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ABSTRACT 

 

In 2004, the first Nigerian Research Reactor (NIRR-1) was commissioned at the Centre for 

Energy Research and Training (CERT) Ahmadu Bello University, Zaria. NIRR-1 is a 

Miniature Neutron Source Reactor (MNSR) designed mainly for neutron activation analysis 

and personnel training. The MNSR is a compact low power reactor fueled with highly 

enriched uranium, cooled by natural convection and noted to possess long–term stable and 

reproducible neutron fluxes. Despite the stable nature of the MNSR, the neutron flux 

parameters in the core vary over time due to loss of reactivity from fuel burn up, accumulation 

of fission products and various poisons buildup in the core. Since commissioning of the 

reactor in 2004, a number of modifications have been effected on NIRR-1 which might have 

affected the neutron flux parameters in the reactor core. The spectral properties of the 

irradiation sites are best described by the ratio of thermal flux to epithermal flux (f), and the 

non-ideality of the epithermal neutron flux shape factor (α). Consequently, with these 

modifications and imminent conversion from Highly Enriched Uranium (HEU) to Low 

Enriched Uranium (LEU), this work was performed to determine the neutron flux parameters 

in an inner and an outer channels of the current HEU. The epithermal shape factor, α, and the 

thermal to epithermal flux ratio, f, were experimentally determined for two irradiation 

channels of NIRR-1 using Cd-ratio method with standard monitors,  Al-0.1%AU, 99.5%Zn, 

99.99%Zr.an high purity Zr and Zn foils of 0.125 mm thickness. The result obtained from 

197AU, 94Zr and 64Zn are: α = - 0.0469   and f = 17.82 for the inner irradiation channel B2 and 

for the outer irradiation channel B4 α = + 0.0244 and f = 49.5.The result obtained compares 

very well with the data measured in 2005, at the beginning of operation of the reactor, and 

will be used as a baseline data to develop the protocol for NAA post conversion to LEU.
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

The Nigeria Research Reactor-1 (NIRR-1) a miniature neutron source reactor (MNSR) is 

a compact, thermal and low power research reactor designed by the Chinese Institute of 

Atomic Energy mainly for purposes of neutron activation analysis (NAA), personnel 

training in nuclear techniques and production some short-lived radioisotope (Jonah et al., 

2005; SAR, 2012).The MNSR adopts tank-in-pool type structure, fueled with high-

enriched uranium, and uses light water as moderator, coolant and shield. Even though 

MNSRs are noted to possess long – term stable and reproducible neutron fluxes, 

nevertheless, due to the small size of the core which aids neutron leakage, loss of 

reactivity from fuel burn up, accumulation of fission products and various poisons 

buildup, the neutron fluxes in the core reduces over time (Shokr et al., 2009 ). 

The neutron flux parameters affects the reaction rate as well as the fuel burn up, thus it is 

a crucial parameter to know in the analysis of nuclear reactor (di Tigliole et.al, 2014). 

Moreover, a very precise knowledge of the flux in the irradiation sites is helpful for 

benchmarking the simulation models of the reactor. The spectral properties of the 

irradiation sites are best described by the ratio of thermal flux to epithermal flux (f), and 

the epithermal neutron flux shape factor (α) (Radulović et al.,2014). As the MNSR is 

specifically designed for use in Neutron Activation Analysis (NAA), there is the need for 

a detailed characterization of the neutron flux parameters in the irradiation sites in order 

to enhance its application (Kennedy et al., 2000; Akaho et al., 2002; Acharya et al., 2003 

and Sadiq et al., 20010).  
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1.2 Neutron Flux Distribution 

The energies of neutrons produced as a result of nuclear fission spread continuously over 

a broad energy range up to 25 MeV and are far too energetic to efficiently promote the 

activation of isotopes required for conventional neutron activation analysis. Their 

energies are moderated by interaction with a material of low atomic number (e.g. H2O, 

D2O, graphite) in which efficient loss of kinetic energy occurs. The three types of neutrons 

can easily be distinguished in order of decreasing energy: 

• Fast or fission neutrons. They are mainly produced by the fission of 235U and still 

unmoderated. The most probable energies are about l MeV and predominantly promote 

(n, p) and (n, α) nuclear reactions. Reactions with fast neutrons are generally considered 

to be interferences in conventional instrumental neutron activation analysis (INAA). The 

fraction of fast neutrons in a thermal neutron spectrum normally used for INAA is low, 

but varies according to the irradiation position relative to the reactor core (Decorte, 1987, 

Verheijke, 1992). Since the cross section becomes smaller in the MeV region the 

contribution of the neutron induced (n,γ) reaction rate can be neglected. 

• Epithermal, resonance or intermediate neutrons. These are the neutrons which are 

slowed down mainly by collisions with the nuclei of the moderator. Their flux distribution 

varies inversely with the energy in the range from about 100 keV down to about 0.5 eV. 

The spectrum of the slowing down neutron is described in the ideal case by a 1 E

dependence given by: 

( ) 1E E                                                                    (1.1) 

But in actual irradiation site it can be replaced by: 
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1( ) 1E E                       (1.2) 

With α greater or less than zero being to first approximation independent of neutron 

energy. 

• Thermal or moderated neutrons. These neutrons, with energies below 0.5 eV, are in 

thermal equilibrium with the atoms of the moderator and show a Maxwellian distribution: 

kTTE )(   or 2
1

2
1

]2[]
)(2

[)(
m

kT
m

TE
Tv                (1.3) 

With a most probable energy of 0.0253 eV at 20°C, (corresponding to mean neutron 

velocity of 2200ms-1) 

The most commonly occurring nuclear reaction with neutrons is the neutron capture or 

(n,γ)-reaction with thermal and epithermal neutrons. The distribution of the reactor 

neutron spectrum varies in the irradiation sites of different research reactors and even in 

the different irradiation sites within the same reactor. It is therefore important to measure 

the neutron spectrum parameters. The resultant energy spectrum of neutrons is shown in 

Figure 1.1. 
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Figure 1.1: A Schematic neutron flux spectrum of a nuclear reactor  

(Stefaan et al., 1991) 
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The thermal neutron component consists of low-energy neutrons which are in thermal 

equilibrium with atoms in the reactor's moderator. In most reactor irradiation channels, 

activation of samples occurs majorly through bombardment of the sample by thermal 

neutrons. The epithermal neutrons represent only a small fraction of total reactor 

neutrons. In practice the lower end of neutrons energy range used in Epithermal Neutron 

Activation Analysis (ENAA) is closer to 0.5eV which is the cadmium Cd cutoff energy 

(≈ 0.55 eV) while the higher end of the neutrons energy range extends through the 

resonance neutron region to several keV (Decorte, 1987, Verheijke, 1992, Glascock, 

2004). 

1.3 The Epithermal Neutron Flux Spectrum 

In an ideal thermal neutron reactor, the thermal and epithermal neutron flux per unit 

energy interval is inversely proportional to the neutron energy at that interval.  

1
( ) 'epi epiE

E
          (1.4) 

Where 'epi the energy independent proportionality constant, is the integrated epithermal 

neutron flux per unit of ln( )E interval for a1 E epithermal neutron flux (Yücel and 

Karadag, 2004; De Corte, 1979). 

This based on the assumption that the moderation process in an ideal reactor takes place 

in a homogeneous infinite medium, the sources of fission neutrons are homogeneously 

distributed throughout the moderator and that absorption, inelastic and anisotropic elastic 

scattering during moderation do not occur (Mukhin, 1970; Jovanovic et al., 1987). 

However, for epithermal flux distribution in a ‘real’ reactor spectrum, this is an over 

assumption of the moderation situation. Moderation processes of the fission neutrons in 

the research reactor core vary from one research reactor to another and even in different 
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irradiation sites within the same type of research reactor due to factors that include the 

type of reactor, core configuration, type and geometry of the moderation materials, fuel 

distribution in the reactor core, types of reflector materials and geometry of the irradiation 

sites (Ryves, 1969; De Corte et al., 1979; Sheyin, 2015).  

