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ABSTRACT

The primary objective of this thesis is to conduct a comprehensive up-to-date literature 

review on the current status of safety of research reactors both in design and operation and 

providing the future trends in safety of research reactors.

Data and technical information of variety selected historical research reactors were 

thoroughly reviewed and evaluated, furthermore illustrations of the material of fuel, 

control rods, shielding, moderators and coolants used were discussed. Insight study of 

some historical research reactors was carried with considering sample cases such as 

Chicago Pile — 1, F-l reactor, Chalk River Laboratories, The National Research 

Experimental Reactor and others. The current status of research reactors and their 

geographical distribution, reactor category and utilization is also covered. Examples of 

some recent advanced reactors were studied like safety barriers of HANARO of Korea 

including safety doors of the hall and building entrance and finger print identification 

which prevent the reactor from sabotage.

On the basis of the results of this research, it is apparent that a high quality of safety of 

nuclear reactors can be attained by achieving enough robust constructions, designing 

components of high levels of efficiency, replacing the components of the reactor in order 

to avoid corrosion and degradation with age, coupled with experienced scientists and 

technical staffs to operate nuclear research facilities.
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— Chapter One —

Introduction

1.1 Background

Nuclear research reactors play an important role in the field of nuclear science due to their 

wide ranging scientific, industrial and medical applications. About 651 research reactors 

have been built since 1942, when Enrico Fermi constructed his Chicago Pile No 1 (CP-1), 

as the first man made research reactor [1]. At present there are over 670 research reactors 

including critical and subcritical assemblies in more than 69 countries and of those, 

approximately 283 are currently in operation [2].

Research reactors comprise a wide range of civil and commercial nuclear reactors that are 

generally not used for power generation .The primary purpose of research reactors is to 

provide a neutron source for research and other purposes [3]. The output (neutron beams) 

can have different characteristics depending on use. They are small relative to power 

reactors whose primary function is to produce heat to make electricity.

Most research reactors range up to 100 MW*, compared with 3000 MWth for a typical 

power reactor .In fact the total power of the world’s 283 research reactors is little over

3000 MWth [4].

1.2 Research Reactors versus Power Reactors

Because of concerns associated with reactor based incidents such as those at Three Mile 

Island and Chernobyl, it is important to understand the differences between research 

reactors and reactors that produce electrical power. Research reactors are differentiated 

from power reactors in that their goal is to produce high neutron fluxes in sample 

irradiation positions surrounding facilities rather than electrical power.
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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. On the other 

hand, their fuel requires more highly enriched uranium. They also have a very high power 

density in the core, which requires special design features.

The primary purpose of power reactors is to make steam that will drive turbines for 

producing electricity. Tremendous amounts of heat and high pressures are required for 

electricity generation. Thus, the core must be big, and the facility must be complex. By 

comparison research reactors have variety purposes depending on the neutrons features 

produced; therefore its main purpose is to generate neutrons [5].

1.3 Major Components of Nuclear Reactors

Nuclear reactors are differing in type and design, but nearly all have similar components as 

shown in Fig. (1), these include:

1.3.1 Fuel Elements

Fuel assemblies are typically plates or cylinders of uranium-aluminum alloy (U-Al) clad 

with pure aluminum (all fuel is aluminium clad). The cladding should have good thermal 

and mechanical properties and be chemically stable to interact with the fuel and 

surrounding materials. It should also have low cross section for neutron induced nuclear 

reactions and be radiation resistant [6],

1.3.2 Moderator

Fast neutrons are slowed to thermal energies by a moderator. The moderator most efficient 

at slowing down neutrons is one whose atoms are of about the same mass as a neutron. 

Since protons and neutrons have very nearly the same mass, and since the nucleus of 

hydrogen atom is a proton, then hydrogen (light water) could be assumed to be the best 

moderator. In fact, pressurized-water reactors (PWR) use ordinary water as a moderator
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[6]. However, hydrogen absorbs neutrons easily, and therefore takes neutrons out of 

circulation. The fission chain reaction cannot be self-sustaining with a light-water 

moderator: the fuel must be enriched in the fissile isotope Uranium-235 ( “ U).

The nucleus of heavy hydrogen, or deuterium, consists of one proton and one neutron. 

Deuterium (as in heavy water) is also very effective as a moderator. In addition, deuterium 

does not absorb neutrons readily. This is a great advantage as far as perpetuating the chain 

reaction. Thus, the heavy water moderator promotes excellent neutron economy. Heavy 

water is the moderator used in Canada Deuterium Uranium reactors (CANDU).

Beside the low mass number, moderators should have a low neutron capture cross section. 

A desirable property for a moderator is the ability to thermalize neutrons in as few 

collisions as possible.

1.3.3 Coolant

The coolant function is to remove the heat released during fission from the fuel; otherwise 

it would become hot enough to melt the fuel assemblies. The coolant material should have 

a high thermal conductivity so as to be effective in removing heat, and also should have a 

low neutron capture cross section for not being absorbed by the coolant. The coolant can 

be gases or liquids (fluids as general), gases like carbon dioxide (CO2) or Helium (He) and 

liquids like light water and heavy water [6].

1.3.4 Control Rods

Control rods are neutron absorbing materials as shown in fig. (2), used to achieve 

controlled fission process, or to stop fissioning system once it has started. The most useful 

desired nuclides that have high cross sections to act as effective neutron absorbers are 

Boron, Cadmium and Indium. Control rods are inserted or withdrawn from the core to 

control the rate of reaction, or to halt it [6].
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1.3.5 Reflector

Its role is to reflect the neutrons, leaving the reactor core, which contains the fuel in order 

to be available for useful purposes. The same materials used as moderators can be used for 

this purpose: light water (H2O), heavy water (D2O), graphite, and Beryllium (Be) [6].
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Coolant

Fuel Reactor vessel

Fig. (1): The Basic components ofa Research Reactor
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1.4 Types of Research Reactors

There is a much wider array of designs in use for research reactors than for power reactors 

and they also have different operating modes, producing energy which may be steady or 

pulsed.

A common design is the pool type reactor, where the core is a cluster of fuel elements 

sitting in a large pool of water. Between the fuel elements are control rods and empty 

channels for experiments. In one particular design, the Material Testing Reactor (MTR) a 

fuel element comprises several curved aluminum-clad fuel plates in a vertical box. The 

water 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. Tank type research reactors are similar, except that cooling 

is more active.

The TRIGA reactor type is among the commonly used research reactors in the world. The 

core of this type of research nuclear reactor consists of 60-100 cylindrical fuel elements 

about 36 mm diameter with aluminium cladding enclosing a mixture of uranium fuel and a 

zirconium hydride moderator. It sits in a pool of water and generally uses graphite or 

beryllium as a reflector. This kind of reactor can safely be pulsed to very high power levels 

(e.g., 25,000 MWth) for fractions of a second. While earlier TRIGA reactors were designed 

for Highly Enriched Uranium fuel (HEU), the more recently built reactors use Low 

Enriched Uranium fuel (LEU).

TRIGA is the most interesting reactor design of the common types, from a technical and 

safety perspective. Its unique fuel and core design concept has a very large and very 

prompt negative temperature coefficient; it is being a homogenized mixture of fuel and 

hydrogenous moderator in the form of uranium-zirconium hydride. This provides prompt 

negative feedback because there is no delay between fuel and moderator temperature 

variations [7].



