is then irradiated with thermal 
neutrons which are strongly absorbed by the boron, producing 
high-energy alpha particles which kill the cancer. This requires 
the patient to be brought to a nuclear reactor, rather than the 
radioisotopes being taken to the patient.  Almost all of the new 
research reactors are equipped with the necessary arrangements 
for BNCT treatment. Radiotherapy has progressively become 
successful in treating persistent disease and doing so with low 
toxic side-effects. With any therapeutic procedure, the aim is to 
confine the radiation to well-defined target volume for the 
patient. The doses per therapeutic procedure are typically 20-60 
Gy.    

6.4 Reactor Utilization in Industrial Applications 

6.4.1 Neutron radiography 
Any nuclear reactor equipped with beam tubes and capable of 
operating at a power greater than 1 kW may be useful for 
neutron radiography. But naturally, the higher the power - the 
greater the source flux - the more convenient the methods and 
the better the radiographs. The neutron beam is directed to the 
sample through a collimator and usually a Bi-filter. Collimators 
are characterized by their L/D ratio, where L is the source-to-
detector distance and D is the width of the source aperture (the 
opening at the source end of the collimator). The larger the L/D 
ratio, the greater will be the potential geometric resolution of the 
system: the images of thick objects will be sharper for improved 



31 
 
 
 
 
 
 

 

collimation. On the other hand, improved collimation decreases 
the available neutron intensity [10]. 
A high quality neutron radiography of a thick (>10 cm) object 
needs a high L/D ratio (>200), which can be realized only at a 
reactor in the MW range. Lower quality or radiographs of thin 
objects can easily be obtained at small reactors.  Significant 
energy tailoring of neutron beams for radiography is restricted to 
reactors in the MW range. Epithermal neutron radiography (Cd 
filtered beam), however, can be available in the kW range with 
an irradiation time of a few hours. In all of the cases, the main 
advantages of a small reactor are the low radiation levels, 
flexibility, and much lower cost. Testing highly irradiated 
materials (fuel), however, may cause problems in a university 
environment. 

6.4.2 Silicon Neutron Transmutation Doping Facilities 
The basic material for the semiconductor industry is silicon, 
doped with small quantities of other atoms (e.g. phosphor) in 
order to provide the semiconductor characteristics. Neutron 
transmutation doping provides the highest quality in doping 
uniformity (e.g. for power electronics). The neutron 
transmutation doping (NTD) is based on the transmutation of 
30Si into 31P by thermal neutrons following the reaction : 

30Si(n,γ)31Si → 31P+β. 30Si 

It has an isotropic abundance of 3.1% in natural silicon. 
An unirradiated silicon single crystal has a specific resistivity of 
1500 Ω.cm to 2000 Ω.cm. This resistance decreases during 
reactor irradiation down below 1000 Ω.cm, Lower limits are 
about 5 Ω.cm. Depending on the future use of the chips, the 
irradiation time determines the final desired specific resistivity. 
Typical NTD facilities allow the irradiation of crystals with an 
outside diameter of up to 150 mm and a length of about 500 
mm. The crystal rotates during irradiation and the integrated 
thermal neutron flux is typically 1x1013 to 3x1013  n.cm-2.s-1. The 
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crystals are then cooled and cut into wafers which are cleaned, 
characterized and shipped for use.  
 
 
 
 
 
 
 
 
 
 
 
 
 

It is estimated that world-wide approximately 150 tons of silicon 
single crystals are doped in research reactors. 

Detailed information on the transmutation doping of silicon in a 
research reactor [14] is provided in APPENDIX F. 

6.5. Reactor Utilization for Academic Research 
Many universities own, for teaching and research purposes, 
research reactors. The range of power is between a fraction of 
Watts and several Megawatts. The investment and operational 
costs of a research reactor are so great that the future use must 
be evaluated and considered at an early stage of planning. Only 
then can the optimal type of reactor be determined. Thus the 
question for each university planning to purchase a reactor is the 
following: 

What type of reactor is required? 
To answer this, one must know how a reactor can be utilized and 
what aspects and capabilities of the reactor can support 
particular research projects.  Universities that offer theoretical 

30Si  31P

30Si + n → 31Si  → 31P  

Neutron 

Fz-Silicon Neutron 
Irradiation 

Doped Silicon Wafer
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and practical courses in the field of nuclear engineering at an 
advanced level need a research reactor for educational and 
training purposes. It is very important that this facility should 
offer a wide range of experimental possibilities and that its 
operation should be simple and inexpensive. A typical power 
level for such a facility would be between 100 kW to 250 kW. If 
the country does not follow any nuclear power program in the 
future, this is the ideal power level both for academic research, 
training and education and for small-scale industrial 
applications. If the country is also considering using this facility 
in the future for the development of a national nuclear power 
program, for medical isotope production and larger industrial 
application, the reactor power level should definitely be above 1 
MW, probably in the range of 3 MW to 10 MW. If the country ̀s 
future nuclear development is not clear at present, but nuclear 
research is to be initiated now, one option could be a reactor 
with the possibility of increasing the power level in the future. 
In this case, provisions have to be planned for appropriate 
shielding, cooling capacity, fuel addition etc. to facilitate the 
future power increase and to reduce costs. Experience has 
shown that with careful pre-planning and minor investment a 
power increase for a factor of 10 is possible. 

6.5.1 Teaching 
At universities with a nuclear engineering program, a reactor 
can be used to supplement theoretical courses with practical 
exercises. Typical courses could be: 

•  radiation measurements 
•  radioisotope techniques 
•  reactor theory 
•  reactor dynamics 

Some other areas, such as reactor design, reactor 
thermohydraulics and safety theory do not require the 
availability of a reactor. 
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An outline of the courses to be considered, in this regard, is 
indicated in APPENDIX  G. 

6.5.2 Research 
Research in the area of reactor construction, reactor 
thermohydraulics and reactor safety with the use of a high-flux 
reactor is only possible in the big research centers, and is not 
possible in universities.  However, there are still three areas with 
growing significance for research. These areas are: 

•  activation analysis 
•  non-destructive testing by neutrons 
•  production of short-lived radioisotopes. 

Practically all fields of natural science and technology, 
especially medicine, biology, chemistry, geology and 
metallurgy, can be served by these procedures. 

6.5.2.1 Activation Analysis 
This is a very efficient detection and measuring procedure for 
very small quantities of a sample. Areas of application are 
increasing rapidly. Samples are investigated by irradiation for 
short periods in a reactor – minutes or seconds – and then 
measured [3]. In this way, some of the material is transformed 
into radioactive isotopes. The samples are investigated, after 
being removed from the reactor, in view of their radiation 
energy, intensity and, in certain circumstances, also decay 
constants.  Out of these results, a computerized analyzing 
system can determine quantitatively the composition of the 
sample. 

Reactor requirements 
Neutron flux: 1x1011  n.cm-2.s-1 

Necessary instruments: 

High quality multichannel analyzer with semiconductor 
detectors and computer with specific software. Sample 
preparation and transport system. 
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6.5.2.2 Non-Destructive Testing by Neutrons 
See 6.1.2 . 

6.5.2.3 Production of Radioactive Isotopes 
Radioisotopes are a powerful tool in research. Research reactors 
can produce isotopes with short half-lives of less than a few 
days, which is too short to be obtained commercially. They are 
used for tracer research at universities and hospital laboratories. 

6.5.3 Remarks on the Types of Reactors for Universities 
A number of different research reactors are offered from various 
suppliers. If the reactor is to be used for the training of nuclear 
engineering students, then the students should be able to operate 
the reactor individually under supervision, to obtain a feeling for 
the specific reactor time behaviour. The reactor must be 
inherently safe, with a large negative temperature coefficient, a 
small excess reactivity, and a safe shut-down system in case of 
excessive power. The question of power can be addressed as 
follows: for training, only a few Watts; for research in the given 
application listed above, a power rating between 5 kW to 30 
kW; for a wide range of multi-purpose use 100 kW to 1 MW; 
for commercial applications above 5 MW.  It should always be 
kept in mind that the cost of staff, insurance and especially fuel 
and waste disposal, increases with the reactor power. 