As a result of this variation, the epithermal neutron spectrum in actual irradiation sites 

may deviate from the ideal 1 E  law. The non-ideal epithermal neutron flux distribution 

is better approximated as (De Corte et al., 1979;Yücel and Karadag, 2004): 

1

(1 )
( ) 'epi epi

eV
E

E




 


           (1.5) 

Where 'epi  the energy independent proportionality constant is the integrated epithermal 

neutron flux per unit of E eV   interval. The epithermal neutron flux shape factor α 

is an energy independent parameter which shows the degree of deviation of the non-ideal 

1
1 E


epithermal neutron spectrum from the ideal 1 E epithermal neutron flux 

distribution in the actual reactor irradiation sites. Depending on the reactor configuration, 

the parameter α can either be positive or negative (De Corte et al., 1979; Yücel and 

Karadag, 2004).The epithermal spectrum in a well thermalized irradiation site is said to 

be softened and has a positive α-value, while the spectrum is said to be hardened and it 

has a negative α-value in a poorly thermalized site. 

1.4 Principles of activation analysis 

When a material is bombarded by a nuclear particle produced by a nuclear source (such 

as nuclear reactor and particle accelerator), some of the atoms present in the material will 

interact with bombarding particle. These atoms may be converted into different isotopes 

of the same element, depending on the nature of the bombarding particle.  In many cases 

the produced isotopes are radioactive and are termed radioisotopes.  When the material is 
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bombarded with neutrons, then the resulting activation process is called neutron 

activation. 

Measurement of characteristic radiation from nuclides formed directly or indirectly by 

activation with neutrons as a result of neutron capture through the (n, γ) reaction is known 

as neutron activation analysis (NAA). The method relies on excitation by neutrons so that 

the product nuclide yields a radioactive nucleus which also de-excites by emission of one 

or more characteristic delayed gamma rays, but at a much lower rate according to the 

unique half-life of the radioactive nucleus and it is the measurement of gamma-rays 

emitted during the decay of this isotope after irradiation that forms the basis of neutron 

activation analysis. NAA has applications in chemistry but also in other research fields, 

such as geology, archaeology, medicine, environmental monitoring and even in the 

forensic science (Yavar et al., 2011; Potts, 1987). 

The two generally employed procedures are classified as: 

(i) instrumental neutron activation analysis (INAA) also known nondestructive 

technique involves the irradiation and analysis of sample without undergoing 

any chemical treatment in the course of the analysis. 

(ii) radiochemical neutron activation analysis (RNAA), which involves taking up 

irradiated samples into solution so that a chemical separation procedure may 

be carried out to isolate specific trace elements from the more active matrix. 

This latter procedure lowers detection limits by perhaps one to two orders of 

magnitude. 

In NAA, the concentration of the element to be determined in a sample is normally 

obtained through: the relative, absolute and the single comparator methods. The relative 

method requires simultaneous irradiation counting of sample containing the unknown 
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nuclide with a standard of known nuclide concentration. This method requires the 

irradiation of multiple standards if the analysis of more than one nuclide in a sample is 

required. The absolute method involves the irradiation of the sample containing the 

unknown nuclide with one known standard, but it requires the precise knowledge of the 

nuclear parameters (i.e. M, θ, γ, σ0, I0(α), λ) of both measured sample and standard 

nuclides. The accuracy of this method is subject to the uncertainties associated with the 

nuclear constants used. The single comparator method represents an application of the 

absolute method to a single standard. The unreliable nuclear data are replaced by accurate 

experimentally determined compound nuclear constants called the k-factors. With the 

reactor parameters and counting conditions determined, the k0- method (made possible 

by conversion of k-factors to k0-factors) becomes a flexible single-comparator technique 

for which each sample is simultaneously irradiated with the chosen single comparator 

element. After irradiation, the comparator element can be used in routine measurements 

instead of separate standards for each element (Yavar et al., 2011, Glascock, 2004). 

Where the k0-factor is expressed as:  

,

0

,c

c s s o s

s c c o

M
k

M

  

  


          (1.2) 

Once these factors are determined for a specific counting geometry, results of the same 

quality as those obtained with the relative method should be possible. 

Where  M, θ, γ, σ0, λ, I0(α) represents the atomic mass, isotopic abundance of the target 

isotope, gamma ray abundance, thermal neutron absorption cross section, decay constant 

and the α dependent resonance integral. 
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 In addition, if the epithermal spectrum deviates from the ideal 1/E behavior, the 

knowledge of the parameter a is required. The single comparator method is best suited 

for well thermalized irradiation sites where the flux does not vary significantly with time. 

Because of its experimental simplicity, the application of this method when a large 

number of nuclides are analyzed is very useful (De Corte 1987; Greenberg et al., 2011; 

Yavar et al., 2011). 

1.5 Aim and Objectives 

The aim of the work is to re-characterize one outer (B4) and one inner (B2) irradiation 

channels of NIRR-1 before conversion. 

The objectives of this work are to: 

i. Experimentally determine the degree of deviation of the epithermal neutron flux 

(α), in two irradiation channels of NIRR-1 

ii. Calculate the ratio of thermal to epithermal flux (f), inside channels B2 and B4 of 

NIRR-1.  

iii. Compare the α and f values obtained with those at the commission of the reactor. 

iv. Provide a baseline data for the development of protocols for the use of NIRR-1 

for NAA after conversion from HEU to LEU. 

1.6 Justification 

NIRR-1 is designed for use in Neutron Activation Analysis, the need for a detailed 

knowledge of the neutron flux parameters in the irradiation sites is essential for 

experiment and benchmarking the simulation of reactor models. Over time these values 

deviate due to core modifications and ageing. Therefore the need to re-characterize the 

sites becomes imperative. 
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 1.7 Previous Work 

In 2005, Jonah et al. used the Cd-ratio for multi-monitor method to determined neutron 

spectrum in inner (B2) and outer (B4) irradiation channels of NIRR-1 after it was 

commissioned. Where they found out that their results were comparable with those of 

other reactor facilities, which have similar core configuration.  

For the purpose of adopting the k0- standardized NAA method in NIRR-1, Sadiq et al ; 

(2010), characterized one inner (A1) and one outer (A2) irradiation channels of NIRR-1 

using "Cd Ratio multi monitor" . Where he compared the result obtained was in good 

agreement with previously reported value reported by Jonah, 2005 and with those 

reported from other MNSR’s with similar core configurations except for the deviation in 

the α-value for the inner irradiation channel of Ghana Research Reactor 1 (GHARR-1). 

After complete core conversion of the Dalat Nuclear Research Reactor (DNRR) to low 

enriched uranium (LEU) in 2014, Vu et al., re-established the neutron spectrum parameter 

and it was observed that the thermal neutron flux in most of the irradiation channel 

decreased by 6-9% while the epithermal neutron flux increased by 2-6%. From his 

investigation, he found out that the neutron spectrum in the irradiation channels were 

hardened. 

In order to determine the consistency in the neutron flux parameters in application for k0 

measurements, Şahin in 2014 re-evaluated the neutron flux characterization parameters 

for the pneumatic rabbit facility RT-2 at the National Bureau of Standards Reactor, using 

cadmium-covered and bare foil measurements and a reactor simulation code MCNP to 

quantify the measure of the non-ideal epithermal neutron flux distribution (α) and the 

thermal to epithermal neutron flux ratio (f) , the results showed that the bare foil 

measurements were not found physically reasonable and consistent when applying the 



11 

 

‘‘bare-triple-monitor method’’ and ‘‘bi-isotopic method’ compared to the Cadmium-

covered foil measurements and the  computational method which proved to be consistent 

with the previously measured values. 

In 2002, Akaho et al., determined the spectral indices and neutron temperatures of the 

inner and outer irradiation sites of GHARR-1 using the cadmium ratio method. They 

found out that the computed modified spectral indices using nuclides of different Q0-

values were generally in good agreement with the measured values for the irradiation sites 

of reactors with different f-values within the range of 18.2 - 152. However, he attributed 

some discrepancies observed to the choice of monitor and cut-off energy parameter, and 

he suggested that appropriate correction factors could be used to obtain calculated values 

to agree favorably with experimental values.  