The coolant system is designed to effectively remove or enable removal of heat from the 

reactor during all modes of operation, including shutdown and accident conditions.

A common design is the pool type reactor where the core is a cluster of fuel elements 

sitting in a large pool of water. Between the fuel elements are control rods and empty 

channels for experiments. The water 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 [7].

The swimming pool reactor is very simple and initially more than 40 of such reactors were 

built in the United States alone. The core is often made up of MTR type fuel elements; 

aluminum clad, curved plates of fuel arranged in long rectangular boxes which are 

arranged between grid plates to form the core. Cooling is achieved may be by natural 

convection of the pool water, although this is augmented for operation at higher power by 

pumping pool water through the core. This design led to the tank-in-pool reactor, similar to 

the open-pool type but with the core contained in an aluminum tank. The cooling light 

water is pumped through the core, but the pressure within the tank is only moderately 

elevated above that in the open pool [7]. The Tank Type research reactors are similar 

except that cooling is more active.

1.4.1 Classification by Coolant

©



Fig. (2) Neutron behavior inside the core



1.4.2 Classification by utilization

Research reactors are widely used for scientific investigations and various applications. 

The radiation produced by research reactors is the key output, not the very little amount of 

energy produced. The most common use of this radiation is for experiments. Primarily, 

two types of radiations are used from research reactors: neutrons and gamma rays. 

Neutrons produced by research reactors provide a powerful tool for studying matter on 

nuclear, atomic, and molecular levels.

Experimenters use different types of facilities to expose the material to the required types 

of radiation. Radiation is used to study material characteristics that cannot be readily 

measured otherwise. Following is the detail of some uses of research reactors:

• Neutron Scattering; Radiation from the reactor is directed at the material to be

studied. The manner in which the radiation interacts and scatters, from the/

material yields information on structure and properties of the material [8].

• Neutron Activation Analysis (NAA): A powerful tool used in the detection of 

very small amounts of material. It is used to measure the presence of trace 

elements such as environmental pollutants in soil, water, air, and foods with 

accurately [8].

• Neutron Radiography: This technique is used to determine structural integrity 

for aerospace, automotive and medical components. It can be used in 

investigation of bulk materials, explosives [8]

• Production of Isotopes; This is used in biology, medicine, agriculture, 

industry, hydrology and research.

• Neutron Transmutation Doping (NTD): Irradiation of Silicon (Si) by neutron 

transmutes some of the Si atoms to Phosphorus (P) can change in electrical 

conduction [9].

While in a limited number of applications, radioactive sources are being replaced with 

other technologies, such as particle accelerators, in many cases, radioactive sources will 

continue to be used in medical, industrial and academic applications [10].
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1.5 The concept of safety

According to the need of public and individual to safety, numerous definitions of safety 

culture have abounded in the safety literature, especially after the long term 

epidemiological studies of populations exposed to radiation during the atomic bombing of 

Hiroshima and Nagasaki in Japan in 1945 and Chernobyl nuclear accident in 1986 [3 1].

Nuclear safety culture is the core values and behaviors resulting from a collective 

commitment by leaders and individuals to emphasize safety over competing goals to 

ensure protection of people and the environment [12].

The general nuclear safety objective is supported by three complementary safety objectives 

dealing with radiation protection, environmental protection and the technical aspects of the 

design.

General Nuclear Safety Objective is to protect individuals, society and the environment 

from harm by establishing and maintaining in nuclear installations effective defenses 

against radiological hazards [13].

Radiation protection safety objective is to ensure that in all operational states radiation 

exposure within the installation or due to any planned release of radioactive material from 

the installation is kept below prescribed limits and as low as reasonably achievable 

(ALARA), and to ensure mitigation of the radiological consequences of any accidents [14]. 

Technical safety objective is to take all reasonably practicable measures to prevent 

accidents in nuclear installations and to mitigate their consequences should they occur; to 

ensure with a high level of confidence that, for all possible accidents taken into account in 

the design of the installation, including those of very7 low probability, any radiological 

consequences would be minor and below prescribed limits; and to ensure that the 

likelihood of accidents with serious radiological consequences is extremely low [14].

The beneficial applications of nuclear energy clearly must be utilized in a manner that 

protects public health and safety and the environment, and that does not incur unacceptable 

national or international security or proliferation risks. A set of agreed principles simply 

and succinctly encapsulates the international nuclear safety philosophy [15]:



The prime responsibility for safety must rest with the organization 

responsible for facilities and activities that give rise to radiation risks.

The effective governmental framework for safety, including an independent 

regulatory body, must be established and maintained.

Effective leadership and management for safety must be established. 

Facilities and activities that give rise to radiation risks must yield an overall 

benefit.

Protection must be optimized to provide the highest level of safety. 

Limitation of Risks to individuals.

Protection of present and future generations.

Preventions of accidents.

Arrangements must be made for emergency preparedness and response for 

nuclear or radiation incidents.

Protective actions to reduce existing or unregulated radiation risks must be 

justified.

1.6 Study Objective

The primary objective of this thesis is to conduct a comprehensive up-to-date literature 

review on the current status of safety of research reactors both in design and operation and 

providing the future trends in safety of research reactors.
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-  Chapter Two -

Development of Safety Systems in Research

Reactors

2.1 Chicago Pile -  1 (USA, 1942)

Early in 1942, a group of scientists led by Fermi gathered at the University of Chicago to 

develop their theories. By November 1942, they were ready for construction to begin on 

the world's first nuclear reactor, which became known as Chicago Pile-1 (CP-1) [1].

The core size was 24.5 feet by 24.5 feet square, by 19 feet high. It contained 385 tons of 

graphite in the form of blocks.

The fuel for the pile consisted of 12400 lbs of uranium contained in 80590 lbs of uranium 

oxide (both UO2 and U3O8.) There was no coolant employed of any sort; there was also no 

shielding although a one foot thick graphite reflector surrounded the core. The core had a 

maximum power rating of 100 to 200 W, although at first it only operated at 0.5 W. [17]

In addition to uranium and graphite, it contained control rods made of cadmium. 

Cadmium is a metallic element that absorbs neutrons. When the rods were in the pile, there 

were fewer neutrons to fission uranium atoms. This slowed the chain reaction. When the 

rods were pulled out, more neutrons were available to split atoms. The chain reaction sped 

up.

On the morning of December 2, 1942, the scientists were ready to begin a demonstration 

of CP-1. About 8:30 on the morning of Wednesday, December 2nd, the group began to 

assemble in the squash court. At the north end of the squash court was a balcony about ten 

feet above the floor of the court. Fermi and his partners were grouped around instruments 

at the balcony. On the floor, just beneath the balcony, stood George Weil, whose duty it 

was to handle the final control rods. In the pile were three sets of control rods. One set was 

automatic and could be controlled from the balcony. Another was an emergency safety rod. 

Attached to one end of this rod was a rope running through the pile and weighted heavily
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on the opposite end. The rod was withdrawn from the pile and tied by another rope to the 

balcony. The third rod, operated by Weil, was the one which actually held the reaction in 

check until withdrawn the proper distance.

Since this demonstration was new and different from anything ever done before, complete 

reliance was not placed on mechanically operated control rods. Therefore, a "liquid-control 

squad,” composed of Harold Lichtenberger, W. Nyer, and A. C. Graves, stood on a 

platform above the pile. They were prepared to flood the pile with cadmium-salt solution 

in case of mechanical failure of the control rods [18].