6.6. Reactor Utilization for Training Purposes 
Training is one of the important uses of low power research 
reactors. Generally, a reactor is rarely chosen (power, type of 
design, fuel, etc.) for a single application (physics, radioisotope 
production, training, etc.), but it appears that practically all low 
power research reactors in operation are used, at least partially, 
for training purposes. 

This interest in training activities concerns countries with a 
major national nuclear program as well as those who are just at 
the beginning of a national nuclear program. 
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Several types of training are possible, depending on the type of 
trainees (students, physicists, operating personnel, etc.), on the 
degree of information to be transmitted (theory and practice), on 
the length of the training courses (from a few days to several 
months), and, of course, on the characteristics and potential of 
the reactors, such as power, installation, safety regulations and 
accessibility.  

6.6.1. Desirable Features of Reactors for Training Purposes 
The following are the desirable features for nuclear reactors for 
training purposes: 

•  High degree of safety: safety is, of course, an overriding 
requirement in training devices, especially in research 
reactors. 

•  Ease of operation: training reactors should be designed so that 
a minimum number of restrictions is imposed on students and 
instructors (for example, the control console can be operated 
safely by inexperienced students after only a short period of 
instruction). 

•  Ease of maintenance: equipment should be arranged to 
provide easy access for maintenance, and components should 
be selected for life and minimum maintenance . 

•  Ease of experiments for students and instructor: for training 
reactors, ease of a wide variety of training and research 
experiments for students is highly desirable. 

6.6.2. Training Programs 
It is difficult to give an outline of the training programs run on 
low power research reactors without taking into account the 
trainees involved (students, physicists, operating personnel, etc.) 
or mentioning the possibilities and limitations offered by each 
type of reactor (power, accessibility, flexibility, etc.). 
An outline of the training programs in this regard is given in 
APPENDIX H. 
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6.6.3. Simulators 
The use of reactor simulators is increasingly frequent. This 
equipment is flexible, adaptable, simple to implement, of 
relatively low cost and provides the means, greatly appreciated 
in the nuclear power field, of training both nuclear engineering 
students and power plant personnel. There is a large amount of 
literature in this field dealing with the different types of 
simulators and their main assignments (basic principle 
simulators, full scope representation, accident, function 
simulators, etc.). 

6.6.4. Computer Assisted Teaching 
This is a more general topic as computer assisted teaching 
becomes increasingly important in all areas. However, in the 
nuclear field computer support is very important as it may 
clarify many interconnections between reactor, temperature, 
reactivity, thermo hydraulics, etc.  A number of simple teaching 
programs are available on the market. 
 
7. Concluding Remarks    
Research reactors are built and operated for manpower 
development in the area of applied nuclear technology as well as 
for direct applications in sciences and technology. They form a 
pre-requisite step for a country to embark on a nuclear power 
program. As there are no fixed modules for the research 
reactors, the cost may vary, depending on the associated 
facilities, built to maximize the utilization of the reactor. 
Currently, the initial cost of a 20 MW research reactor, provided 
with the basic hot cells, irradiation requirements and a 
“reasonable” number of utilities may reach as high as 100 M 
US$.  It would take about five years to build a research reactor. 
This time frame does not include bidding, contracting and any 
delays due to lack of funding or bureaucracy.          
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APPENDIX A 
TRIGA Reactors : TRIGA is a pool-type reactor that can be 
installed without a containment building, and is designed for use 
by scientific institutions and universities for purposes such as 
graduate education, private commercial research, non-
destructive testing and isotope production. 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 and 2.   

Figure 1. Side View of the TRIGA Reactor. 
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Figure 2. Top View of the TRIGA Reactor. 
The core is placed at the bottom of the 6.25-m-high open tank 
with 2-m diameter. The core has a cylindrical configuration 
(Figure 3). In total there are 91 locations in the core, which can 
be filled either by fuel elements or other components like 
control rods, a neutron source, irradiation channels, etc. The 
core lattice has an annular, but not periodic, structure (see 
Figure 3).  Elements are arranged in six concentric rings: A, B, 
C, D, E and F, with 1, 6, 12, 18, 24 and 30 locations, 
respectively. Each location corresponds to a hole in the 
aluminum upper grid plate of the reactor. The distances between 
locations in a given ring are equal. The distances between the 
center of the core and the rings are given in Figure 4. Note that 
the ring passes through the center of the fuel elements of that 
ring.  
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irradiation channel stops at the inner radius of the reflector and 
is positioned 2.75 inches below the horizontal mid-plane. The 
tangential irradiation channel is also positioned 2.75 inches 
below the horizontal mid-plane and passes the core 12.77 inches 
from the center. Radial positions of the channels can be seen in 
Figure 2. Both irradiation channels are filled with air and are 
clad with aluminum. Other horizontal channels extend only to 
the reflector outer edge. 

 
Figure 4. Schematic Top and Side Views of the Reactor Core 

and Graphite Reflector. 
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Fuel Elements 
A fuel element is a cylindrical rod with stainless steel (SS-304) 
cladding. Its total length is approximately 28 inches with 1.5-
inch diameter. Fuel material in each element is 15 inches long. 
There are 2.6-inch-long and 3.7-inch-long cylindrical graphite 
slugs at the top and bottom ends, respectively, which act as axial 
reflectors. In the center of the fuel material is a 0.25-inch-
diameter hole which is filled by a zirconium rod. Between the 
fuel meat and the bottom graphite end reflector is a 1/32-inch-
thick molybdenum disc. The fuel is a homogeneous mixture of 
uranium and zirconium hydride. In these experiments, only one 
type of fuel element will be used: standard stainless steel-clad 
fuel elements with 12 wt.% uranium of 20% enrichment 
(uranium is 20 wt.% 235U). The geometry is shown in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Fuel Element. 
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Control Rods 
Three control rods of fuelled-follower type are used in the 
reactor: regulating (R), shim (C), and safety (S). Their locations 
are indicated in Figure 4. They are identical in geometry and 
composition. (See Figure 6.a.). When the control rods are in 
completely up position their position indicator is set to indicate 
200 steps. It indicates 900 steps at completely down position.  
Transient Rod 
Similar to the fuelled-follower control rods, the transient rod (T 
in Figure 4) consists of the absorber part and the so-called air 
follower, which replaces the fuel part in the fuelled-follower 
control rods. (See Figure 6.b.) The purpose of the air-follower, 
which is in fact an empty tube, is to reduce power peaking that 
could appear when the transient rod is in its fully withdrawn 
position. The transient rod has a guide tube that is the only 
structural component of the reactor that extends into the active 
volume of the core. Vertical dimensions of the transient rod are 
approximately the same as of the control rods shown in Figure 
6.a.  

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.a. Fuelled-Follower Control Rod. 



 

 

 

 

 

 

 

 

 

 

 

 

 

Tran
with
"Fire
inse
trans
com
step

Neu

The 
sour
the s

nsient rod 
hdrawal. Wh
e" signal, th
rted positio
sient rod d

mpletely up 
s. It indicat

utron Sourc

neutron-sou
rce with act
source elem

Figure 6
is equippe
hen the pne
he air press
on to its p
drive mecha
position its
es 900 steps

ce 

urce elemen
tivity of 10

ment are sim

45 
 
 
 
 
 
 

 
 

 

6.b.Transie
ed with pn
eumatic val
sure pulls th
preset final
anism. Wh

s position in
s at comple

nt (Figure 7
6 neutrons/s

milar to the f

ent Rod. 
neumatic sy
lve is open 
he rod from
l position 

hen the tran
ndicator is s
tely inserted

7) contains a
s. The oute
fuel element

ystem for r
by pressing

m its compl
defined by

nsient rod 
set to indica
d position.  

a Ra-Be neu
er dimension
t. 

rapid 
g the 
etely 

y the 
is in 
ate 0 

utron 
ns of 



46 
 
 
 
 
 
 

 

 
Figure 7. Neutron Source. 