Sheyin in 2015, used cadmium covered multi-monitor method to characterized permanent 

cadmium lined irradiation channel installed in the large outer irradiation site of the NIRR-

1 in order to determine the value of the epithermal neutron shape factor (α). He concluded 

the the epithermal neutron spectrum in the channel is poorly thermalized. 

De Wispelaere et al.,;(2006), re-evaluated the neutron flux parameters in channels Y4 

and S84 of the Belgian reactor 1 (BR1) reactor using Cd-ratio for multi-monitor method 

and bare triple-Monitor. Where they concluded that the discrepancy between the new data 

and the old data may be explained by the fact that the cadmium ratio for multi-monitor 

method used leads to more accurate results but for the bare triple-monitor result the 

difference can probably be found in the fact that the nuclear data for the Zr-isotopes were 

extensively re-investigated and they differ significantly from the data used in the earlier. 

Ahmed, 2004 characterized two irradiation sites (Channels No.5 and No.7) of Ghana 

Research Reactor-1 (GHARR-1) using cadmium cover method, where he showed that the 
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thermal to epithermal flux ratio (f)  the epithermal flux-shaping factor α for the 

characterized channels in good agreement with previous values determined by Akaho 

2002. 

Njinga et al,; (2012)  performed measurements using Cu-wires and (0.1)%Au-Al foils on 

the  installed permanent Cd-lined irradiation channel in one of the large outer channel of 

NIRR-1 for use in epithermal and fast NAA procedures to characterize the thermal, 

epithermal column and check its effect on the neutron flux distributions via the specific 

activities obtained using (n,γ), (n,p) and (n,α) reactions in other channels shows that the 

flux distributions have not been affected by the Cd-liner in outer channel A-3.  

After 10 years operation Of Pakistan Research Reactor-2 (PARR-2), a miniature neutron 

source reactor (MNSR), a beryllium reflector was added to compensate the loss of 

reactivity due to burn up of fuel. Measurement of important Parameters such as effective 

delayed neutron fraction, decay constant, excess reactivity, control rod worth, 

temperature coefficient of reactivity, thermal neutron flux, cadmium ratio were done after 

the addition of Be reflector. Neutron flux measurements were carried out using thin gold 

foils of 50 mm thickness and 99.99% purity (Masood Iqbal et al 2002). 

After over 10 years of operation of Ghana Research Reactor-1 (GHARR-1), the total 

neutron flux was measured after a beryllium reflector was added to its shim to compensate 

for loss of excess reactivity. The thermal, epithermal and fast neutron fluxes were 

determined by the method of foil activation. The experimental samples with and without 

a cadmium cover of 1-mm thickness were irradiated in the isotropic neutron field of the 

irradiation sites of GHARR-1 facility. The induced activities in the sample were measured 

by gamma ray spectrometry with a high purity germanium detector (Sogbadji et al 2011).  
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As the NIRR-1 core is mainly designed for neutron activation analysis, there is need for 

a detailed information on the neutron flux parameters so as to enhance the application of 

the reactor in its application. And with the imminent conversion of the core from HEU to 

LEU the neutron flux parameters will help in developing new analytical protocols or fine 

tuning the old protocols so as to be used in NAA after coversion. 
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CHATER TWO 

LITERATURE REVIEW 

2.1 Sources of Neutrons  

A neutron source is any device with which neutrons are produced, irrespective of the 

mechanism used in the process of the neutrons production. Neutron sources can be 

distinguished from one another by the rate at which neutrons are emitted, energy of the 

neutrons emitted and size of the source. These neutron sources are the basic essentials 

required to carry out neutron activation analysis. 

The three main sources of neutrons are:   

 Isotopic neutron sources including Radioisotope Sources ( (α,n) and (γ,n) reactions, 

spontaneous fission and photo neutron sources 

 Accelerators based sources including ion and electron accelerator and neutron 

generators 

 Nuclear Research Reactor (nuclear reactors used as neutron sources); 

Research nuclear reactors have the highest neutron fluxes, but are limited concerning on-

site determination, price, and availability. Consequently, nuclear reactors are used 

predominantly for neutron activation analysis of very minute amounts or for sensitive 

neutron radiography. In cases of on-site irradiation, neutron generators or isotopic sources 

are used (Alafasi et al., 1995; Ahmed, 2004; Murugeshan, 2009). 

2.1.1 Nuclear Reactors 

These are the commonly used source of neutrons for activation analysis. Most research 

reactors depend on the fission of 235U. This isotope is naturally radioactive, with a half-

life of 7.038 x 108 years, and will spontaneously decay by nuclear fission, in which the 

nucleus splits into isotopic fragments, releasing high-energy neutrons and energy. The 
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cross-section for neutron induced fission of fissionable nuclides increases with decreasing 

energy of the neutrons, in order to increase the neutron activity, moderators that slowed 

down the neutrons are added to the reactor. Nuclear reactors are categorized according to 

their fuel, moderator, coolant, reflector, and configuration. Examples of nuclear reactors 

are TRIGA Reactors, SLOWPOKE and the Miniature Neutron Source Reactor (MNSR) 

(Alafssi et al.,1995; Ahmed, 2004). 

2.1.2 Description of NIRR-1 

The Nigeria Miniature Neutron Source Reactor, code-named; Nigeria Research Reactor-

1 (NIRR-1), is a low-power research reactor with nominal thermal power of 31 kW.  It is 

a small, safe nuclear facility that employs highly enriched uranium as fuel, light water as 

moderator/coolant, and beryllium as reflector.  The reactor is designed, manufactured and 

installed by China Institute of Atomic Energy (CIAE), Beijing, China.  It is designed for 

use in universities, hospitals and research institutes mainly for Neutron Activation 

Analysis, limited production of short-lived radioisotopes and training (SAR, 2012). 

Similar to the Canadian SLOWPOKE, NIRR-1 is a tank-in-pool type research reactor, 

low power which uses highly enriched uranium as a fuel, light water as moderator and 

beryllium as reflector. Heat generated in the core is removed through a natural convection 

process and is transferred to the pool water through vessel walls. The beryllium reflector 

in’ the reactor can be divided to three types: the side annulus reflector surrounding the 

reactor core, the bottom plate, and the top beryllium shims. The side reflector is an annular 

cylinder of 23.1 cm inner diameter, 43.5 cm outer diameter, and 23.85 cm in height (SAR, 

2012). The bottom reflector is a disc 29.0 cm in diameter and 5.0 cm in thickness. The 

top reflector is composed of a group of semicircular beryllium shims with different 

thickness, with 24.3 cm in diameter. There are 46 shim plates giving a total thickness of 
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10.95 cm. These beryllium shims are used to compensate the reactivity losses caused by 

fuel burn-up and poisoning buildup of xenon and samarium during the reactor operation. 

NIRR 1 has ten irradiation sites, five are called “ inner ” and uniformly located inside the 

beryllium annulus reflector while the other five are called “ outer “ and surround the 

annulus reflector externally. The maximum thermal neutron flux in the inner and the outer 

sites is 1.0x1012 and 5.0x1011 ncm-2s-1, respectively. The nominal thermal power of the 

reactor at this neutron flux level is about 30 kW. The total excess reactivity of the core 

was limited to less than 4 mk when the reactor was commissioned using reactivity 

regulators (SAR, 2012; Jonah et al., 2005; Ahmed, 2004). 

The core itself is undermoderated with HEU ratio of 197 and also due to orificing effect, 

the MNSR system has negative temperature coefficient of reactivity with value 0.132 

mk/oC in 25-32oC range. In case of uncontrolled power excursion, it has self-limiting peak 

power value of 87 kW.The reactor core is suspended inside a 0.65 m diameter reactor 

vessel, immersed in a 6×3.5×7 m water pool. A longitudinal section view at the core is 

shown in Figure 2.1 and the main specifications of NIRR-1 are shown in Table 2.1.There 

are other auxiliary systems for the utilization of the reactor such as the pneumatic transfer 

systems.  The system known as type A is suitable for irradiation for medium and long 

time.  Type B, a multifunction capsule transfer system, is coupled to four irradiation tubes.   