In the end, the various offspring of CP-1, the first reactor, continued its original mission to 

push back and explore the frontiers of science in the never-ending quest for knowledge of 

the universe in which we live. The first reactor, CP-1, was disassembled and moved to Site 

A in March 1943, renamed as Chicago Pile 2. In May 1944 the laboratory first operated a 

second, heavy water-moderated reactor, CP-3 on the site. Argonne National Laboratory 

obtained an even larger, permanent site in Du Page County in 1947 and began moving its 

operations out of Site A to the new site. The two reactors operated until 1954, conducting 

reactor research and production of tritium. Decontamination and demolition of the 

buildings began in 1955 [19].

2.2 F-l Research Reactor (Russia, 1946)

By the end of 1946, work on the graphite moderated pile, dubbed “the boiler” and 

designated F-l (for "Physics-l"), was nearing completion at laboratory No. 2 (the principal 

centre for atomic bomb research) at the Kurchatov Institute in Moscow. The pile was first 

put into operation on 25 December 1946. The F-l reactor at Laboratory No.2 is used for 

physics experiments related to fission and fusion weapons research. On December 25, 

2011 the world's oldest operating nuclear reactor turned 65 years old. The technical data 

for F-l research reactor are shown in Table (1).

The F-l was the first nuclear reactor to operate outside of North America. It started up on 

The Christmas day, and originally operated at a power level of 10 W. No other reactor has 

yet turned 65 while in operable condition. The first U.S. reactor, the CP-1, was dismantled 

soon after it began operation.
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Table (1) Technical data o f  F -l R esearch Reactor [20]

Item Description

Reactor type Graphite pile 1

Thermal power (KW)
2 4

2Maximum flux (n/cm sec.) 6 x 109

Moderator Graphite

Coolant Air

Reflector Graphite 1

Control rods material Cadmium 1

Control rods number
4
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2.3 Chalk River Laboratories (Canada, 1947)

Canada’s involvement in the growing nuclear research effort also came about from the 

conflict in Europe between the Allies and Nazi Germany.

In 1944, a team of scientist moved to specially constructed laboratories at Chalk River. 

Ontario, 200 Km northwest of Ottawa on the Ottawa River. As Canada’s national nuclear 

laboratory, Chalk River has grown over the past 60 years and currently employs over 2,000 

people. The sections that follow outline some of the major historical achievements of the 

Chalk River Laboratories (CRL) [21].

Radioactivity gradually diminishes as radioactive elements decay into more stable 

elements, so waste gradually becomes less radioactive and safer to handle. The time which 

this takes depends on the half-life of the radioactive substance involved. This decay can 

also release heat.

All radioactive waste can eventually be handled in the same manner as normal waste. The 

shorter the half-life, the sooner this is. It may be in 20 years for some material, hundreds of 

years for other material, or many thousands of years.

The early scientists were aware of the radioactivity released to the environment from the 

remainder of the nuclear laboratory. Forty years later it would be necessary to perform 

complex computer calculations to prove “beyond reasonable doubt’' that the selected 

method for handling the wastes would not have deleterious effects on people and the 

environment.

However, in 1946 only sound logic and good judgement was required. That the waste 

management facilities at Chalk River have withstood the test of over forty years of 

operation without even approaching any releases of concern is testimony to the soundness

of judgement exercised by those early scientists.
2The Chalk River property extends over a total area of approximately 37 Km . It consists of 

gently rolling hills among several small lakes; the area is sandy several meters below the 

surface. This region was chosen as the best location for the waste repositories. The good 

drainage would preclude the wastes sittings in water, thus minimizing leaching, while the 

sand would adsorb material that was leached, retarding its movement by ground water 

flow.
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The first waste management area to be brought into service was a 1.2 hectare area located 

750 m from Perch Lake. It is now designated Waste Management Area A (WM Area A). It 

was fenced-in in 1946 to restrict access by people and large animals, and was used from 

1946 until 1952 for emplacement of low-level solid wastes, which were transported to the 

area in plastic or paper bags and buried directly in the ground in sand trenches. During this 

period, the amount of radionuclides going to the process sewers was limited by collecting 

them in glass bottles in each laboratory [22].

2.4 The National Research Experimental Reactor (Canada,

1947)
Following World War II, Canada found itself with the world’s second-largest nuclear 

infrastructure (after the U.S.), and in a position to lead the world in sub-atomic research. It 

continued its support of the British and United States weapons programs, while continuing 

efforts to develop a powerful nuclear research reactor. In 1947, the 20 MW National 

Research Experimental (NRX) came online at the Chalk River facility. NRX was for a 

time the world’s most powerful research reactor, by the mid-1950s producing over 40 

million watts of heat and vaulting Canada into the forefront of physics research. Table (2), 

provides the technical data for NRX.

Although it’s original purpose was to demonstrate pilot scale, production of weapons- 

grade plutonium for the U.S., which it did until the early 1950s, NRX had mechanisms for 

producing isotopes and channels for conducting experiments with beams of neutrons. It 

had a great many beam ports around its perimeter to allow neutrons and gamma rays out. 

as well as locations where experiments could be inserted into the core.

One early innovation that arose was the production of isotopes. NRX used natural uranium 

as its fuel, and heavy water as its moderator. Once a nuclear chain reaction was started, it 

would provide an intense and constant source of neutrons that offer a far more efficient 

way to manufacture isotopes than any method previously available [23].

In NRX (and CANDU reactors), natural uranium is used, but the fast-moving neutrons 

are slowed down by having the uranium fuel surrounded by a moderator. Heavy water is 

one of the most efficient moderators because the fast-moving neutrons readily collide with
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the deuterium nuclei in the heavy water molecules. In NRX, the level of heavy water inside 

the calandria could be adjusted to help control the rate of the chain reaction and thus the 

power output of the reactor.

Most of the tubes held uranium fuel rods, 3.1m long, and 3.1 cm in diameter, with a mass 

of about 55 kg. The fuel rods were originally clad in aluminum, which was chosen because 

it absorbed fewer neutrons than steel or other materials available at the time. There was 

actually a double- walled jacket of aluminum around the fuel rod, with ordinary water 

flowing between the walls as a coolant. This also left a ring of air between the outer 

aluminum sheath and the calandria tube [24].
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2.5 The National Research Universal Reactor (Canada, 1957)

The National Research Universal Reactor (NRU) is a 135 MWth heavy water reactor 

operated by Atomic Energy of Canada Limited (AECL) at the CRL site. The NRU reactor 

has multiple purposes, which include the production of medical isotopes, testing of various 

fuel types, and other irradiation services [25].

NRU started self-sustained operation on November 3, 1957, a decade after NRX, and was 

much more powerful. It was initially designed as a 200 MWth reactor fuelled with natural 

uranium; however in 1964 it was converted to 60 MW with HEU fuel and then converted a 

third time in 1991 to 135 MW running on LEU fuel.

On May 24, 1958, less than a year after it began operation, the NRU suffered a substantial 

accident. A damaged uranium fuel rod caught fire and was torn in two as it was being 

removed from the core. The fire was extinguished, but a sizeable quantity of radioactive 

combustion products had contaminated the interior of the reactor building and, to a lesser 

degree, an area of the surrounding laboratory site. The clean-up and repair took only three 

months so NRU was operating again in August 1958. Care was taken to ensure no one was 

exposed to dangerous levels of radiation. Staff involved in the clean-up was monitored 

over the following decades. No health effects were observed [26].