 
Core Configuration 
Core configuration is adjusted to pulse operation. It contains 52 
fuel elements in compact arrangement (no in-core irradiation 
channels except the central one, no empty positions, 
approximately circular shape). Excess reactivity is 
approximately 3$ and slightly exceeds the transient rod worth. 
Shutdown margin is approx. 7$. Maximum allowed pulse 
reactivity is 2.5$.  

The TRIGA reactor uses uranium-zirconium-hydride (UZrH) 
fuel, which has a prompt negative temperature coefficient, 
meaning that as the temperature of the core increases, the 
reactivity decreases - so it is physically impossible for a 
meltdown to occur. TRIGA was originally designed to be 
fuelled with highly enriched uranium, however in 1978 the U.S. 
Department of Energy launched its Reduced Enrichment for 
Research  & Test Reactors Program, which promoted reactor 
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conversion to low-enriched uranium fuel. General Atomics' 
well-known TRIGA nuclear reactor program has completed 
forty-five years of success in the design and operation of its 
reactors. TRIGA, the most widely used research reactor in the 
world, has an installed base of over sixty-five facilities in 
twenty-four countries on five continents. Now the only 
remaining supplier of research reactors in the United States, 
General Atomics continues to design and install TRIGA reactors 
around the world, and has built TRIGA reactors in a variety of 
configurations and capabilities, with steady state power levels 
ranging from 20 KW to 16 MW. The TRIGA reactor is the only 
nuclear reactor in this category that offers true "inherent safety," 
rather than relying on "engineered safety." Low-enriched, long-
lifetime uranium zirconium hydride (UZrH) fuel is the 
fundamental feature of the TRIGA family of reactors that 
accounts for its widely recognized safety, rugged, dependable 
performance, economy of operation, and its acceptance 
worldwide. The large prompt negative temperature coefficient 
of reactivity characteristic of UZrH fuel results in safety margins 
far above those achieved by any other research reactor fuel. 
Large reactivity insertions are readily accommodated and are 
routine operations for some applications. Inadvertent reactivity 
insertions have been demonstrated to produce no fuel damage in 
TRIGA cores.  
Power coast-down from full power after loss of forced flow 
cooling (and resultant power scram) has been demonstrated to 
be a very benign event, with the reactor immediately available to 
return to full power. The long core life of the TRIGA fuel results 
from the fact that a large amount of uranium can be readily 
accommodated in the fuel matrix, occupying a relatively small 
volume % of the mixture. Major operating cost savings, as well 
as total fuel cycle cost savings, result from the much longer core 
lifetimes, which are a result of the higher U loading in TRIGA 
fuels compared to competing fuels. The long fuel cycle times for 
UZrH fuel also result in the greatest possible operational 
flexibility for the system in that reactor shutdowns can most 
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always be determined by user requirements rather than fuel 
cycle requirements.                     
The UZrH material also has fission product retention 
capabilities far superior to competing research reactor fuel. 
Aluminum-clad plate type fuel melts at about 650°C, releasing 
essentially 100% of the volatile fission products. At this same 
temperature, UZrH retains about 99.9% of these fission 
products. Fuel design options include low density LEU fuels 
containing 8.5 wt% of uranium, to high density fuels containing 
45 wt% uranium with burnable poisons. Single fuel elements of 
38-mm diameter are supplied for use in standard TRIGA Mark I 
and Mark II reactor core configurations. Smaller diameter fuels 
are used in fuel cluster configurations of four, sixteen or twenty-
five fuel rods for conversion of existing reactors to TRIGA core 
grids and higher power applications. TRIGA fuel has been fully 
qualified by extensive testing under the U.S. Department of 
Energy’s Reduced Enrichment for Research and Test Reactors 
(RERTR) program. The demonstrated advantages of TRIGA 
fuel over other fuel used in research and test reactors include: 

• The warm neutron principle utilized in the UZrH fuel 
gives the reactor a "prompt negative temperature 
coefficient of reactivity" versus a delayed coefficient for 
other types of research reactors utilizing aluminum-clad 
plate-type fuel. This allows TRIGA reactors to safely 
withstand events that would completely destroy plate-
fuelled reactor cores.  

• UZrH is chemically stable. It can be safely quenched at 
1200°C in water, while destructive and unsafe 
exothermic metal-water reactions take place with 
aluminum of plate-type fuel at 650°C.  

• High-temperature strength and ductility of the stainless 
steel or Alloy 800 fuel cladding provides total clad 
integrity at temperatures as high as 950°C. The 
aluminum cladding on plate-type fuel melts and fails at 
about 650°C.  
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• The UZrH fuel material has far superior retention of 
radioactive fission products compared with aluminum-
clad, plate-type fuel. These plate-type fuels will melt at 
about 650°C, releasing nearly all of the volatile fission 
product inventory in the fuel. At the same temperature, 
UZrH retains more than 99% of these fission products, 
even if all the cladding were to be removed.  

TRIGA fuel is a UZrH1.7 matrix that allows for rapid transients 
in power operation without ill effects.  In simplified terms, as 
the fuel temperature increases, the hydrogen atoms go into a 
vibration state with an energy level of 0.13 e.V, and may go into 
a second state with an energy of 0.26 e.V.  Remember that 
thermal neutrons are at an energy of 0.25 e.V.  These vibration 
states effectively de-thermalize the neutrons in the core 
(hardening of the neutron spectrum) and shut down the reactor 
during a rapid power transient.  The higher energy neutrons then 
are more likely to travel outside the fuel, thus increasing the 
probability of absorption in the moderator and control rods. 
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APPENDIX B 
 

The Basic Features of the ETRR-2 
ETRR-2  is a Multipurpose Research Reactor,  designed and 
built by the Argentinean company INVAP  at Inshas , near Cairo 
Egypt.  The reactor is of the open pool type, with a nominal 
power of 22 Mw and a maximum thermal neutron flux of 
2.7x1014 n.cm-2 s-1 (neutron trap). The distribution of the reactor 
core and associated control and safety systems follows these 
design criteria: 

• Upwards cooling flow.   

• Free access of reactor personnel to the top of pool with 
the reactor operating at full power.  

• Easy access to the reactor core from the top of pool.   

• Control and safety rods drives are located below the 
reactor tank.   

• The reactor shut-down system consists of two different 
and independent systems: the reactor control and safety 
plates and a gadolinium injection system.   

• Cooling of the core during shutdown is by natural 
circulation of the pool water through the core.   

• Water injection system to protect against LOCA 
consequences. 

The reactor is dedicated to the production of radioisotopes for 
industrial and medical applications, research on neutron physics 
and personnel training. The reactor features several beam tubes, 
hot cells and other research equipment.                                       
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at the top of the pool to guard against the release of gaseous 
radioactive products to the working personnel at the top.  The 
fuel elements are LEU type (19.75% Uranium -235 U3O8) with 
aluminum cladding. They have square sections (80x80 mm), and 
their active length is 800 mm. Each fuel element has 19 
aluminum-clad flat fuel plates (plate thickness 1.5 mm) with 2.7 
mm wide coolant channel. Irradiation boxes can be placed inside 
the core to irradiate samples. The chimney that contains the core 
serves several purposes: it guides the coolant flow through the 
core, it houses four independent chambers for the second 
shutdown system and it protects the core in the event that the 
reactor pool is accidentally drained. Outside the core, there are 
several structures: cooling system piping, nuclear and non-
nuclear instrumentation, a graphite thermal column, one 
tangential beam tube, three radial beam tubes, one underwater 
neutron radiography system, two pneumatic transport system 
stations. Two devices for high pressure (one loop for fuel 
element rods and one for fuel bundles) were built, installed, but 
never commissioned. Beryllium reflectors are positioned around 
the core outside the reactor chimney. The core reactivity is 
controlled by six Ag-In-Cd alloy control plates. The plates are 
driven by mechanisms located beneath the reactor pool. The 
core is cooled by demineralized water in a forced upwards flow. 
After shutdown, the decay heat is removed by natural 
convection of the reactor pool water.  Several cooling systems 
are available: the primary cooling system (removes the heat 
from the core by an upwards forced flow), the pool cooling 
system (removes the heat delivered at the structures outside the 
core chimney by downwards forced circulation) and the 
secondary cooling system (cools the heat exchangers of the 
primary and pool cooling systems). 
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ETRR2 Operating at Full Power 

The reactor is monitored, controlled and managed by 
Instrumentation and Control Systems: 

Reactor Protection System – RPS 

The reactor is protected by the Reactor Protection System, 
which monitors roughly 50 safety parameters and signals to 
detect any potentially unsafe condition, and which automatically 
triggers the safety systems. These safety systems are: 

• First shutdown system 
• Secondary shutdown system 
• Chimney water injection 
• Evacuation 
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Supervision and Control System- SCS 
The Supervision and Control System presents information on 
the plant status to the operator. It enables reactor control, 
process commands and control loops. 