NIRR-1 core is a small compact system consisting of a central control rod guide tube, the 

fuel cage and fuel pins arranged in ten concentric lattice rings about the control guide 

tube. The average radial pitch between any two adjacent fuel rings is 10.95mm (Jonah et 

al, 2005, SAR 2012, Ahmed et al, 2004). 
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 Table 2.1:  Main Specifications of NIRR-1   

 

    

 

Item Description 

Type Tank-in-pool 

Nominal core power 31 kW (th) 

Coolant/Moderator de-ionized light water 

Loading of U-235 in core 1006.65 g 

Reflector Metallic beryllium 

Excess Reactivity-cold, clean 3.77 mk 

Daily operation fluence in inner irradiation 

sites 

< 9 x 1015 cm-2 

Fuel life in core > 3.24 x 1019 cm-2 

Neutron flux at inner irradiation sites 1 x 1012 cm-2s-1

and vertical variation < 3 % 

Number of irradiation sites 10 sites (5 inner and 5 outer)  6 sites 

connected (4 inner and 2 outer) 

Control rod 1, Stainless steel clad, Cadmium absorber 

Reactor operation mode Manual and automatic 

Temperature in irradiation sites Inner site < 54 0C; outer sites < 40 0C (at pool 

temperature of 20 0C). 

Core reactivity temperature coefficient -0.1 mk/oC; for core temperature 15-40 oC 

Average radiation dose in reactor hall < 1 μSv/h 
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Fig.2.1: Schematic longitudinal section of MNSR vessel (Hainoun and Alhabit, 

2007) 
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2.2 Neutron Activation Analysis 

Neutron activation is a method of elemental analysis based on the measurement of 

characteristic radiation from nuclides formed directly or indirectly by activation with 

neutrons. This method is based on the conversion of a stable nucleus 
A

z X  into a 

radioactive one by neutron capture, forming a compound nucleus (
1A

z X
) with an extra 

neutron and entering excited state (Verheijke, 1992). This excited compound nucleus will 

almost instantaneously de-excite into a more stable nucleus (
1A

z X
) through the emission 

of one or more characteristic ‘prompt radiations’, immediately after the capturing neutron. 

These prompt radiations can be an α-particle, a proton, a neutron, a γ-ray photon or 

another type of radiations depending on the energy of the incident neutrons. 

When the main reaction occurred with low-energy neutrons, an (n, γ) reaction is formed. 

This is the case in which, the highly energetic level of the compound nucleus is de-excited 

by emission of prompt γ-rays. On the other hand, when high-energy neutrons are absorbed 

it results in the ejection of a particle i.e. a proton, a neutron, or an α-particle (Potts, 1987). 

The newly formed nucleus, produced upon the de-excitation of the compound nucleus, 

may be unstable. When unstable, already during activation it starts to decay with half-life 

ranging from fractions of a second to many years to a stable state by emission of specific 

radiation ‘delayed emission ‘through one or more of the following processes: α-decay, β-

-decay, β+-decay, or internal transition decay. In most cases, delayed γ- and X-rays will 

be emitted too. This decay process is at a much slower rate than the initial de-excitation 

and is dependent on unique half-life of the radioactive nucleus. Measuring the emitted 

radiations, prompt and/or delayed, (using a suitable radiation detector) leads to 

identification of the isotopes, resulting upon irradiation with neutrons, and thus of parent 

elements and their concentration levels (Kubešová, 2012; Soliman, 2012, Franca, 2012). 
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During activation, two processes occur: formation of radioactive nuclei by activation, and 

also decay of these nuclei. The results of the two processes are combined in the basic 

activation formula for the activity “A” of a radionuclide formed through a specified 

reaction. 

Neutron activation analysis is usually carried out with thermal neutrons through the 

reaction given as: 

  1,A A

Z Zm n m                        (2.0) 

If the target sample contain N number of nuclei per volume (cm3) in a neutron flux   , 

then the number of interaction NI  will be expressed as; 

).( 13  scmNI N            (2.1) 

From this, the samples of pN  nuclei with cross-section , irradiated in a constant neutron 

flux  during an irradiation time irrt  according to the reaction; 

s

N

d

N

p NNN dp  


         (2.2) 

where sdp NNN ,,  are the  parent, daughter and stable nuclei,  is the reaction cross 

section and   the disintegration constant  1s  then if pN  is considered constant, then  

the rate of forming a daughter  nuclei  is  given as (Franca . 2012); 

ddpp
s NN

dt

dN
                      (2.3) 

From which dN  can be evaluated by integrating 0t  from to irrt , thus; 

 irrd t

d

p

d e
N

N







 1          (2.4) 
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The decay constant is related to the commonly used half-life according to: 

1 1
2 2

ln 2 0.639

t t
             (2.5) 

The activity of dN  can be defined after an irradiation time irrt  as; 

 irrd t

pdd eNNA
 

 1          (2.6) 

Activation of a sample by neutrons is the first stage in NAA. The growth of the number 

of radioactive nuclei during irradiation with mono-energetic neutrons is expressed as: 

i
i NRN

dt

dA
 0

          (2.7) 

where ii NtA )(  

The number of target atoms of the considered (n, γ) reaction in a given sample is given 

by: 

M

wN
N A0

        (2.8a)  

Where w, is the weight of the element in the sample, NA is the Avogadro’s number and 

M is the atomic weight of the nuclei and ϴ is the isotopic abundance. 

Integrating equation (2.7) over the irradiation time yields the number of radioactive nuclei 

at the end of the irradiation period. 

)1()( 0 irrt
e

RN
tN






        (2.8b) 
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2.3 Reaction Rate 

Knowledge of the neutron flux (𝜙) and the material cross sections allows the computation 

of the rate of interactions. The reaction rate, RR [reactions/cm3⋅sec], is centered on the 

total number of neutron-nucleus interactions 

  )()( NNnvRR                   (2.9a) 

The reaction rate per nucleus of isotopes undergoing a certain neutron flux is given by 

(Stefaan et al., 1997): 

dEEEdvvvdvvvvnR 



000

)()()()()()(       (2.9b) 

In principle the reaction rate is calculated from numerical integration of the product of 

the energy/velocity dependent neutron flux and (n,γ) cross section (equation 2.9a). The 

impracticality of the procedure lead to the adoption of convention in order to simplify the 

calculation of the reaction rate. For the purpose of this research the Hogdahl convention 

is adopted, as it deals with the contribution of the thermal neutron and that of the 

epithermal neutrons separately. Equation (2.7) becomes (Greenberg et al., 2011): 

)()()(
0

0 tAdEEEN
dt

dA
i

i  


       (2.11) 

With correction for decay after irradiation and conversion of N to the corresponding 

concentration of an element in a sample yield (Verheijke, 1992): 

0

( , ) ( ) ( ) (1 )irr dt tA
i

N wa
A t T E E dE e e

M

 
 



 
       (2.12) 
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Where w, ϴ, a  M, NA, tirr and td are the weight of the irradiated element, isotopic 

abundance of the target isotope, abundance of the considered γ-ray, atomic mass of the 

irradiated element, Avogadro's number, irradiation time and decay time respectively. 

Equation (2.12) applies to the direct formation of radionuclides. For indirect formation 

through decay or activation of one of the activation products different formulas have to 

be used. 