One of the major advantages of NRU's design is that it can be taken apart fairly easily and 

quickly to allow for replacement of major parts. For example, since the reactor’s calandria, 

the vessel which contains its nuclear reactions, is made of aluminum, it has required 

replacement because of corrosion. Another design advantage of the NRU is its ability for 

on-power refueling, meaning that used fuel can be removed and new fuel can be inserted 

without shutting down the reactor. Both of these innovations, core refurbishment and on- 

power refueling eventually found their way into Canada’s CANDU power reactor design. 

On December 7, 1992, AECL informed the Atomic Energy Control Board (AECB) of its 

intent to upgrade NRU reactor safety with modifications needed to achieve off-site dose 

and safety assessment goals. The seven safety system upgrades, which had been declared 

fully operational, were the following:

• an independent second reactor trip system,
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• a qualified emergency response center.

• a new emergency core cooling system,

• a qualified emergency water system,

• main pump flood protection,

• liquid and gaseous confinement boundary, and

• a new emergency power system [25].

The NRU upgrades project represents a significant and important addition to the safety 

envelope of the NRU reactor. The NRU upgrades are designed to bring the reactor to a safe 

shut-down state under a variety of abnormal situations. The technical data of NRU research 

reactor are presented in Table (3).



Table (3): Technical Data of NRU Research Reactor

Item Description

Thermal Power, steady (MW) 135

2
Maximum Flux (n/ cm sec) 4 x 1014

Moderator
Heavy Water (D20)

Coolant Heavy Water (D20)

Reflector d2o , h 2o

Control Rods Material Cadmium (Cd), Cobalt (Co)

Control Rods Number 18



2.6 Advanced Test Reactor (ATR) (USA, 1967)

The Advanced Test Reactor (ATR) is a high power density and high neutron flux research 

reactor operating in the United States. This reactor is primarily designed and used to test 

materials to be used in other, larger-scale and prototype reactors. It can operate at a 

maximum power of 250 MWth and has a "Four Leaf Clover" design that allows for a 

variety of testing locations. The unique design allows for different flux in various locations 

and specialized systems also allow for certain experiments to be run at their own 

temperature and pressure.

The ATR is light water moderated and cooled, with a beryllium neutron reflector. It is 

pressurized and housed in a stainless steel tank.

As well as its role in materials irradiation work, ATR is the USA's only source of Cobalt- 

60 for medical applications.

Constructed in 1967, the ATR is the second-oldest of three reactors still in operation at the 

site. Its primary function is to intensely bombard samples of materials and fuels with 

neutrons to simulate long-term exposure to high levels of radiation, as would be present in 

a commercial nuclear reactor. The ATR is one of only four test reactors in the world with 

this capability. The reactor also produces rare isotopes for use in medicine and industry . 

Components of the reactor core are replaced as necessary every 7-10 years to prevent 

fatigue due to exposure to radiation and to ensure experimenters always have a new reactor 

to work with. The neutron flux provided by the reactor can be either constant or variable, 

and each lobe of the four-leaf-clover design can be controlled independently to produce up 

to 1015 thermal neutrons per second per square centimeter or 5 x 1014 fast n/cm2 sec. There 

are 77 different testing locations inside the reflector and another 34 low-intensity locations 

outside the core, allowing many experiments to run simultaneously in different test 

environments. Test volumes up to 5.0 inches in diameter and 4 feet (1.2 m) long can be 

accommodated [27]. The technical data of ATR research reactor are shown in Table (4).
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Table (4): Technical Data of ATR Research Reactor

Item Description

Thermal Power (MW) 250

1 9Maximum Flux (n/ cm sec.) 1 x 1015

Moderator
Light water

Coolant Light water

Reflector Beryllium

Control rods material Hafnium



2.7 Application of Defence in Depth

The concept of defence in depth, as applied to all activities for safety, whether 

organizational, behavioural or design related ensures that they are subject to overlapping 

provisions so that if a failure were to occur, it would be detected and compensated for or 

corrected by means of appropriate measures [14].

Defence in depth helps to establish that the three basic safety functions (controlling the 

power, cooling the fuel and confining the radioactive material) are preserved, and that 

radioactive materials do not reach people or the environment.

Basic Safety Principles discusses the implementation of a defence in depth concept 

centred on several levels of protection, including successive barriers preventing the release 

of radioactive material to the environment. The objectives are as follows:

• To compensate for potential human and component failures.

• To maintain the effectiveness of the barriers by averting damage to the plant 

and to the barriers themselves.

• To protect the public and the environment from harm in the event that these 

barriers are not fully effective [28].

The principle of defence in depth is implemented primarily by means of a series of barriers 

which should in principle never be jeopardised, and which must be violated in turn before 

harm can occur to people or the environment. A complimentary view of defence in depth is 

illustrated in Fig. (3), which shows the relation between the physical barriers and the levels 

of protection (Table (5)) that together constitutes defence in depth. This shows the 

interaction among these components as a series of obstacles between the radioactive 

material in its normal state and any harm to the public or the environment as a result of its 

dispersal due to an accident. The function of each level is outlined below:

• Prevention of deviations from normal operation and to prevent system 

failures: To meet this objective, careful attention is paid to the selection of 

appropriate design codes and materials, and the control of the fabrication of 

components and control of the construction, operation and maintenance of 

the nuclear installation [28].
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• Control of abnormal operation and detection of failures: This level of 

defence necessitates the provision of specific systems, and the definition of 

operating procedures to prevent or minimize damage resulting from such 

postulated initiating events [28].

• Control of accidents within the design basis.

• Control of severe plant conditions: The aim of this level is to address 

Beyond Design Basis Accidents (BDBAs) in which the design basis may be 

exceeded and to ensure that radioactive releases are kept as low as 

practicable. The most important objective for this level is the protection of 

the confinement function [28].

• Mitigation of radiological releases of radioactive material: This is the final 

level of defence is aimed at mitigation of the radiological consequences of 

potential releases of radioactive material that may result from accident 

conditions. This requires the provision of an adequately equipped 

emergency control centre and plans for the on-site and off-site emergency 

response [28].
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Fig. (3): The relation between physical barriers and levels of protection in defence in depth
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Table (5): Levels o f  D efence in D epth

Levels of 
defence in 

depth Objective
Essential means for achieving the

objective

Level 1 Prevention of abnormal operation
and failures.

Conservative design and high 
quality in construction and 
operation.

Level 2 Control of abnormal operation 
and detection of failures.

Control, limiting and protection

systems and other surveillance 
features.

Level 3 Control of accidents within the
design basis.

Engineered safety features and 
emergency operating procedures.

Level 4
Control of severe plant conditions, 
including prevention of accident 
progression and mitigation of the 
consequences of severe accidents.

Complementary measures and 

accident management.

Level 5 Mitigation of radiological

consequences of significant 
releases of radioactive materials.

Off-site emergency response.
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— Chapter Three —

Current Status o f Research

Reactors

3.1 The Global Picture Today

Research reactors play a significant role in the field of nuclear science and technology. 

Since early prototypes were designed and put into operation in the 1940s, the number of 

research reactors worldwide has increased rapidly as a result of developments in the 

nuclear industry in general and nuclear power programmes in particular.