Fuel was loaded in the core on November 24th, and first 
criticality was reached on November 27th, 1997. Core neutron 
parameters were measured (reactivity, power distribution) at the 
end of the year. 

The power operation stage was initiated in February 1998, and 
the reactor's rated power (22 MW) was reached on March 11th. 

A preliminary acceptance certificate was obtained for the plant 
on March 18th 1998.  
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APPENDIX C 
 

The Basic Features of HANARO Reactor 
The new South Korean High-Flux Advanced Neutron 
Application Reactor, research reactor, utilizes the MAPLE 
technology HANARO reactor pool, service pool, and spent fuel 
storage pool.  

Core Characteristics 
   Type     Open-tank-in-pool 
   Maximum thermal power  30 MW 
   Coolant    Light water 
   Reflector    Heavy water 
   Fuel material  U3Si in aluminum matrix, 

19.75% enriched 
   Absorber material            Hafnium 
   Secondary cooling           Light water 
   Reactor Building          Confinement 
The core features a combination of light-water cooled/ 
moderated inner core and light-water cooled/heavy-water 
moderated outer core. The inner core has 28 fuel sites and 3 test 
sites. Among them, 20 fuel sites have hexagonal shapes, and 8 
fuel sites are for circular fuel assemblies, which are enclosed by 
4 control absorber rod (CAR) shrouds and 4 shut-off rod (SOR) 
shrouds made of natural hafnium. 3 test sites are also in 
hexagonal shapes and used for capsules. The outer core consists 
of 4 fuel sites and 4 test sites, which are embedded in the 
reflector tank. 
The fuel used in HANARO is low enriched uranium of 19.75% 
in uranium silicide compound, which is dispersed in the 
aluminum matrix. The aluminum cladding, which is finned to 
increase the heat transfer surface area, protects the uranium from 
corrosion and prevents radioactive fission products from 
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escaping. The quantity of uranium in one fuel element is 69.1 
grams in a standard core element and 51.4 grams in a reduced 
core element. The reduced core elements are introduced to have 
uniform power distribution within a fuel assembly and are 
located at the outermost ring of the hexagonal fuel assembly. 
There are two types of fuel assemblies required for HANARO - 
hexagonal fuel assemblies with 36 elements and circular ones 
with 18 elements. 

The primary coolant enters the inlet plenum and flows upward 
through fuel channels for cooling. The coolant is gathered in the 
chimney, and then exits through two outlet nozzles. Each of the 
two loops has a 400 hp pump, a 14 MW plate-type heat  
exchanger, and a check valve. designed to close with a .reverse 
flow. 

The two loops combine at a turning line into the core. 10% of 
the returning flow (bypass flow) is branched to the bottom of the 
reactor pool. A hot water layer is formed at the pool surface for 
the safety of workers around the pool surface. 

For the removal of decay heat, two natural circulation modes are 
available: loop and pool natural circulation. When the density 
driving force is not enough for the loop natural circulation, the 
core is cooled by pool natural circulation through two flap 
valves. The secondary coolant is cooled by a cooling tower with 
4 cooling fans. The reflector tank surrounding the reactor core is 
made of zircaloy-4 and filled with heavy water which is pumped 
around in a closed circuit. It accommodates various vertical and 
horizontal experimental holes. 

Four CARs are connected to the driver through a magnetic 
clutch and driven by four independent stepping motors. The 
reactor regulating system is controlled by a multi-loop controller 
in which the control algorithm is embedded. The reactor 
protection system is of a safety class system. The reactor is 
tripped by dropping four SORs. The SORs drop once the 
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solenoid valves, which are attached to the hydraulic circuit of 
the shutdown mechanism,  are opened. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Reactor Strucure Assembly 
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Core Arrangement 
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APPENDIX D1 

 
The High Flux Reactor HFR at Petten 
The HFR is one of the most powerful multi-purpose research 
and test reactors in the world. Together with the hot cells of 
NRG at the Petten site, it has provided for over four decades, an 
integral and full complement of irradiation and post-irradiation 
examination services as required by current and future R&D for 
nuclear energy, industry and research organisations. Since 1963, 
the HFR has had a recognised record of consistency, reliability 
and high availability, with more than 280 days of operation per 
year. The HFR has 20 in-core and 12 poolside irradiation 
positions, plus 12 horizontal beam tubes. 

With a variety of dedicated irradiation devices and with its long-
standing experience in executing small and large irradiation 
projects, the HFR is particularly suited for fuel, materials and 
components testing for all reactor lines, including thermo-
nuclear fusion reactors. In addition, processing with neutrons 
and gamma rays, research with neutrons and inspection services 
are employed by industry and research, such as activation 
analysis, boron neutron capture therapy (BNCT), neutron 
radiography and neutron diffraction. 

In recent years, the mission of the HFR has been broadened 
within the area of medical support through an important increase 
in the production of radio-isotopes, and through the start of 
patient treatment at the BNCT facility. In radioisotope 
production, the HFR has attained European leadership in 
production volume. 

The current irradiation programs at the HFR address areas in: 

• R&D for nuclear fission energy, i.e. materials irradiation in 
support of nuclear plant life extension, transient testing of pre-
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irradiated LWR fuel rods containing UO2 or MOX fuel, 
testing of fuel and materials for innovative reactors. 

• Transmutation studies of actinides and long-lived fission 
products for the Heterogeneous and direct cycle. Studies in 
support of incineration of Pu. 

• Support of R&D for thermo-nuclear fusion energy within the 
European Fusion Technology Programme, i.e. irradiation 
testing of candidate materials for the first wall and diverter 
protection materials, and testing of breeding blanket materials 
and  sub modules for reference blankets with tritium analysis. 

• Processing with neutrons and gamma rays, investigation with 
neutron-based research and inspection services, i.e. radio-
isotope production, activation analysis, boron neutron capture 
therapy, neutron radiography and neutron diffraction. 

LEU fuelled HFR core characteristics 
In October 2005, the conversion of the HFR from using highly-
enriched uranium (UAlx) fuel to low-enriched uranium (U3Si2) 
fuel started, with completion in May 2006. The conversion has 
only a marginal impact on the reactor’s operation. The reactor 
has a total of 33 fuel rods and six control rods. The initiative of 
conversion contributes to worldwide efforts to limit the use of 
proliferation sensitive highly-enriched uranium. The Dutch 
government issued a new nuclear energy licence for the reactor 
in February 2005, including the use of LEU fuel. 