2.4 Thermal and epithermal activation 

In neutron activation analysis the division between thermal and epithermal neutrons is at 

the cadmium cut-off energy (Ecd) of 0.55 eV. This is the recommended value for a 

cylindrical cadmium box with a uniform thickness of 1 mm is 0.55 eV (Decorte, 1987; 

Potts, 1987). The reaction rate per nucleus according to equation (2.10) can be written as 

0

(v) v (v)dvR n 


                   (2.13a) 

With 

nv                    (2.13b) 

where R, v, n(v), σ(v)  and  vcd  are reaction rate per nucleus, neutron velocity,  neutron 

density as function of velocity, neutron activation cross-section,  neutron velocity 

corresponding to Ecd.. According to the Hogdahl’s convention, the reaction rate can be 

splitted into thermal and the epithermal reaction rates i.e.: 

 
0

(v) v (v)dv (v) v (v)dv
cd

cd

v

v

a b

R n n 


          (2.14a) 

The second part of equation (2.14a) becomes 
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max (E )dE
(v )dv

cd cd

E

n n
n n n epi

nv E

n
E






                 (2.14b) 

where, En ,Emax, 𝜙epi represents the neutron energy, maximum energy of the epithermal 

neutrons(1 to 2 Me V), conventional epithermal neutron flux respectively. 

For the thermal part of equation (2.14), where Cdv v , it is convenient to consider the 

neutron flux as a product of the neutron density and the velocity, since the epithermal flux 

is inversely proportional to the energy, the integration of the second term (b) is carried 

out with respect to the energy (Greenberg et al., 2011): 

max

0

0

(E )dE
(v )dv

cd

cd

v E

n n
o n n n epi

nE

R v n
E


         (2.15) 

where, v0 is the most probable neutron velocity at 20ºC and 2200 m s-1, and 𝜎o is the 

thermal neutron activation cross-section for the corresponding energy, 0.0253 eV,  

0 0

(v)dv (v)dv
cdv

thn n n n


          (2.16) 

with nth as the thermal neutron density (where th o thn  ), and th is the conventional 

thermal neutron flux, for energies up to the Cd cut-off energy.  

Then equation (2.14a) becomes 

max (E )dE

cd

E

n n
th o epi

nE

R
E


            (2.17) 

Therefore, the thermal reaction rate is given by the first part of equation (2.17) .i.e. 

th th oR            (2.18) 
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2.4.1 The epithermal reaction rate 

The epithermal neutron flux per unit energy interval is generally accepted to be inversely 

proportional to the neutron energy, “E” (De Corte et al., 1979a; De Corte et al., 1979b, 

De Corte et al., 1981; Yücel and Karadag, 2004 ): 

1
( ) 'epi epiE

E
                   (2.19a) 

With resonance integral for a 1/E epithermal neutron spectrum defined as: 

max ( )

cd

E

n n
o

nE

E dE
I

E


                   (2.19b) 

Where 

oI = the infinite dilution resonance integral including 1 v tail of thermal neutron spectrum                   

          or the epithermal neutron absorption cross section.  

( )nE = the cross section as a function of energy E 

Another important parameter is the cross section ratio (Q0)  (i.e. the ratio of resonance 

integral to (n,γ) cross section at a 2200 m s-1 neutron velocity), which is defined in the 

ideal 1 E spectrum as: 

0
0

0

I
Q


          (2.20) 

The reaction rate for an ideal 1 E epithermal spectrum may be determined by: 

 

max (E )dE
(v )dv

cd cd

E

n n
epi n n n epi

nv E

R n
E






                            (2.21a) 
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 epi epi oR I                   (2.21b) 

From equation (2.20), the epithermal neutron absorption cross-section or resonance 

integral     ( oI ) is defined as equation (2.19b) is an essential nuclear parameter in neutron 

activation as it helps in the determination of the reaction rate with respect to epithermal 

neutrons. The definition of the resonance integral in equation (2.19b) shows that the 

energy dependence of epithermal neutron flux density is proportional to1 E . 

In actual irradiation sites the epithermal neutron flux deviate from the ideal 1 E  law and 

it is in most cases approximated as (De Corte et al., 1979a; De Corte et al., 1979b, De 

Corte et al., 1981, Yücel and Karadag, 2004):  

1

(1 )
( ) 'epi epi

eV
E

E




 


         (2.21) 

Since the definition of the resonance integral equation (2.19b) holds for the ideal 

epithermal spectrum (1 E ), then it should be corrected for the actual epithermal spectrum 

(
1

1 E


): 

max

0 1

(E )(1 ) dE
( ) (1eV)

cd

E

n n

nE

eV
I

E










        (2.22) 

where 0 ( )I  is the resonance integral for a non-ideal epithermal neutron spectrum. The 

resonance integrals defined by equation (2.22) can be used in the calculation of the 

epithermal activation in a particular irradiation position, characterized by α. For 

simplicity the reference energy (1eV) may be omitted (ie. (1eV) 1  ) in order to obtain 

the relationship between 0I and 0 ( )I  .If rE and α are known, it is possible to convert 0I , 
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as tabulated in literature to 0 ( )I  by equation (2.23) (De Corte et al., 1979b, 1981, Yücel 

and Karadag, 2004): 

( 0.429 ) 0.429
( ) (1 )

( ) (2 1)( )

o o o
o

r cd

I
I eV

E E



 

 




 
   

 
    (2.23) 

where the term 0 0( 0.4264 )I  represents the reduced resonance integral (i.e. with 1 v

tail subtracted) and equation 2.23 is only valid for 0.55cdE eV , since 

1 20.4264 2( )o cdE E  with the most probable neutron energy at 20°C 0.0253oE  and  

0.55cdE eV .  

The effective resonance energy rE represents the energy of a single effective or average 

energy which replaces all the resonance energies of an isotope over the epithermal neutron 

energy region (Ryves, 1969). It is defined experimentally by an α dependent parameter 

as (Ryves, 1969; Jovanovicet al., 1987; Moens et al., 1979):  

( )
( ) o

r

o

I
E

I

  



        (2.24) 

Where oI   and ( )oI  are the reduced resonance integrals (tail subtracted) for 1 E and 

1
1 E


epithermal spectra respectively (Moens et al., 1979; De Corte et al., 1981,). 

( )

cd

o o
o

E

v dE
I E

v E





 

   
 
                 (2.25a) 

( )

Cd Cd cd

o o o o
o

E E E

v vdE dE dE
E I

E v E v E

 


  

       

1 2

1 2

( )
2

( )

o
o o

Cd

E
I

E
   
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0.4264o oI                    (2.25b) 

and  

1
( ) ( ) (1 )

cd

o o
o

E

v dE
I E eV

v E






 







 
   

 
               (2.26a) 

1
( ) (1 )

cd

o o
o

E

v dE dE
I eV

v E E













    

1 2

(1 )
( )

( 1 2) ( )

o

o o

Cd

eV E
I

E




 






 


 

0.4264(1 )
( )

(2 1)( )
o o

Cd

eV
I

E




 





 


                (2.26b) 

Also 0Q  can be converted to 0( )Q  by equations 2.27a and 2.27b 

max

1

( ) (E )dE(1eV)
( )

cd

E

o n n
o

o o nE

I
Q

E





 


  
                 (2.27a) 

,

,

,

0.429 0.429
( ) (1 )

( ) (2 1)( )

o i

o i

r i cd

Q
Q eV

E E



 




 
   

  
             (2.27b) 

( )oQ  can be easily calculated from oQ  if α is known and the effective resonance energy, 

rE  is available. Both rE and oQ  values are tabulated in work of Decorate and Simonitis 

as nuclear constants and applicable to all practical irradiation condition. The effective 

resonance energy rE must be used for the correction of resonance integrals in deviating 

epithermal spectrum. It is the energy of a single resonance which gives the same 

resonance activation effect as the actual resonances for the isotopes. Where rE  is defined 

as:  
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( )
( ) (1 )o

r

o

I
E eV

I

                    (2.27c) 

According to equation (2.17), the expression for the reaction rate can therefore be re-

written as 

( )th o epi oR I                      (2.28a) 

Equation (2.28a) can be rearranged to: 

(1 ( ))th o oR fQ                     (2.28b) 

where  

  
epi

th

f



                    (2.28c) 

From equation (2.28b) an effective cross-section ( eff ) can be defined as: 

 

(1 ( ))eff o ofQ            (2.29) 

So, Equation (2.28a) can be simplified to: 

th effR            (2.30) 

Since the contribution of the epithermal activation can be considerable, for some (n,γ) 

reactions and it even overshadows the thermal activation thus, we take account of the 

epithermal activation by the use of the effective, instead of the thermal cross-section, since 

the flux ratio (f), is present in the correction term (Verheijke, 1992, De Corte, 1981).  