Most of research reactors operating today are already 30 years old and will become likely 

candidates for decommissioning in the near term [30]. There are significant utilization 

issues being faced by the research reactor community, one being selecting, designing and 

operating various types of devices in research reactors. In this chapter a compendium is 

prepared by integrating current information in the design, construction and operation of 

research reactor facilities and their associated devices. The average operational lifetime 

prior to shut down increased from 5 years in the 1960s to about 30 years around the year 

2000. It is not unreasonable to expect that, in the future, the mean operating lifetime will 

reach or even exceed 40 years [30].

Since the International Atomic Energy Agency (IAEA) is responsible about the license of 

research reactors for all the member states, then it has to prepare a Research Reactor Data 

Base (RRDB) as shown in Table (6). This database contains only the information related to 

the operational, temporary shutdown or under construction/planned research reactor 

facilities and classifies them into three categories according to:

• Geographical distribution (Fig. (4)).

• Reactor category/ features.

• Reactor utilization and applications (Table (7)).
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Figure (4) shows the distribution of operating research reactors among countries. About 

70% are in the industrialized countries, with the Russian Federation and USA having the 

largest numbers.

It should also be noted these facilities include operational research reactors (Fig. 5), 

training reactors, test reactors, prototype reactors, as well as critical and sub-critical 

assemblies [31].



Table (6): O perational R esearch R eactor D ata as o f  D ecem ber 2010

Research Reactors in operation 236

Research Reactors temporarily shutdown 12

Research Reactors under construction or planned

Member states represented
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Table (7): RRDB: Applications o f  ~240 operational RRs today

Application

Number of RR 
involved

Involved /

Operational,
%

Number of 
countries

represented

Education & Training 149 62 51

NAA 114 47 54

Radioisotope production 84 35 44

Neutron radiography 68 28 40

Material/fuel testing / 

irradiations
60 25 25

Neutron scattering 51 21 32

Nuclear Data Measurements 42
1 8

20

Gem coloration 36 15 22

Silicon doping 35 15 22

Geochronology
2 6

11 21

Neutron Therapy 20 8 13

others 95 40 29



Number of 
reactors»o

U  J:.  30 j : . :0  J :  :0
Years of operation

Age distribution of research reactors in the RRDB: Number of reactors and
years in operation

Fig. (5) Number of reactors and years in operation
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3.2 The French model
3.2.1 OSIRIS Research Reactor

OSIRIS is an MTR experimental reactor with a thermal power of 70 MWth- It is a light- 

water reactor, open-core pool type, the principal aim of which is to carry out tests and 

irradiate the fuel elements and structural materials of nuclear power stations under a high 

flux of neutrons, and to produce radioisotopes [32].

In order to maintain direct access to the core, the reactor does not comprise a 

pressurization vessel, resulting in a high level of flexibility for laying out experiments and 

handling operations.

The technical features of the reactor are as follows: the reactor is of thermal power 70
1 8MW, moderator H2O, which accompanied with Beryllium as reflectors and it is of 3 xlO

2
n/m ,s thermal neutron fluxes in the core.

Core;

• Dimensions (m): 0.57 x 0.57 x 0.60

• 38 fuel elements + 6 control elements (absorbent hafnium)

• Fuel: U3Si2Al enriched 19.75% [32].

Cooling:

• Core inlet temperature: 38 °C

• Core outlet temperature: 47 °C

• Pool temperature: 35 °C

• Primary core flow rate: 5600 m /h (ascending direction of circulation)

• Pool flow rate: 500 m /h (downward direction of circulation) [32].

Buildings:

• The OSIRIS primarily comprises the controlled leakage container in the 

centre of which are located the reactor pool and the additional buildings 

mainly housing the 2 hot cells and ISIS reactor. The reactor building is 

a cylindrical shape with the following main dimensions: internal

© -



diameter 32 m. external height 21 m. total volume of the container

20,000 m3 [32).

Control:

Six control rods arc necessary to ensure the control of core 

configurations. Two rods, known as the safety rods, ensure the 

emergency shutdown of the reactor should the threshold of a safety 

parameter be crossed, or when ordered by the operator.

• The four other rods are used one after another as shim rods for the 

poisoning caused by the fission products and at the same time as fine 

control rods. Only one control rod can be installed at any time [32].

Flexibility in use: OSIRIS is a multi-purpose reactor, used for:

• Technological irradiation for the purposes of the nuclear power industry 

or those of fundamental research.

• Production of radioelements and doped silicon.

• Analysis by activation [32].

Radiation protection:

Because of the risks present in the facility, the measures taken to protect against radiation 

relate in particular to the detection of external beta and gamma irradiation, and atmospheric 

contamination by radioactive dust or gases. A network of detectors is used to supervise the 

buildings where such risks exist. Hach measurement is processed individually bv a 

processing unit that develops the physical value that can be exploited direct.

This calculator is connected to a display unit located in the control room, which provides a 

map of the level of activity of all the buildings supervised. These buildings contain signal 

boxes equipped with sound and light alarms for the various radiation protection thresholds, 

providing the technicians present with precise information about the action to be taken.

Safety operations resulting in emergency shutdowns in the event of abnormal changes in 

the parameters representative of the operating rate, each safety operation is carried out 

using redundant devices that are regularly tested for correct operation [33].
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The second safety issue consists in taking all the measures to limit the consequences of an 

incident, based on permanent self-protection devices rather than automatic starting devices. 

The most important should be noted:

• To mitigate any accidental cooling shortage, the circulation pumps of the core

and pool primary circuits are fitted with flywheels dimensioned to ensure flow 

rates compatible with the after-power levels of the reactor to be evacuated 

until the switchover to natural convection takes place.

• The components of the primary circuit are all installed in concrete

compartments with individual capacities such that in the event of accidental 

communication with the reactor pool, the water level in the latter cannot 

descend below the level - 4.5 m and thus cannot drain the core.

3.3 South African Research Reactors
3.3.1 SAFARI-1

The name SAFARI is an acronym for the South African Fundamental Reactor Installation. 

The SAFARI-1 research reactor is an MTR type tank-in-pool research reactor with 

operating power of 20 MWth, owned by the Nuclear Energy Corporation of South Africa 

(NECSA). Located at Pelindaba, Pretoria, South Africa and was commissioned in 1965. 

The reactor is a major producer of medical and industrial isotopes for both domestic and 

international consumption, the production of which is organized on a commercial and 

contractual basis. It was commissioned in 1965 and has operated with an exemplary safety 

record since then. In 1998 and 2003, SAFARI-1 was accredited by International Standards 

Organization 9001 (ISO 9001) and ISO 14001 respectively, of its quality, health, safety 

and environmental management system via international affiliation from the South African 

Bureau o f Standards (SABS) during 1998 and re-certification according to ISO 9001 

(2000) in 2003. SAFARI-1 continues to hold these accreditations to this date which clearly 

shows its compliance to international quality standards [34].

The reactor, which is similar in design to the Oak Ridge Reactor, is light water cooled and 

moderated with an 8 * 9 core lattice which currently contains 26 fuel assemblies (active



height 600 mm) and six control assemblies as depicted in Fig.(6). The reactor vessel is 

cylindrical in shape, with one flattened side which forms the northern wall of the 

rectangular core box, thereby providing an easily accessible pool side facility, directly 

adjacent to fuel assemblies and therefore relatively high neutron fluxes [34].