Core management 
The new cycle length is 31.5 days with 28 full power days. The 
annual number of cycles is 10, which results in an optimum 
consumption of fuel. The reload pattern of the core is optimised 
in order to maintain the optimal nuclear characteristics of the 
irradiation positions. 
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APPENDIX D2 

 
The High Flux Isotopes Reactor HFIR at ORNL 
The HFIR is a versatile, 85-MW isotope production and test 
reactor with the capability and facilities for performing a wide 
variety of irradiation experiments. The HFIR is unique in the 
sense that it provides one of the highest steady-state neutron 
fluxes available in any of the world's reactors, and neutron 
currents from the four horizontal beam tubes are among the 
highest available. The original primary purpose of the HFIR was 
the production of transuranium isotopes; however, many 
experiment-irradiation facilities were provided for in the original 
design and several others have been added. Experiment-
irradiation facilities available include (1) four horizontal beam 
tubes, which originate in the beryllium reflector; (2) the 
hydraulic tube facility, located in the very high flux region of 
the flux trap, which allows for insertion and removal of 
irradiation samples while the reactor is operating; (3) thirty 
target positions in the flux trap, which normally contain 
transuranium production rods, but which can be used for the 
irradiation of other experiments (two are instrumented target 
positions provided by a recent modification); (4) six peripheral 
target positions located at the outer edge of the flux trap; (5) 
numerous vertical irradiation facilities of various sizes located 
throughout the beryllium reflector; (6) two pneumatic tube 
facilities in the beryllium reflector, which allow for insertion 
and removal of irradiation samples while the reactor is operating 
for activation analysis; and (7) four slant access facilities, called 
"engineering facilities," located adjacent to the outer edge of the 
beryllium reflector. In addition, spent fuel assemblies are used 
for gamma irradiation in the gamma irradiation facility in the 
reactor pool. The HFIR is a beryllium-reflected, light-water-
cooled and -moderated, flux-trap type reactor that uses highly-
enriched uranium-235 as the fuel. The reactor core assembly is 
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The control plate drive mechanisms are located in a sub-pile 
room beneath the pressure vessel. These features provide the 
necessary shielding for working above the reactor core and 
greatly facilitate access to the pressure vessel, core, and reflector 
regions.  

The reactor core consists of a series of concentric annular 
regions, each approximately 2 ft (0.61 m) high. A 5-in. (12.70-
cm)-diameter hole, referred to as the "flux trap," forms the 
center of the core. The target typically contains curium-244 and 
other transuranium isotopes and is positioned on the reactor 
vertical axis within the flux trap. The fuel region is composed of 
two concentric fuel elements. The inner element contains 171 
fuel plates, and the outer element contains 369 fuel plates. The 
fuel plates are curved in the shape of an involute, thus providing 
a constant coolant channel width. The fuel (U3O8-Al cermet) is 
non-uniformly distributed along the arc of the involute to 
minimize the radial peak-to-average power density ratio. A 
burnable poison (boron) is included in the inner fuel element, 
primarily to reduce the negative reactivity requirements of the 
control plates. The average core lifetime with typical experiment 
loading is approximately 22 days at 85 MW. The fuel region is 
surrounded by a concentric ring of beryllium reflector 
approximately 1 ft (0.30 m) thick. This in turn is subdivided into 
three regions: the removable reflector, the semi-permanent 
reflector, and the permanent reflector. The beryllium is 
surrounded by a water reflector of effectively infinite thickness. 
In the axial direction, the reactor is reflected by water.  Figure 3 
shows a schematic diagram of the HFIR reactor core. 

 



64 
 
 
 
 
 
 

 

 
Figure 3. Schematic diagram of the HFIR reactor core. 

The control plates, in the form of two thin, poison-bearing 
concentric cylinders, are located in an annular region between 
the outer fuel element and the beryllium reflector. These plates 
are driven in opposite directions. Reactivity is increased by 
downward motion of the inner cylinder, which is used only for 
shimming and regulation; that is, it has no fast safety function. 
The outer control cylinder consists of four separate quadrants, 
each with an independent drive and safe release mechanism. 
Reactivity is increased as the outer plates are raised. All control 
plates have three axial regions of different poison content 
designed to minimize the axial peak-to-average power-density 
ratio throughout the core lifetime. Any single rod or cylinder is 
capable of shutting the reactor down. The reactor 
instrumentation and control system design reflects the emphasis 
placed on the importance of continuity of operation, while 
maintaining safe operation. Three independent safety channels 
are arranged in a coincidence system that requires agreement of 
two of the three for safety shutdowns. This feature is 
complemented by an extensive "on-line" testing system that 
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permits the safety function of any one channel to be tested at 
any time during operation. Additionally, three independent 
automatic control channels are arrayed so that failure of a single 
channel will not significantly disturb operation. All of these 
factors contribute to the continuity of operation of the HFIR. 
The primary coolant enters the pressure vessel through two 
(40.64-cm)-diam. pipes above the core, passes through the core, 
and exits through an (45.72-cm)-diam.  pipe beneath the core. 
The flow rate is approximately 16,000 gpm (1.01 m³/s), of 
which approximately 13,000 gpm (0.82 m³/s) flows through the 
fuel region. The remainder flows through the target, reflector, 
and control regions. The system is designed to operate at a 
nominal inlet pressure of 468 psig (3.33 x 106 Pa). Under these 
conditions, the inlet coolant temperature is 120°F (49°C), the 
corresponding exit temperature is 156°F (69°C), and the 
pressure drop through the core is about 110 psi (7.58 x 105 Pa). 
From the reactor, the coolant flow is distributed to three of four 
identical heat exchanger and circulation pump combinations, 
each located in a separate cell adjacent to the reactor and storage 
pools. Each cell also contains a let-down valve that controls the 
primary coolant pressure. A secondary coolant system removes 
heat from the primary system and transfers it to the atmosphere 
by passing water over a four-cell induced-draft cooling tower. A 
fuel cycle for the HFIR normally consists of full-power 
operation at 85 MW for a period of from 21 to 23 days 
(depending on the experiment and radioisotope load in the 
reactor), followed by an end-of-cycle outage for refueling. A 
typical end-of-cycle refueling outage lasts approximately 4 to 6 
days; however, outages are occasionally extended as required to 
allow for control plate change-out, calibrations, maintenance, 
and inspections. Experiment insertion and removal may be 
accomplished during any end-of-cycle outage. Interruption of a 
fuel cycle for experiment, installation or removal is strongly 
discouraged. Deviations from the schedule are infrequent and 
are usually caused by periodic change out of major reactor 
components, reactor and experiment component malfunctions, 
etc.  
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APPENDIX  E 
 

The OPAL Reactor 
The reactor is an open pool, low enrichment uranium silicide 
reactor. It is water cooled and employs heavy water as a 
reflector. Its core design is very compact, to ensure the highest 
possible neutron yield. The new reactor became critical on 
August 12th, 2006, and has been operating at full power since 
November 11th, 2006.  

The Core 
The reactor core design is very compact, so as to maximize 
neutron flux, and is located under 10 meters of water, near the 
bottom of the main pool, surrounded by a zircaloy cooling 
chimney.  The core consists of an array of 16 fuel assemblies 
made of low-enrichment uranium silicide plates, interspersed by 
channels through which cooling water circulates to carry away 
the heat generated by the nuclear fission reaction.  The coolant 
water is demineralized, and it circulates upwards forced by 
pumping during normal operation, but with the reactor shut 
down, natural convection guarantees the removal of the residual 
decay heat. Reactor reactivity is controlled by means of neutron 
absorbing plates, which move vertically. 
The core is surrounded by a reflector tank containing heavy 
water. This acts as a neutron reflector and ensures the 
availability of high neutron fluxes over a large volume. The 
reflector tank constitutes an extra safety feature as well: its 
quick depletion, in an emergency, starves the core of the 
reflected neutrons needed to keep criticality. The facilities for 
the irradiation of targets and the guides for the extraction of 
neutron beams are within this reflector tank.  Within the reactor 
pool, close to the core and the reflector tank, are the cooling 
channels, the nuclear and non-nuclear instrumentation, as well 
as the irradiation facilities. 
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Cooling Systems 
The primary cooling system dissipates the fission heat by means 
of light water, in forced upwards circulation.  The design 
guarantees the thermal stability of the cooling water intake 
within close limits, regardless of the external temperature due to 
weather conditions.   Outside the pool, the primary cooling 
system divides into three circuits. Each of these has a pump and 
a heat exchanger apt to handle 50% of the reactor power. Thus, 
one of the circuits becomes a redundant back-up system.  Each 
of the cooling systems serving the reactor pool and the auxiliary 
pool has the following functions:  

• Dissipation of the heat from the irradiation facility, 
during normal operation, by forced upwards circulation 
of light water.  