2.5 The activation formula 

The activation formula is the basic expression for the determination of an element by 

means of an (n, γ) reaction and γ-ray spectrometry.  The activation formula includes the 

decay after irradiation and the detection efficiency of the γ-rays, hence it is said to be a 

practical extension of equation (2.12). We relate the activation to the thermal neutron 



30 

 

flux, the correction for epithermal neutron activation being accounted for in the already 

defined effective cross-section ( eff ). The activation formula is given by: 

              A
th eff

N w
A SDCa

M


          (2.31) 

where the term S is called the saturation factor usually denoted by (1 irrt
e


 ) and it 

expresses the fraction of the maximum radioactivity produced in time, tirr. D and C 

represents the decay factor denoted by dte
  and (1 )mt

me t
 

 with tirr, td, and tm as the 

irradiation respectively, decay, and measuring time respectively. While a is the 

abundance of the considered γ-ray, photons/disintegration, ε is the detection efficiency of 

the considered γ-ray at full energy peak. 

2.6       Radiation Measuring Devices  

The measurement of gamma rays from radioactive samples is usually done with an 

instrumentation which generally consists of a semiconductor detector, associated 

electronics, and a computer-based, multi-channel analyzer (MCA/computer). The most 

commonly used detector is the high purity or intrinsic germanium (HpGe) detectors, 

which operate at liquid nitrogen temperatures (77ºK) in order to minimize electronic noise 

created by the thermal excitation of electrons from valence to conduction bands. The most 

common type of HpGe detector is the coaxial detector, which in NAA is useful for 

measurement of gamma-rays with energies over the range from about 50 keV to 3.0 MeV 

(Glasscock, 2004; Ahmed, 2013).  

The detector's energy resolution is a measure of its ability to separate closely spaced peaks 

in a gamma spectrum. In general, detector resolution is specified in terms of the Full 

Width at Half Maximum (FWHM) of the 122-keV photopeak of 57Co and the 1332-keV 

photopeak of 60Co. For most NAA applications, a detector with 1.0-keV resolution or 
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below at 122 keV and 1.8 keV or below at 1332 keV is sufficient (Glasscock, 2004; 

Ahmed, 2013).  

2.7 Sensitivities & Detection Limits  

The accuracy and sensitivities of Neutron Activation Analysis are dependent on the 

concentration of a particular element and radionuclide parameters (i.e., parent isotope 

abundance, neutron cross-section, half-life, and gamma ray abundance). The detection 

limit in NAA is based on the signal-to-noise ratio, the selectivity of determining, with a 

certain degree of confidence, a peak in the gamma-ray spectrum. The photopeak in the 

spectrum of the gamma-ray emission by the radionuclide of interest is the ‘signal’. The 

‘noise’ fallouts from the detection of photons from the ambient background, from the 

Compton continuum due to the interaction of higher energy γ-rays, as well as from γ-ray 

spectrum interferences from e.g. the blank from pre-irradiation treatment, from packing 

materials and from overlapping peaks. The detection limit depends on the irradiation, the 

decay and the counting conditions. It is quite common to estimate the detection limit using 

Currie's formula (Greenberge et al., 2011;Glasscock, 2004). 

2.71 4.65LD B 
                    (2.32) 

Where DL is the detection limit and B is the background under a γ-ray peak. This approach 

is valid only when the γ-ray background (counting statistical error) is the major 

interference (Glasscock, 2004). 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Materials  

The material used in carrying out this work are the irradiation facility, Pneumatic Transfer 

Systems, Polythene Vials, 1mm thick Cadmium, Digital weighing balance and Activation 

foils. 

3.1.1 The irradiation facility  

NIRR-1 consists of five small rabbit tubes installed inside the beryllium annulus known 

as the inner irradiation channels. Three small and two large rabbit tubes installed outside 

of the beryllium annulus known as the outer irradiation channels. Six out of the ten 

irradiation sites are presently connected to the pneumatic transfer systems.  

3.1.2 Pneumatic Irradiation Rabbit Transfer System (PIRS) 

Short time neutron activation analysis is carried out using pneumatic irradiation rabbit 

system (PIRS) installed at the (NIRR-1). There are two sets of transfer systems, the 

pneumatic transfer system type A and B (Jonah et.al. 2005). These provide a means of 

communication with the reactor core during its operation. Thus it aids fast and safe 

transportation of individual samples in and out of the reactor core with the aid of 

compressed air. The sample vials are placed inside a polyethylene holder called “rabbit”. 

The rabbit is then sent to travel through polyethylene tubing between the receiver in the 

processing hood and the terminus in the reactor core. A blower assembly, moving 

compressed air through the system, moves and pulls the rabbit between the receiver and 

the terminus (Shiraki and Liu, 2007) 
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3.1.3 Gamma-ray counting equipment 

In this work, a high purity Germanium (HPGe) Gamma ray spectrometers was used. The 

spectrometer consists of a Ge detector, a preamplifier, a high-voltage power supply, a 

spectroscopy linear amplifier and a multichannel analyzer (MCA built in a Personal 

Computer Analyzer device (PCA) as shown in Fig. 3.2. The characteristics of the high 

purity Germanium are presented in table 3.1. 

       Table 3.1; Characteristics of a GEM-70-S HPGe Coaxial Detector (ORTEC) 

 

 

 

 

 

 

 

Type GEM-70-S HPGe Coaxial Detector (ORTEC) 

Resolution 1.95keV at 1.33MeV,60Co 

Relative Efficiency 70% 

Peak Shape(FWTM/FWHM) 1.83 

Peak Shape(FWFM/FWHM) 2.4 

Polarity Positive 



34 

 

 

Figure 3.2: The Electronics Block Diagram of HPGe Gamma – Ray Spectrometer. 

 

 

 

 

 Plate I: HpGE Detector Set-up 
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3.1.4 Activation Foils  

In this study, three foils were selected according to their availability, nuclear data and 

their cross-section spectrum. The selected foils are: 

 Aluminum-gold (0.134% gold) foil, 

 99.95% Zinc foil, 

 99.8% Zirconium foil 

These elements have cross sections and resonance energies with Q0 values ranging from 

low to very high and thus serve a quality control of the irradiation facility. The physical 

characteristics of the thin foils used as flux monitors are presented in Table 3.2 and Table 

3.3 summarizes all of the foils used, the neutron interactions of interest, and the useful 

energy ranges of each interaction. All target isotopes of interest exhibit ( ) 1v v  

characteristics at energies up to 2-3 eV. 

Table 3.2. Physical characteristics of foils used for neutron spectrum monitoring 

Element Material description Diameter   

(cm) 

Range of mass    

(mg) 

Au Al-0.1%Au foil; 0.1 mm thick, IRRM-530 0.8 12 - 14 

Zn 99.95% Zn foil; 0.025 mm thick, Goodfellow 0.8 4 - 5 

Zr 99.8% Zr foil; 0.125 mm thick, Goodfellow 0.8 44 - 46 

  

Table 3.3: Nuclear data for the used foils (Decorte and Simonitis, 2003) 

Foil Target 

isotope 

Product 

Nuclide 

Half life Eγ (eV) Er (eV) Q0 Abundance 

Al-0.1Au 197Au 198Au 232848 411.8 5.65 15.7 0.955 

Zr 94Zr 95Zr 5531328 724.2 6260 5.31 0.4415 

756.73 0.545 
96Zr 98Zr 60264 734.3 338 251.6 97.9 

Zn 64Zn 65Zn 21107520 115.5 2560 1.908 0.507 
68Zn 69mZn 49536 438.6 590 3.19 0.948 
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Plate. 2: Set of monitors irradiated in bare condition and with 1mm cadmium cover in      

               Polystyrene vials 
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 3.2 Methodology 

3.2.1 Foil Irradiations 

The foils were carefully weighed using the same electronic micro balance and on the same 

day in order to eliminate the systematic error due to weighing of small masses. Two set 

of the three monitors were prepared and packed in a standard polyethylene vial.  One set 

was irradiated bare and another for irradiation under a cadmium cover of 1 mm thickness. 