SAFARI-1 is one of the few research reactors that have a dedicated team of reactor 

physicists who develop their own customized reactor physics tools in support of the reactor 

utilization [35]. This support enables SAFARI-1 to operate more economically and 

enhances the commercial exploitation of the irradiation facilities.

3.4 Egyptian models
3.4.1 Egypt First Research Reactor (ETRR-1)

ETRR-1 was commissioned in June, 1960, and was designed and installed by the former 

Union of Soviet Socialist Republics (USSR). This reactor has the following specifications:

• Type: Tank type.

• Power. 2 MW.

• Coolant, moderator & reflector: Light water.

• Fuel: EK-10 type with 10% enrichment and the fuel bundle contains 16 fuel rods, 

and each rod with length, 60 cm, outer diameter 1cm with cladding of aluminum 

of thickness 1.5 mm.

• Utilization: isotope production and beam experiments [36].

Variety numbers of achievements were implemented towards ETRR-1;

• Decontaminating, dismantling and decommissioning of the guide tubes for the 

ionization chambers and control rods of ETRR-1 reactor.

• Dismantling and decommissioning the control circuits and cables responsible 

about the movement of the control rods, and opening the gate ports at ETRR-1 

reactor [36].
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ETRR-1 reactor, which uses Russian EK-10 fuel, has recently built a new spent fuel 

storage/fuel encapsulation facility to protect the fuel from corrosion prior to the Russian 

Federation making a decision on when it will take back the fuel. Repatriation of spent fuel 

of Russian origin will hopefully solve this major issue soon [30].
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Fig. (6): SAFARI-1 core layout
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3.4.2 Egypt second Research Reactor (ETRR-2)

The new Egyptian Research Reactor (ETRR-2) is an MTR reactor and it was 

commissioned in 1997. It is an open pool research reactor using low enriched MTR fuel 

elements (less than 20% enrichment), cooled and moderated with light water and reflected 

by beryllium. The reactor thermal power is 22 MWth with high neutron flux irradiation
1 4 2positions (flux > 10 n/cm sec.). Also, the reactor has two fast irradiation positions, two 

silicon irradiation positions, three radial and one tangential beam tubes, and thermal 

column [37].

ETRR-2 is a multipurpose reactor, intended for radioisotope production, and is used for 

research activities in the fields of neutron physics, materials science, nuclear fuel and 

boron neutron capture therapy.The following radioisotopes can be produced by the ETRR- 

2 (131I, 125I, 51Cr, 192Ir and 60Co), NAA applications, NTD, neutron radiography 

experiments, and training of personnel are the benefits of this research reactor.

The ETRR-2 design and construction features ensure an effective protection for the 

reactor personnel, the general public and the environment against radiological 

hazards. The reactor incorporates inherent safety features that rely only on intrinsic 

physical principles, and do not require actuation of any equipment.

The plant has ample safety margins that comply with all safety standards and guidelines of 

the International Atomic Energy Agency (IAEA).

Besides, several levels of protection and multiple physical barriers are provided to prevent 

radioactive releases. The defence in depth and the principle of As low As Reasonably 

Achievable (ALARA) have been applied in the design of the reactor [37].

The reactor protection system monitors safety parameters and triggers the protection 

systems automatically if predefined limits are reached. If necessary, the fission chain may 

be promptly terminated by the action of two independent shutdown systems.
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3.5 The Korean Research Reactor (HANARO)

High-flux Advanced Neutron Application Reactor (HANARO) is a light-water-cooled and 

heavy-water-reflected research reactor designed to be operated at full power of 30 MWth. 

The compact core exists in the reactor results in high power density and high neutron flux. 

The hybrid-type core is composed of inner and outer core. The inner core, 5 m in effective 

diameter and 12 m in height, has 23 hexagonal and 8 circular flow channels. Outside the 

circular flow tube, a hafnium control or shut-off shroud tube can be moved up and down 

for the control and shutdown of the reactor [38]. This reactor has the following technical 

information:

• Type : Open-Tank-In-Pool

• Max. Thermal Power : 30 MW

• Coolant: Light Water

• Reflector : Heavy Water

• Reactor Building : Confinement
1  a ^

• Thermal Neutron Flux: 2.1 x 10 n/cm -sec.

• Fast Neutron Flux: 4 x 1014 n/cm2-sec. [39],

HANARO is mainly used for the following purposes:

• Neutron Beam Utilization.

• NAA.

• NTD of Silicon.

• Development and Commercial Supply of radioisotopes.

• Cold Neutron Facility and Utilization.

• Nuclear Fuels and Materials Irradiation Test [39].

3.5,1 Safety Barriers

The safety barriers of the HANARO include physical and industrial safety, radiation safety 

and nuclear safety.



The physical industrial safety: The environment in the reactor hall is not void of the 

accidents which are common in industrial plants. There are water pools, deep rooms with 

removable hatches, high walk ways, and cranes. Safety doors of the hall and building 

entrance and finger print identification can prevent the reactor from sabotage [40 j.

Radiation Safety; All the nuclear facilities in HANARO have mitigation provisions for 

accidents to protect humans, the environment and. and equipment. Because HANARO is a 

pool type reactor, shielding and cooling is maintained by the inventory of the pool water. 

And the heavv water is managed strictlv to avoid the risks from a tritium leakage. The air 

contaminated in the reactor hall is filtered and exhausted through the dedicated ducts and 

stacks to reduce risks to the employee, the public and the environment. Also the solid and 

liquid wastes are collected in a defined way and moved to a waste management facility in a 

controlled manner [40].

Nuclear Safety; Nuclear safety such as a core damage protection is a basic and important 

feature for nuclear installations including the HANARO reactor facility. Safety barriers for 

the nuclear hazards of the HANARO reactor are provided by considering the relevant 

postulated initiating events. The following events have been verified as manageable events 

w ithin a safe shutdown state:

a) Loss of coolant flow

• Loss of a primary coolant flow.

• Loss of electric power.

• Loss of a secondary coolant flow.

• Loss of a reflector coolant flow [40].

b) Reactivity accidents

• Start-up accident.

• Withdraw of control rods.

• Reactivity insertion from the experimental facility.

• Introduction of cold water [40].

c) External events and other failures

• Earth quake, fire and flooding.

• Fuel handling.
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Kquipment failure. (401

3.6 Research Reactors: Cases Under Study

The following examples of the ease studies of a research reactor projects include an 

outline of the problems and requirements encountered, the solutions found and the lessons 

learned.

3.6.1 System modifications: ETRR-1 research reactor

As an example the Kgyptian research reactor (KTRR-I) was encountered at the beginning 

of 1990 a modification plan for upgrading the instrumentation and control s\stem was 

developed. The very experienced facility shift supervisor died during the installation of the 

new control system for the primary cooling pumps and the onk cop\ of the ongina 

drawings of the dismantled system was lost. Then the reactor operating organization 

painstakingly traced and produced a series of as-built drawings of the existing components, 

cables, connections, etc., which subsequently needed to be thoroughly checked. While this

caused a major delay to the modification programme, the new installation s 

worked perfectly [3()|.

uent l\

The Lessons learned were that the documentation and oriuinal drawings of all reactor 

systems are very important and valuable, and must be available before implementation of 

any decommissioning or modification activity. Copies of'these drawings must be available 

in more than one place |30).