• Dissipation of the core decay heat and continuous 
cooling of the irradiation facilities when the reactor is 
shut down, by natural circulation.  

• Keeping the pool water temperature within the 
prescribed range, for all foreseeable operating 
conditions.  

• Dissipation of the heat generated by spent fuel elements.  

The neutron reflector surrounding the core has its own 
independent heavy water circulation, cooling and purification 
system.  

The secondary cooling system extracts heat from the primary 
cooling circuit, from both reactor and auxiliary pool cooling 
systems, from the neutron reflector cooling system and from 
other thermal sources within the reactor. All this heat is finally 
dissipated to the environment by means of the cooling towers. 

The purification and distribution system ensures that the cooling 
water stays within stringent purity standards. To achieve this, 
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mixed ion exchange resin beds are the choice. A warm top 
water layer is established and kept by means of yet 
another circulation and purification system, to reduce the 
radiation dose rate on the surface of the pool.  Heavy water 
quality is kept within safe operational standards by means of 
another mixed ion exchange resin bed. The deuterium and 
oxygen concentrations are kept constant by recombination. All 
the pipes connecting to the reactor pool are above the core level. 
Siphon-breaking mechanisms are provided to prevent the 
emptying of the pool by siphoning. The primary circuit and that 
of the reactor pool have butterfly valves to allow natural 
circulation.                                                                                                                 
Safety 
The reactor safety and protection systems take the reactor to a 
safe shut-down condition should any anomalous operating 
condition be detected. 

Reactor Shutdown 
The first shutdown system quickly inserts five neutron-
absorbing plates into the reactor core. Upon release, they just 
fall by gravity. The second shutdown system empties the 
reflector tank of its heavy water, which, again, flows by gravity 
into a storage tank placed underneath the core. No energy is to 
be supplied to make any of these two systems act. 

Core cooling 
The pumps of the primary cooling system feature inertial 
flywheels for the continuing cooling during the coast-down 
period of the shutdown process. No flow reversal is necessary to 
dissipate the reactor heat by natural circulation, as both pumping 
and convection make water flow through the core always 
upwards. The reactor pool itself is a large heat sink, able to cool 
down the core in any circumstances. In the case of a LOCA 
"loss of coolant accident", water in the pool is replenished by 
gravity close to the core chimney to cool the core. 
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Contention 

During normal operation, the ambient air circulates and its 
quality is continually checked. If necessary, the reactor building 
can be isolated from the environment. Under these conditions, 
all parameters such as air pressure, temperature and moisture are 
then kept constant by a special energy dissipation system. 

Waste Handling 

Nuclear and non-nuclear waste materials are controlled, 
classified, isolated and monitored in a special installation of the 
reactor. The radioactive liquid waste produced during the 
operation of the reactor, its installations and laboratories is 
classified, collected and temporarily stored. The system has a 
special refill pool, of sufficient capacity to collect the reactor 
water.  The irradiated fuel elements are stored in baskets which 
are placed within the auxiliary pool. The design of these baskets 
and the storing conditions are such as to ensure the preservation 
of the integrity of the fuel cladding. The service pool has 
provisions for the reduction of the volume of solid metallic 
waste. 

Research Facilities 

As a reliable and very flexible neutron source, OPAL will serve 
at least four main purposes:   

• Radioisotope production  
• Scientific research  
• Neutron-activation analysis of materials   
• Silicon ingot doping, for the semiconductor industry  

It is not usual for a "production" reactor, focused on churning 
out radioisotopes, to be used as a main scientific and academic 
unit, but such is the case of OPAL. 
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Irradiation Facilities 
For very different approaches to the production of radioisotopes, 
targets are placed at pre-established positions within the 
reflector tank.  
There are provisions for the following irradiation facilities:  

• General purpose irradiation facilities.  
• Batch irradiation facilities.  
• Large volume irradiation facilities.  
• Neutron activation laboratory.  
• Silicon laboratory, "doped" by neutron transmutation.  
• Radioactive materials´ handling facilities ("hot cells") for 

target handling, including their charge and discharge and 
their transfer to the radioisotope production plant.  

With its many capacities, OPAL will serve very different needs 
of the Australian industrial, medical, scientific and mining 
communities. 
 
 

 

 

 

 

 

 

 

 

 
The main open pool contains the core, with facilities for local irradiation , 
whereas the auxiliary pool is meant for storing burnt-up fuel elements, and 
has provisions for their volume-reduction. 
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APPENDIX  F 

 

Transmutation Doping of Silicon 
Use of semiconductors for power electronics requires unique 
material characteristics because of the high power levels flowing 
in the devices. Non-perfect semiconductor crystals with non-
uniform properties will render the power devices unstable with a 
potentially dangerous impact on many everyday activities. 
Silicon is by far the most perfect semiconductor and therefore 
silicon is the preferred material for power semiconductor 
devices. Since the early 1970’s, the use of large monocrystalline 
silicon material has grown rapidly, and tremendous efforts have 
been made to develop techniques for growing perfect Si crystals 
with ever-increasing dimensions. These crystals are the basic 
material for a wide range of electronic and optoelectronic 
devices. 

For the power devices to work at designated power levels and 
voltage readings, it is necessary to dope the silicon with 
impurities that make possible current flow through the bulk of 
the silicon. Doping silicon crystals with phosphorus by neutron 
irradiation is the most superior technique in terms of doping 
control and it effectively removes non-uniformities in the high-
resistivity silicon crystal. When neutrons are used for changing 
the resistivity of silicon, phosphorous dopant atoms are 
produced by transmutation of 30Si into 31P by thermal neutron 
irradiation in atomic reactors. 

The NTD technique is used when the application requires 
doping levels of high precision and uniformity. Typical dopant 
levels for NTD silicon and the corresponding resistivities are 
indicated in Table 1. The major market for silicon of this 
extremely clean and uniform quality is power semiconductor 
devices. For the performance of thyristors, rectifiers, IGBT’s 
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and Power MOSFET’s uniformity is essential for obtaining 
high, well-defined breakdown voltages, typically above 300 V. 

For high-resistivity silicon doping (i.e. in the range of Table 1), 
NTD is by far the most precise and uniform way of introducing 
phosphorus. For purposes of comparison, the resistivity and the 
resistivity distribution, which reflect the carrier concentration, 
are often the key parameters. We will comment on the 
connection between the dopant concentration and the resistivity 
later. However, the resistivity is roughly proportional to the 
reciprocal dopant concentration (Table 1). 

Table 1 
Phosphorous doping concentrations and corresponding 

neutron doses to introduce the phosphorous in the typical 
resistivity range of NTD silicon 

Resistivity 
(Ω cm) 

Dopant Conc.
(1013  atoms/cm3) 

Ppba 
Phosphorous 

Neutron dose 
(1016 cm-2) 

       30           14.5 2.9         86
      100                    4.3 0.85         24
      200             2.1 0.42        10.5 
      300             1.4 0.28           7
      500            0.85 0.17           4
     1000            0.45 0.086           2

In this application, note the NTD technique will be discussed 
with the focus on the factors limiting the homogeneity of silicon 
crystals doped by irradiation and properties of the NTD silicon 
that are important for the end users. In the lower resistivity 
range, irradiation precision is the dominating uncertainty factor, 
while at higher resistivities the requirements for the starting 
material become restrictive, if we want to avoid the material 
properties becoming the dominating uncertainty factor. We will 
show that the current upper limit for NTD doping of large FZ 
crystals is 4000 Ωcm with a record low value of the radial 
resistivity variation (RRV) below 8%. Also, very good 
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resistivity stability of the NTD silicon under device like process 
steps will be demonstrated. 
The neutron transmutation technique 

In conventional chemical doping methods - for example the 
incorporation of impurities from the melt during crystal growth - 
thermodynamics play an important role.  Since nearly all 
impurities of interest have distribution coefficients much less 
than unity, they tend to remain in the melt. This means that the 
distribution of impurities in the grown crystals is non-uniform. 
However, tight control of the melt and the feed rate of the 
doping impurities are used to decrease this non-uniformity in 
PFZ products (gas phase doped Float Zone). For NTD, the role 
played by thermodynamics is negligible. Homogeneity is 
determined by the uniformity of the neutron flux in the reactor 
over the volume of the silicon crystal and by the purity of the 
grown crystals. 