All foils were irradiated at a thermal power level of 15.5 kW, which corresponds to a 

preset neutron flux value of 11 2 15.0 10 ncm s  on the control computer. Irradiation times 

varied in accordance to the neutron flux in the irradiation sites. The inner irradiation sites 

had short irradiation times due to high neutron fluxes, while the outer irradiation site had 

longer irradiation times due to lower neutron fluxes. The irradiation times for the inner 

irradiation sites is thirty minute (30mins) for the bare foils and one hour (60mins) for the 

Cd covered foils, while for the outer irradiation sites, the irradiation times are one hour 

(60mins) and two hours (120mins) for the bare and Cd covered foils respectively with the 

aim of having comparable activities and similar counting times. 

3.2.2 Foil counting/Gamma- ray spectrometry measurement 

The activities of 198Au (412 keV, 2.7 days Half-life) was measured four days after 

irradiation. Two weeks after irradiation, the activity of 95Zr, (724 and 757 keV, half-life 

64 days,) was measured. 60 days after irradiation the activity of 95Zn (1115.5 keV, and 

244 days half-life) was measured. 

The counting times for Al-0.1%Au and 99.8% Zr foils was one hour (1hrs) for both 

irradiation sites. While the 99.8% Zn foil irradiated at the inner irradiation site was 

counted for eight hours (8hrs) and that irradiated at the outer site was counted for ten 

hours (10hrs). After each count has been obtained with the HPGe detector, the collected 

spectrum was transferred from the MCA to a personal computer (PC) for data analysis 
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using MAESTRO emulation software. No efficiency calibration was necessary since only 

the ratio of the bare to the cadmium covered activity is required. 

3.2.3  Determination of specific activity  

The gamma ray emissions in the collected spectra obtained after a bare and a Cd covered-

foil irradiation were used to determined specific activities with the help of the following 

relationship: 

 
,

1

( )

p m

sp

N t
A

SDC w
                     (3.1) 

where spA and pN  denotes the specific activity and net peak counts, while all other 

terms have been previously defined. 

3.3.4  Determination of the cadmium ratio 

Cadmium ratio is defined by the   ratio of specific activities obtained after a bare 

irradiation to that obtained with Cd covered foil irradiation, respectively and is given 

by: 

,

, /

sp bare

Cd

sp cd cd

A
R

A F
           (3.2) 

where ,sp bareA  and ,sp CdA are specific activities obtained after a bare and Cd covered foil 

irradiation, respectively. The term CdF  is cadmium filter epithermal neutron transmission 

factor which accounts for absorbed epithermal neutrons by the cadmium cover. This 

neutron absorption process results in a reduction of the sample's activity. In general, the 

factor CdF is mostly 1  for  most elements (De corte, 1987; El Nimr et al., 1981; Yu¨cel 

et al. 2004). 
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3.2.5   Determination of reactor neutron spectrum parameters 

The experimental method for the determination of the neutron flux parameters can be 

classified into three groups based on Cd-ratio method, Cd-covered method and Bare 

triple-monitor method respectively each involving a set of activation monitors with suited 

characteristics (De Corte et. al., 1981, Decorte, 1987; Dung and Cho, 2003; Ahmed, 

2004). Among the various experimental methods available for determining the epithermal 

deviation factor, the cadmium ratio method is known to yield the most accurate results 

(De Corte et. al., 1981, Decorte, 1987; Dung et.al 2003; Ahmed, 2004; Yavar et al., 2011). 

Since NIRR-1 is known to exhibit stable neutron flux characteristics, the parameters ‘f’’ 

and α were simultaneously determined using the cadmium ratio method in this work. The 

Cadmium ratio (multi monitor or dual monitor) method is used when the neutron flux 

characteristics are known to be stable as a function of time. A set of monitors is irradiated 

with and without Cd-cover, and the induced activities are measured with a HPGe detector. 

3.3.3.1 Cadmium ratio for multi-monitor method 

This method is used when the neutron flux characteristics are known to be stable as a 

function of time. A set of Au, Zn and Zr foils were irradiated with and without cd-cover, 

and their induced activities were measured with a HPGe detector. The parameter α was 

obtained as the slope (-α) of the straight line plot of equation (3.15): 

,

, , 0, e, th,

( )
log

( 1) ( )

r i

Cd i Cd i i i i

E

F R Q G G







   
 Versus ,log r iE    (3.15) 

where “i” is a monitor with well-known 0Q  value, and Gep,i and Gth,i are thermal and 

epithermal neutron self-shielding correction factors, respectively.  

The parameter f was obtained from the ordinate value which is equal to log(1/f) at 

log 0rE  after plotting equation 3.15 . 
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where flux ratio f is defined as: 

e,

, , 0,

th,

( 1) ( )
i

Cd i Cd i i

i

G
f F R Q

G
                       (3.16) 

Mathematically, by using an iterative procedure for the same number of monitors, 

Equation. 3.15 can then be written as given below in Equation.3.17, and α value can be 

found as the root of the equation: 
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But in this work, the neutron flux parameter made use of equation 3.15 in the 

determination of the neutron flux parameters. 

3.3.3.1 Cadmium ratio dual-monitor method 

The modified Ryves two detector method assumes that when two monitors irradiation site 

at the same time under the same condition with and without Cd cover alternately, the flux 

ratio of the two foils f1 and f2 are equal under experimental conditions. i.e. (De corte et.al, 

1979, 2010, Yu¨cel et. al, 2004, Tran Van Hung et. al, 2004): 

             1 2f f          (3.17) 

where f is defined in equation 3.16. This transforms equation 3.18 to:  
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Substituting equation 2.27b in equation 3.18 and rearranging, then we have:  
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   (3.19) 

with this assumption, the  f and α values in channels B2 and B4 were obtained from 197Au-

94Zr and couple solving equation (3.19) by an iterative procedure using Microsoft-

EXCEL Spreadsheet 
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CHAPTER FOUR 

RESULTS AND DISCUSION 

4.1 Preamble 

The nuclear reactions 197Au(n,γ)198Au, 64Zn(n,γ)65Zn, 94Zr(n,γ)95Zr, were used in the 

determination of the of the α parameters in order to account for the 
11 E 

spectrum. For 

all experiments, all the nuclear data were taken from the compilation of De Corte (2003), 

which are summarized in Table 4.1. The thermal and epithermal neutron self-shielding 

corrections for 197Au(n,γ)198Au and 64Zn(n,γ)65Zn  , where  neglected and considered as 

1th epG G  , while for  94Zr(n,γ)95Zr, 1thG   and 0.983epG  . 