3.6.2 HANARO Reactor and the radiation leak

On 20 February, 2011, shortly after 2: 30 Pm. A South Korean research reactor was 

evacuated after workers deteeled an unusually hit>h level of'radiation. Officials declared a 

"white radiation emergency" at the 30 MWt|, HANARO reactors at the Korea Atomic 

Rnergy Research Institute (KARRI) in Daejeon. Several workers were either evacuated or 

forced to take cover. The accident (which caused no casualties) took place as researchers
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w e r e  e x p o s i n g  s i l i c o n  i n g o ts  to  n e u t r o n  r a d i a t i o n  f r o m  the reactor  core.  I Ik  i i c uUo i k

transmute some of the silicon into phosphorus, effectively doping it and al lowing it to he 

used in specialized electronics. It appears that contaminates from tlie reaetoi to the

surface of a water pool that provides radiation shielding and triggered the alarm ie

official at the institute in Daejeon. south o\' SeouL said the level oh warning was the lowest 

and all staffwas again working as normal (41 |.

Lessons learned are that the precise application of the lev els of defence in depth protects

nuclear plants and environment.
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— Chapter Four—

Future Trends in Research Reactor Safety

4.1 Introduction

Since the first start of a reactor at the University o f Chicago by Fermi and his 

collaborators using nuclear fission and the chain reaction the technical design and 

development of research reactors has made considerable progress.

In general, the purpose of nuclear research reactors is not for energy generation, the 

maximum power generated within didn’t exceed 100 MWti,. They are commonly devoted 

for generation of neutrons for different scientific and social purposes. However, high 

power densities are involved in the core and specific features are necessary to ensure safe 

utilization of these installations. In addition to their particular characteristics, including 

large variety of designs, wide range of powers, different modes of operation and purposes 

of utilization, special attention should be focused for their safety aspects. Thus, accurate 

safety evaluations, for instance in case of core reloading, planned power up-rating, or as 

part of required analyses of occurred events, should be considered.

Research reactors have made significant contributions to a large number of disciplines as 

well as to the educational and research programmes of about 70 countries worldwide [42]. 

There are a number of significant issues being faced by the research reactor community, in 

particular those related to utilization, safety (operational and regulatory), 

decommissioning, fuel cycle and waste management. The continuing interest in these 

topics and in a wide range of additional issues indicates the need to convene an 

International Conference with a broad range of research reactor topics for exchanging 

experience and views, for discussing priorities for future work and promoting co-operation.

The presently available and active sources of neutrons will not be able to supply the future 

demand for research. In fact, sometime between the years 2010 and 2020 the presently 

installed capacity of neutron sources for beam research will decrease to a level below one 

third of that today because of shutting down of older reactors [43]. To achieve optimum
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safety, nuclear plants in the western world operate using a defence-in-depth approach, with 

multiple safety systems supplementing the natural features of the reactor core. Key aspects 

of the approach are:

• High-quality design & construction.

• Equipment which prevents operational disturbances or human failures 

and errors developing into problems.

• Comprehensive monitoring and regular testing to detect equipment or 

operator failures.

• Redundant and diverse systems to control damage to the fuel and 

prevent significant radioactive releases.

• Provision to confine the effects of severe fuel damage (or any other 

problem) to the plant itself.

Looked at functionally, the three basic safety functions in a nuclear reactor are:

• To control reactivity.

• To cool the fuel.

• To contain radioactive substances.

Technical means to improve and control the nuclear safety of a reactor facility have also 

made considerable progress. Here the consequent safety design of the temperature 

behaviour of a reactor core, requesting negative temperature coefficients, training of 

reactor operators, automized and redundant reactor protection systems, minimizing 

operating failures, will assure a high reliability of modern research reactor facilities. Also 

the protection of new research reactor facilities against external hazards like airplane 

crashes, earth quakes and high water floods is now generally accepted and will reduce the 

probability of such incidences even further [43].
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4.2 Research reactors under construction

4.2.1 FRM-1I

Forschungsreaktor Munchen (German: Research Reactor Munich II) (FRM-II) in Munich 

is a German nuclear reactor that produces neutrons for research, medicine and technology. 

The conceptual design of FRM-II is depicted in Fig. (7). The reactor core is kept very 

small (it consists only of one fuel element) for the following reason: in this way the 

probability that a neutron generated by fission can leave the reactor is much higher than in 

a large power reactor. With this trick the share of neutrons per unit fissioned uranium 

which is available for experiments and for the irradiation of material is especially high. 

The amount of energy that cannot be used and of radiation waste which is produced during 

the operation is kept low in this way [44]. Safety characteristics of FRM-II are as follows:

• Inherent safety against H2O/D2O leakage.

• Two independent shut down system,

Hafnium (Hi) control rod moving in the center of the fuel element.

Five Hf emergency shutdown rods within the moderator tank.

• Digital reactor control system.

• Heat release via primary coolant circuit, secondary cooling circuit and four 

cooling towers.

• Emergency cooling system.

• A plan against earth quake and airplane crash.

It can be added to the list the excellent construction of the building of the new reactor 

FRM-II which makes protection against external hazards has been realized with a 1.8 m 

thick reinforced concrete wall of the building and a decoupled reactor block inside [44].
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4.2.2 China Advanced Research Reactor (CARR)

In consideration of the need of increasing requirements in science and technology

applications, there should be a research reactor with higher performance than the existin O

two old reactors in order to match the research and development tasks related to the 

coming 21st century, such as high enough neutron flux available for the neutron scattering 

experiments, updated engineered safety features for research reactors, etc.[45J.

The scheduled reactor is named China Advanced Research Reactor (CARR), having

finished the feasibility study and got the approval from National Planning Committee: vve

now enter the preliminary design phase of the project. CARR is a 60 MWth tank-in-pool 

and inverse neutron trap type research reactor with a compact core structure, light water as 

the coolant and heavy water as the outer reflector, four control rods as compensating and 

regulating rods. The maximum unperturbed thermal neutron flux in the reflector will be
14 onot less than 8 x 10 n /cm sec. in order to improve the thermal-hydraulic condition of 

CARR’s fuel assembly based on the optimization work.

In the course of designing and constructing the reactor, China Institute of Atomic Energy 

(CIAE) has been involved in developing, amongst other things, fuel elements, reactor 

components such as the reactor vessel, control rod drive mechanisms, digital control 

systems and other applications. The project boasts an equipment localization rate of 90%.

The reactor will be used for research in fields such as nuclear physics and chemistry, 

neutron scattering experiments, testing of reactor materials and nuclear fuels, neutron 

activation analysis, and for the production of radioactive isotopes and neutron-doped 

silicon.

CARR is located in Fangshan District, Beijing. This reactor is the most advanced in terms 

of main technical indicators among the neutron beam research reactors of its type both in 

Asia and throughout the world. The completion of CARR Project and its reliable operation 

will greatly enhance the capability of basic researches in the area of nuclear science and 

technology and reinforce the comprehensive strength of nuclear industry in China. pushing 

forward the development and application of nuclear technology [45].



4.3 Future of Research Reactors

The future of research reactors is radically changing in a more economically competitive 

and safety conscious marketplace. To survive in today’s difficult environment, research 

reactors must be actively managed, planned, researched, financed and marketed [46].

The IAEA is helping countries to follow up on viable utilization strategies. The IAEA is 

also assisting countries to develop strategic plans for the long term sustainability of their 

research reactors or, alternatively, to decommission the shutdown reactors. This includes 

helping countries identify their reactors’ present and potential capabilities.