The irradiation-induced P atoms are created by means of neutron 
capture by a 30Si atom, forming the unstable 31Si isotope. 3lSi 
subsequently transmutes to 31P by β- emission, with a half-life of 
2.6 hours (see Table 2). In addition to this reaction, a number of 
secondary reactions take place, the most important of which are 
shown in Table 2. 

Table 2 
Nuclear reactions 

   30Si(n,γ )   31Si    → (2.6  hrs)  → 31P +   β          

   28Si(n,γ )   29Si 

   29Si(n,γ )   30Si 
   31P (n,γ )    32P    → (14.3 hrs) → 32S +  β 
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Simple calculations show that these reactions are of no concern, 
as their production of new isotopes is negligible at reasonable 
doping levels. The crystals are exposed to the required neutron 
dose by placing them close to the core of a nuclear reactor, 
resulting in very homogenous irradiation fluxes. However, the 
neutron flux is not perfectly homogeneous, and the background 
impurity levels in the grown crystals are not negligible. Both 
give rise to non-uniformities in the final doping profile. The 
irradiation also partly damages the crystal structure, mainly by 
introducing point-like defects. These defects must be removed 
before use of the NTD silicon for device making. This is done 
by annealing at elevated temperatures in clean furnaces. The 
resistivities of irradiated crystals are all measured after an 
annealing step. 

Irradiation Requirements 
Irradiation is implemented at two flux positions at the innermost 
end of the thermal column and a third one placed at a somewhat 
lower flux position. The thermal neutron values and the gamma 
shielding included in the thermal column make these positions 
specially suited for irradiation of Si.  

• High Flux position (HFP): 
               Φth   =  1.0x1013      n/cm2 .s 

                 Φf    =  1.2x1012      n/cm2 .s     (0.625 eV   ≤ E ≤   1.0 MeV) 

               Φf    =  6.0x1010      n/cm2 .s     ( E   ≥  1.0  Mev) 
• Low  Flux  position  (LFP): 

                Φth   =  1.0x1012      n/cm2 .s 

                  Φf     =  8.0x109        n/cm2 .s    (0.625 eV  ≤  E ≤   1.0 MeV) 

                Φf    =  1.2x1012      n/cm2 .s    ( E  ≥  1.0  Mev) 

For both (Φth  / Φf )  >  10.0 .  The maximum estimated temperature in 
the silicon crystal will be below 100 oC  
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Irradiation Inhomogeneities 
In the present section, we disregard the effects of dopant 
impurities in the as-grown undoped crystals, but for high 
resistivity NTD crystals (i.e. low number of added dopant 
impurities), the background doping impurities in the as-grown 
crystals must be taken into account. The approximation is thus 
good in the low resistivity crystals. 

By neglecting the resistivity state of the undoped crystal, the 
doping profile homogeneities are determined by the irradiation 
alone. We often distinguish between two types of homogeneity: 
The doping uniformity along the crystal axis, which plays no, or 
little, role for the individual wafers cut from the crystal and the 
radial variation, which is a crucial feature of each wafer cut 
from crystal. The radial resistivity variation (RRV), defined as 

 

RRV =    x 100%                                1  
 

where RMAX and RMIN are the maximum and minimum 
resistivities measured on the end faces of the cylindrical 
crystals, is the most important factor to control in the silicon 
industry, because power semiconductor manufacturers can not 
allow for high variations across the wafers cut from the 
cylindrical crystals. The undoped silicon crystals are irradiated 
in vertical or horizontal channels beside the reactor core. The 
crystals have diameters of up to 150 mm and typical lengths of 
up to 60 cm during irradiation. In the case of an inhomogeneous 
neutron flux, the resistivity profile of the doped silicon crystal 
will be influenced and it is therefore of importance to control the 
flux profile during the irradiation cycle. The solution to an 
inhomogeneous neutron flux problem can be either flattening of 
the flux at the expense of intensity or moving the crystal during 
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irradiation. The radial resistivity profile is determined by the 
attenuation of the neutron flux during penetration of the silicon 
crystal. 

The decay length in silicon is about 19 cm, so for stationary 
crystals the flux inhomogeneity is rather high, as seen in Table 
3.  This  will  in  turn  give  rise  to  high  radial  resistivity 
variations. 

Table 3 
Radial Flux Variations 

 
To minimize this effect, the crystals must rotate during 
irradiation. If we consider the cylindrical crystals as surrounded 
by material with the same decay length as silicon itself, we can 
calculate the non-uniformity of the dose by integrating the time 
average of the flux at a distance from the crystal axis over a 
rotation period. To first order the result is: 

Φ a
Φ 0 1  

a
4b                                             2  

where Φ is the average flux at a distance from the crystal axis, a 
is the radius of the crystal and b the decay length. 

Results are shown in Table 3. It can be seen that rotation gives a 
considerable improvement compared to stationary irradiations. 
In practice, the situation is slightly different, since the material 
surrounding the crystals normally has decay lengths longer than 
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19 cm. In most irradiation facilities, the radial flux 
inhomogenity is much less than the axial one. 
Resistivity variations 

To convert the inhomogenities in the flux to resistivity 
variations, the relations between resistivity and neutron dose 
must be considered. First, however, we must consider the 
relationship between resistivity and doping levels, taking into 
account the fact that both acceptor and donor impurities are 
present in the bulk of the as-grown silicon crystal. The 
polysilicon is normally phosphorus doped, but due to the 
significant difference in boron and phosphorous segregation 
coefficients, any boron contamination or content in the 
polysilicon during growth will impact heavily on the resistivity 
of the finished monocrystal. 

The resistivity of the bulk monocrystal is given by: 

p =  
 

                                            3  

where e is the charge unit, n and p are the electrons and hole 
concentrations and µe and µp the electron and hole mobilities, 
respectively. In the pure types of silicon crystal we are 
discussing here, µe and µp can be considered as constants, so we 
only need to estimate n and p. Assuming that the only 
electrically active impurities are B as the acceptor and P as the 
donor, a very good estimate is given by 

  4     4  

and 
                                                              5  

where NP and NB are the phosphorus and boron concentrations, 
and ni is the intrinsic carrier concentration, commonly taken to 
be 1.0x1010 cm-3 at 300K. 
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We can now make assumptions about the boron impurity level, 
and calculate the silicon resistivity from equations (3), (4) and 
(5). Some results are shown in Fig. 1, where the monocrystal 
resistivity is plotted against phosphorous concentration for 
boron concentrations in the range 0.2 - 20 ppta. Normal 
polysilicon for Float Zone growth has a phosphorous 
concentration of ~1012 cm-3. From Fig. 1 it can be seen that as 
long as  the  boron  concentration  is  kept  below 10 ppta (~1011 
cm-3), there is no practical influence of the boron dopants on the 
bulk resistivity. This is important because this gives possibilities 
for stable NTD production up to 500 Ωcm without taking into 
account the boron doping contribution. 

 
Figure 1.  Estimated resistivities in near intrinsic Silicon at 

300 K versus Phosphorous concentration for various 
background levels of boron. µe  and µp are arbitrary fixed at 

1500 cm2/Vs and 450 cm2/Vs. 

For boron concentrations larger than 10 ppta, the bulk resistivity 
shows distinct peaks at phosphorous concentrations between 
1011 and 1012 cm-3, which is close to the phosphorous content for 
normal polysilicon. At the peak, the silicon type changes from 
p-type to n-type. 
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The effect of residual boron impurities is more pronounced for 
new higher resistivity types of phosphorous doped polysilicon 
that has phosphorous levels down to 1011 cm-3. In order for these 
new types of polysilicon to give reliable and predictable 
outcome in terms of the bulk resistivity of the monocrystal, 
boron concentrations must be kept below 1 ppta. This is a 
difficult task for the manufacturers of polysilicon to handle, but 
they are capable of doing so and ultra pure polysilicon (UPS) 
with residual boron impurities in the sub ppta region is on the 
market. 