Table.4.1: Nuclear data  

Foil Target 

isotope 

Product 

Nuclide 

Half life E
γ 
(eV) 𝐄̅𝐫(eV) Q

0
 Abundance 

Al-0.1%Au 197

Au 
198

Au 232848 411.8 5.65 15.7 0.955 

Zr 94

Zr 
95

Zr 5531328 724.2 6260 5.31 0.4415 

756.73 0.545 
96

Zr 
98

Zr 60264 734.3 338 251.6 97.9 

Zn 64

Zn 
65

Zn 21107520 115.5 2560 1.908 0.507 

68

Zn 
69m

Zn 49536 438.6 590 3.19 0.948 

 

From the specific activities calculated using Equation 3.1 with the aid of the nuclear data 

in Table 4.1 and the net peak counts ( pN ) from the irradiated foils, the cadmium ratio for 

each monitor was calculated using Equation 3.2 and presented in Table 4.2. 
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Table.4.2: Cadmium ratios for Channels B2 and B4 

Target isotope Product Nuclide Experimentally Determined  R
Cd 

values 

Channel B
2
 Channel B

4
 

197

Au 
198

Au 2.064 ± 0.004 4.143 ± 0.001 

94

Zr 
95

Zr 3.396 ± 0.122 11.846 ± 0.633 

64

Zn 
65

Zn 7.529 ± 0.084 33.6227 ± 0.445 

 

4.2 Results of neutron spectrum parameter in Channel B2 

Results of Rcd for each monitor presented in Table 4.1 was determined from the ratio of 

specific activities, Asp of the bare and Cd covered irradiated the foils. Using these RCd 

values, the experimental f and α values in channel B2 was obtained using the Cd ratio dual 

monitor from 197Au-94Zr monitor couple by solving equation (3.19) by an iterative 

procedure based on MS-EXCEL Spreadsheet.  As shown in figure 4.1. 
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Figure.4.1:Excel spread sheet indicating the iteration performed to determine the 

                       neutron flux parameters (f and α )for Channel B2 based on cadmium ratio                           

                       dual monitor method.  
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Also, the neutron flux parameters were determined using the Cd ratio multi monitor 

method from the plot of equation (3.15) as shown in figure. 4.2. 
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Figure. 4.2: Cd Ratio multi monitor method Channel B2 NIRR-1 
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4.3 Results of neutron spectrum parameter in Channel B4 

Using thesame Rcd results in Table 4.1, the experimental f and α values in channel B4 was 

obtained using the Cd ratio dual monitor from 197Au-94Zr monitor couple by solving 

equation (3.19) by an iterative procedure based on MS-EXCEL Spreadsheet.  As shown 

in figure 4.3. 

 

 
Figure.4.3:Excel spread sheet indicating the iteration performed to determine the 

                       neutron flux parameters (f and α) for Channel B4 based on cadmium- 

                       ratio dual monitor method.  
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Also, the neutron flux parameters were determined using the Cd ratio multi monitor 

method from the plot of equation (3.15) as shown in figure 4.4. 
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The neutron flux parameters obtained for channels B2 and B4 using the Cd ratio dual 

monito method and the Cd ratio multimonitor method are summarized in table 4.2 

Table 4.2: Summary of neutron flux parameters obtained using Cd ratio method 

Channel Dual monitor method Mulitmonitor method 

  f α f α 

B2 17.8 ± 0.3 -0.047 ± 0.0008 17.77 ± 0.34 -0.0458 ± 0.0007 

B4 46.8 ± 1.1 0.024 ± 0.0006 47.32 ± 1.36 0.0243 ± 0.0009 

 

The experimental alpha values in channels B2 and B4 obtained from the dual and 

multimonitor methods are good agreement with each other. Negative alpha values  in the 

irradiation channels as already mentioned, correspond to a hardened epithermal spectrum 

(poorly thermalized) due to the reactor configuration. 

When the values of  f and α obtained for channels B2 and B4  in this work is compared 

with the value obtained in 2004 after the reactor was commissioned as shown in table 4.3,  

Table 4.3:  f and α values for channels B2 and B4 of NIRR-1 determined after      

        commissioning in 2004 compared with this work. 

Year/Channels  Inner Channel Outer Channel 

  f α                 f α    

 2005                      

(B2 and B4) 

19.2 ± 0.5 -0.052 ± 0.002 48.3 ± 3.3 0.029 ± 0.003 

     

This Work             

(B2 and B4) 

17.82 ± 0.3 -0.047 ± 0.008 46.8 ± 1.1 0.024 ± 0.006 

 

It is clearly observed that within the limit of uncertainty, the results as reported agreed 

very well with each other but the notable fact is the reduction in the flux. In channel B4 

the flux ratio f, decreases from 48.3 to 46.3 with a decrease of 3.11% and the the 

epithermal shaping factor α decreases from 0.029 to 0.024 with a change of 17.24%. On 

the other hand, in channel B2 decreases from 19.2 to 17.8 with a decrease of 7.29%  while 

the epithermal shaping factor α decreases by 9.62% from -0.052 to -0.047 . This variation 
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compared to earlier works may be attributed to the depletion of the core with time and 

major modifications modifications carried out. However, it should be highlighted that the 

physical state of the reactor may have not been exclusively the cause of this variation in 

the parameters but may have been partly affected by some experimental conditions (such 

as the mass and geometry of the cadmium plate used).  

When the neutron flux parameters obtained in this work for NIRR-1 compared with 

previous results obtained in NIRR-1 and data for GHARR-1 in comparison with the data 

for the prototype MNSR as shown in table 4.4, it can be seen that the result obtained in 

this work shows a level of acceptable of consistency with the previous results from earlier 

reports.
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Table 4.4. Flux parameters obtained in this work for NIRR-1 compared with previous results 

obtained in NIRR-1 and data for GHARR-1 in comparison with data for the prototype MNSR 

and other similar facilities  

Reactor Facility 

(Channels)   

Inner Channel   Outer Channel   Reference 

 
f α f  α  

 MNSR GHARR-1, 

Accra, Ghana (1 and 

6)  

18.8 -0.104   49 0.0261 Akaho et al., 

(2002) 

 Prototype MNSR 

Beijing,   China   

19.8 -0.009   58.5 0.023 Kennedy et al., 

(2003) 

 SLOWPOKE-2, 

DUSR Halifax 

Canada  

18.8 -0.0425   57.1 -0.0098 Kennedy et al., 

(2003) 

 SLOWPOKE-2 , 

Ecole Polytecnic 

Monreal  Canada  

19.8 -0.052   55.4 -0.006 Kennedy et al., 

(2003) 

MNSR NIRR-1, 

Zaria, Nigeria (B4 

and B2)   

19.2 -0.052   18.3 0.029 Jonah et al., 

(2005) 

 MNSR GHARR-1, 

Accra, Ghana (5 and 

7)  

17.28 -0.107   40.38 -0.173 Ahmed et al., 

(2006) 

MNSR NIRR-1, 

Zaria, Nigeria (A1 

and A2)   

18.4 -0.046   49.5 0.024 Sadiq et al., 

(2010) 

 MNSR GHARR-1, 

Accra, Ghana (5 and 

7)  

18.34 -0.0479        Baidoo et al., 

(2013) 

MNSR NIRR-1, 

Zaria, Nigeria (B4 

and B2)   

17.82 -0.0469   46.79 0.0244 This Work 

 

 



51 

 

CHAPTER FIVE 

SUMMARY 

 

5.1 Conclusion 

In summation, this study has characterized the neutron spectra in channels B2 and B4 of 

Nigeria Research Reactor -1 (NIRR-1). The thermal to epithermal flux ratio f of (NIRR-1) 

were measured and found to be 17.28 for the inner channel B2 and 46.79 for the outer  channel 

B4 while the epithermal flux-shaping factor α for these channels were obtained  as –0.0469 

and 0.0244 respectively. The channels characterized were intentionally selected to compare 

the present neutron flux parameters with those obtained at the commissioning of the reactor. 

The result shows good agreement with previous ones determined by Jonah et al. 2005 for B2 

and B4 commissioning of the reactor and those obtained for channels A1 and A2 by Sadiq et 

al. in 2010.  

It can be categorically stated that, even though the core of NIRR-1 had been critical for over 

a decade, it is still an excellent source of neutrons for reactor neutron activation analysis if 

regular configuration changes in the core are made. This result will help to better predict 

interactions of neutrons with materials both in and around the reactor core and to provide a 

baseline data for the development of protocols for the use of   NIRR-1 for NAA after 

conversion from HEU to LEU.    
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5.2 Recommendation 

Future work could include carrying out these parameter measurements using neutron 

transport code (ATTILLA, MCNP, STAY’SL etc.) lt. The neutron activation data should be 

verified frequently so as to ascertain the status of the neutron flux parameters. This work 

should be carried out after conversion. 
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