Future design shall include any necessary provisions to segregate materials according to 

their radiological, physical and chemical characteristics, to facilitate their handling and to 

protect workers and the public by means of access control. This shall be accomplished by 

establishing zones within the facility (in supervised and controlled areas) that are classified 

according to their potential for hazard. Zones shall be clearly delineated and designated. 

Where necessary, surfaces shall be appropriately designed to facilitate decontamination 

[47]. It shall also include the shielding required not only for the reactor but also for 

experimental devices and associated facilities (e.g. beam tubes, particles guides or facilities 

for neutron radiography or boron neutron capture therapy) and provision shall be made for 

installing the necessary shielding associated with the future utilization of the reactor and 

other radiation sources.

Elazard analyses and shielding arrangements shall be given due consideration in relation to 

the use of beam tubes and other experimental devices.

Provision shall be made in the design to prevent any unauthorized entry to the site or to 

buildings on the site, for the main purposes of preventing the theft or unauthorized removal 

of nuclear material and sabotage.

The means of confinement shall be designed to ensure that a release of radioactive material 

following an accident involving disruption of the core does not exceed acceptable limits. 

The means of confinement may include physical barriers surrounding the main parts of the 

research reactor that contain radioactive material. Such barriers shall be designed to
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prevent or mitigate an unplanned release of radioactive material in all operational states

[47].

4.4 Strategy for future

Operational safety is a prime concern for those working in nuclear plants. Radiation doses 

are controlled by the use of remote handling equipment for many operations in the core of 

the reactor. Other controls include physical shielding and limiting the time workers spend 

in areas with significant radiation levels. These are supported by continuous monitoring of 

individual doses and of the work environment to ensure very low radiation exposure 

compared with other industries. The main safety concern has always been the possibility of 

an uncontrolled release of radioactive material, leading to contamination and consequent 

radiation exposure off-site.

The future strategy for improving research reactor safety is based on encouraging Member 

States to adopt and use the guidance provided in the promoted effective IAEA Safety 

Standards and to support them in doing so. It indicates that the guidance contained in the 

IAEA Safety Standards should be promoted and updated from time to time to attain a 

complimentary system of safety [48].
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— Chapter Five-

Conclusion and Recommendations

Research reactors are playing an important role in education, producing neutrons and 

gamma radiation and training in basic and applied nuclear science. Since radiation is 

harmful which can affect human beings and the environment, then safety is responsibility 

of operator.

In general, the escape of fission products from fuel and fuelled experiments and their 

release to unrestricted environment would be the most hazardous radiological accident 

conceivable at research reactor. However, research reactors are designed and operated so 

that a fission product release is not credible for most. Therefore, the release under accident 

conditions can reasonably be selected as Design Basis Accidents (DBA), which bounds all 

credible accidents and can be used to illustrate the analysis of events and consequences 

during the accident release of radiological material.

As well as the direct requirements for specific research reactors and criticality assemblies 

related to particular reactor design we conclude that there is also a need for versatile low 

power reactors and subcriticality assemblies for basic reactor physics experiments and 

educational purposes. These are required in order to extend the knowledge of the skills 

base applies for any nuclear energy developments in the future regardless of reactor types 

adopted.

To speak about obtaining a perspective on the future needs relating to specific research 

fields and types of reactors is extremely difficult; variations in importance of particular 

reactor designs over time influence the view. For example Plutonium (Pu) utilization is a 

key interest in Japan, so reactors which can use Pu are important there. However other 

countries are not so active in this area.

Zero or small reactors like accelerators and those of considerable power are required and 

are complimentary in their abilities, while large or multi-purpose accelerators feature in
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current trends for such facilities, conventional research reactors have advantages such as 

the ability to provide continuous radiation.

Many countries have started construction or have announced their intention to build 

nuclear reactors and other nuclear fuel cycle facilities, and then they could possibly 

provide a new impulse to the promotion of the relevant research and development in order 

to encourage innovation in the nuclear industry with good facilities of safety standards. 

The building or construction itself should be enough robust to attain a high quality of 

safety.

Some reactor components simply wear out, corrode or degrade to a low level of efficiency, 

these need to be replaced. Steam generators are the most prominent and expensive of these, 

and many have been replaced after about 30 years where the reactor otherwise has the 

prospect of running for 60 years. This is essentially an economic decision. Lesser 

components are more straightforward to replace as they age, and some may be safety- 

related as well as economic.

A second issue is that of obsolescence. For instance, older reactors have analogue 

instrument and control systems, and a question must be faced regarding whether these are 

replaced with digital in a major mid-life overhaul, or simply maintained.

Thirdly, the properties of materials may degrade with age, particularly with heat and 

neutron irradiation. This raises questions of embrittlement, and has had to be checked 

carefully before extending licences, so as to confirm fitness for service through active in- 

service inspection programmes for systems and components. Similarly there is also a need 

for many facilities to update their safety reviews using modem analytical methods. Not 

only have many facilities undergone many modifications over the years, but also much 

more is known about risk factors such as earthquakes.

Graphite use as a fixed moderator in most graphite reactors implies that it is subject to high 

neutron flux through the reactor life and therefore subject to a considerable amount of 

irradiation damage. This leads to significant graphite dimensional and property change.

Equipment performance should be constantly monitored to identify faults and failures of 

components. Preventative maintenance is adapted and scheduled in the light of this, to
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ensure that the overall availability of systems important for both safety and plant 

availability are within the design basis, or better than the original design basis.

Operating research reactors should be kept with the provision that they meet best 

international safety promoted standards in order to ensure that current and future research 

activities can be carried out.

The need for good documentation as reactors age has become apparent. This is especially 

significant, as corporate memory is lost through retirements. In addition, it becomes 

difficult to make a safety case for life extension if the original specifications of the reactor, 

its components and materials cannot be found.

Facilities undergoing decommissioning should analyze, as much irradiated reactor material 

as possible. These data will be extremely valuable for new reactor designs and those 

facilities trying to make a case for life extension. New reactor designs should include the 

capability of inspecting components important to long life safety, and should include 

material coupons to help evaluate the effects of radiation damage on core components. In 

particular, the need for criticality facilities could be underlined, as they are used for reactor 

physics and criticality safety studies.

Present nuclear research facilities are operated by very experienced scientists and technical 

staffs. Today and for future, it is recommended that this human resource and expertise be 

preserved, which thus requires the appropriate recruitment and retention of younger staff to 

replace those reaching retirement.

Examples from the past have shown that technologies that were abandoned may experience 

a revival; one such case is High Temperature Reactor (HTR), which is now one of the six 

systems selected within the frame of Generation IV. This demonstrates the need to 

maintain the operational capability of existing facilities, as far as is appropriate, and to 

conserve the body of knowledge built up. This can be achieved by well training of the 

personnel and operators, Training can be provided by a variety of methods including pc- 

based simulation, classroom-based training, distance learning, and on the job training. In 

order to ensure a high quality of training, however, all training, regardless of the method of 

provision, follows the recommendations given by the relevant national authority.
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As a matter of fact that the need for countries to possess resources of enormous 

information in nuclear science is the utmost claim.

The author have faced difficulty of securing relevant references during conducting this 

study, therefore recommend to the Sudan Academy of Sciences (SAS) to avail the needed 

references in this field for future researches.
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