The almost invariable behaviour of the monocrystal resistivity 
(given low bulk content of boron) prompts us to characterize the 
starting material for the NTD in terms of its resistivity alone. If 
we do so, and assume that the phosphorus donor levels 
introduced by the irradiation are fully ionized and uniformly 
distributed, we get a simple indication of the homogeneity of the 
doped crystals. 

The amount of phosphorous introduced by the transmutation is 
given by: 

. Φ                                           6  
where 

                                         7  

Φ is the neutron dose, d is the atomic density of silicon, c(30Si) 
is the relative presence of the 30Si isotope and σ is the cross 
section for the transmutation reaction. 

From (3) and (6), the following relation between the neutron 
dose and target resistivity is obtained: 

1
ρ

 
kΦ
µ e  

1
ρ

                       8  
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where ρtarget and ρinitial are the resistivity of the doped and as-
grown crystal, respectively. µe is the electron mobility and e is 
the electronic charge. Fig. 2 shows this almost universal relation 
between the neutron dose and the silicon resistivity for various 
resistivities of the starting material. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 2.  Neutron dose versus the target resistivity obtained 
for crystals of various starting resistivities. 

Consider an ideal irradiation represented by a horizontal line in 
Fig. 2; clearly, the resistivity of the starting material, and thus 
the homogeneity of the as-grown crystals, is important for the 
final result. As in Fig.2, the curves in this figure approach each 
other at higher doses, i.e. at lower resistivities, illustrating the 
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increasing influence at higher resistivities of the as-grown 
crystal on the final result. For example, we can see that with 
undoped crystal resistivities between 3000 and 6000 Ωcm, and 
doping with 4x1016 neutrons/cm2, we obtain monocrystalline 
silicon resistivities of about 500 Ωcm ±4%, whereas doses of 
1x1017 neutrons/cm2 result in 200 Ωcm with a total resistivity 
variation of only ±3%. 

NTD products are all about restricting the bulk resistivity 
variations beyond what is obtainable with any other means of 
producing n-type doped silicon. However, the bulk radial 
resistivity variation (RRV) of the starting undoped silicon 
material imposes some limitations to the minimum obtainable 
NTD bulk RRV. Fig. 3a shows limitations for the bulk RRV for 
a virgin undoped monocrystal with an average bulk resistivity of 
5000 Ωcm as a function of the target bulk NTD resistivity and 
for different start bulk radial resistivity variations (in percent). 
As can be seen from Fig. 3a,  it is no problem to obtain low 
RRV NTD products as long as the target resistivity is below 100 
Ωcm, but for larger target resistivities it is becoming 
increasingly more difficult to obtain low resistivity variations if 
RRV exceeds 20% for the undoped silicon. However, if the 
average resistivity of the undoped silicon is sufficiently high, 
RRV can be kept low, even for cases where RRV exceeds 50% 
for the undoped silicon. This is shown in Fig. 3b for the case of 
an average bulk resistivity of the undoped silicon of 15000 
Ωcm. 
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Figure 3.  a) Radial resistivity variation of undoped silicon 

with average resistivity of 5000 Ω cm. 
                 b) Radial resistivity variation of undoped silicon 

with average resistivity of 15000 Ω cm. 
 

 
 
 
 
 

 
 

(a) 

(b) 
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APPENDIX G 
 

Research Reactor Training Courses 

1. Radiation Measurement Courses 
Atom model, radioactive isotope, alpha-, beta- and gamma-, as 
well as neutron radiation, interaction between radiation and 
matter, radiation detection and dosimetry, standard 
measurements like activity, lifetime, energy, dose, etc. and 
statistical computation. 

Application of the reactor 

Source for thermal and fast neutrons; production of weak and 
short-lived isotopes for measuring purposes; shielding 
experiments in experimental channels of thermal column; 
measurement of the radiation field in the vicinity of the reactor. 
Reactor requirements 
Neutron flux: min. 5x106 n.cm-2.s-1 

Experimental channels and thermal column. 
2. Radioisotope Techniques Courses 

The application and use of radioactive isotopes in science and 
technology are dealt with in radioisotope techniques courses. 
This includes production and measurements of radioactive 
isotopes, their application as tracers, and radiographic measuring 
techniques of material properties, basics of radiography as well 
as activation analysis. 

Application of the reactor 

Radioactive tracer production. Radiation source to demonstrate 
radiography as well as activation analysis. 

Reactor requirements 

Neutron flux: min. 5x106 n.cm-2.s-1; for radiography: min. 1x108 

n.cm-2.s-1 
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Experimental channels. 

3. Reactor Theory 
The following topics are treated in reactor theory courses: 

Interaction of neutrons with matter, neutron fields, criticality 
calculations by use of diffusion and transport calculations, 
homogeneous and heterogeneous reactor calculations and 
perturbation theory. 

Application of the reactor 

Thermal-, epithermal- and resonance flux measurements cross 
sections, void coefficient, diffusion length, Albedo, Fermi-age, 
crystal spectrometer, etc. 

Reactor requirements  

Neutron flux: min. 5x106 n.cm-2.s-1 

Experimental channel through to mid-core, thermal column with 
water or graphite. 

4. Reactor Dynamics 
Covered in reactor dynamics courses is the time-behaviour of 
reactors. This includes: the kinetics of zero-power reactors, the 
reactivity effects of temperature, burn up, breeding, poisoning as 
well as the computer simulation of power plants and their 
control. 

Application of the reactor 

Critical experiment, control rod calibration, reactivity 
temperature coefficient, fuel reactivity values, reactor period 
measurement, sub-critical multiplication, fission and ionization 
chambers, self-powered neutron detectors. 

Reactor requirements 

Neutron flux: min. 5x106 n.cm-2.s-1 
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Access to fuel for loading and reloading. Experimental channels 
for insertion of neutron detectors, sealed neutron tubes of 
neutron generators, and additional control rods. 
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APPENDIX H 
 

Training Programs Related to Research Reactors 

1. Training of Students and Physicists 
A low power research reactor (<1 MW) allows training to be 
given in the following areas: 

•  nuclear radiation measurement and application such as 
activity, dose, half-life, energy, reaction with materials, 
activation analysis and statistics, etc. 

•  reactor theory, neutron transport by using spectrometers, 
neutron choppers, foil activation dosimeters, etc. 

•  reactor kinetics, reactor dynamics 

•  reactor operation and control by using an associated computer 
to simulate the reactor operation and control 

•  criticality and power increase of the reactor 
•  relative and absolute flux measurements 
•  reactivity measurements 
•  control rod calibration 
•  temperature coefficient measurement 
•  poisoning effect measurement 
•  spectrum measurement 
•  void coefficient determination 
•  radiation protection and shield measurement 
•  neutron radiography 
•  activation analysis 
•  radioisotope determination 

2. Training of operating personnel 

For this type of trainees, the emphasis is placed on procedures 
and operations involved in reactor operation and safety, in 
particular: 



87 
 
 
 
 
 
 

 

•  fuel loading and unloading 
•  approach to criticality 
•  effects of prompt and delayed neutrons 
•  poisoning effects (xenon, samarium) 
•  temperature effects 
•  reactivity effects 
•  load variations 
•  instrumentation and calibration 
•  flux and power measurements 
•  reactor kinetics and dynamics 
•  radiation protection 
•  radiochemistry. 

3. Training for research: related applications 
Low power reactors can also be used for a whole series of 
related applications, involving the field of basic or applied 
research, such as: 

•  archaeology 
•  biological applications 
•  chemical applications 
•  earth sciences 
•  environmental sciences 
•  medical applications 
•  metallurgy 
•  industrial applications 
 
 
 
 
 
 

 


