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ABSTRACT 
 

In this work elemental analysis for three types of stainless 

steel samples was performed to compare between their 

compositions. First the stainless samples were analyzed using            

Energy Dispersive X-ray (EDX) Spectrometer and Inductively 

Coupled Plasma Atomic Emission Spectrometry (ICP-AES) as 

conventional tools for elemental analysis. Second, the samples 

were subjected to detailed neutron activation analysis (NAA) 

using Pu-Be neutron source with applying γ-rays spectroscopic 

measurements for the irradiated samples. The first sample was in 

the form of thin foils. Eight radioactive isotopes were detected in 

the measured spectra namely 
56

Mn, 
59

Fe, 
58

Co, 
60

Co, 
24

Na, 
187

W, 
99

Mo and 
51

Cr which resulted from different neutron reactions 

with this sample. The other two samples were commercial and 

the NAA results for one of them show that all of the elements 

reported in the foil sample are the same except the absence of 

Mo and the presence of Cr.On the other hand the third sample 

shows a different composition where only Mn, Fe, and Ni were 

identified from the measured γ- ray spectra.  Stacks of irradiated 

stainless steal foil and pellets were measured to obtain the 

activity as a function of thickness using the most intense gamma 

ray lines of the produced radionuclides. The obtained linear 

activity-thickness relations for the measured radionuclides were 

fitted to determine the slope and the maximum thickness which 

can be measured by this technique. The comparison between 

these curves showed that the most sensitive radioisotope for 

detecting slight changes in the thickness is 
51

Cr which is formed 

through the 
50

Cr (n,γ) 
51

Cr reaction. 

 





 

The Aim of the Work 

 The aim of the present work is first to study the elemental 

analysis of some  stainless steal samples using the industrial neutron 

activation (NAA) technique, for the purpose of using these elements 

for further study concerned with thin layer activation which utilizes 

radionuclides to determine surface degradation processes such as 

corrosion and wear. 

The principle of TLA is the creation of an appropriate 

radionuclide at a well defined depth over a selected area. This 

activation is achieved by charged particles accelerator or by 

neutrons. For this purpose calibration curves can be constructed 

either by mechanical or chemical etching or by using stacked foils. 

The activated sample is used for measurements of its residual 

radioactivity after removing thin layers of material by mechanical or 

chemical etching. The variation of the activity versus the removed 

thickness is then plotted. This technique has been used mainly for 

wear testing elated to the automotive industry applications. 

 





Summary 

 

The thesis contains four chapters in addition to this summary 

and a conclusion. 

 

Chapter I: General Introduction 

 
           This chapter presents the different parameters affecting 

the wear measurements. The method of radioactive techniques 

for wear measurements is presented in this chapter. It includes 

also some information about the irradiation sources for 

studying wear and corrosion.  

          

Chapter II: Neutron Sources and Neutron Activation 

Analysis (NAA) 
 
    Brief information about neutron classification and types of 

neutron sources are presented. Also it includes an overview about 

some of the neutron interactions, neutron cross-section, neutron 

thermalization and moderation, and shielding of neutrons. Different 

types of neutron activation analysis were also discussed from 

different point of views such as advantage & application, forms and 

elements applicable for NAA. Determination of the neutron flux by 

thin foil technique as well as the aim of the present work is also 

included.  

 Chapter III: Experimental Setup 

              This chapter includes the general classification of the 

stainless steel and the composition of each type. It also 

contains a description about the used samples and the other 

techniques used to analyze the unknown stainless steel samples 

qualitatively and quantitavely. A description of the 

experimental technique used to study the irradiated samples of 

stainless steel and the different parameters affecting the 

measurement were also discussed and presented. 

 

 

 

 



Chapter IV: Results and Discussions 

 
               A brief view over on the delayed gamma ray and prompt 

gamma ray analyses is presented in this chapter. It also includes the 

experimental data for a three of unknown stainless steel samples 

using neutron activation technique. Energy spectra for the irradiated 

samples are presented.  Thermal neutron flux using a thin gold foil 

of 10µm thickness was determined and found to be 2.7x10
3
 

neutron/cm
2
.sec. Mn concentration in a sample of well known 

composition Ni0.6 Mn0.4 Fe2O4 and weight 852mg was determined 

and compared with the concentration obtained from an irradiated 

sample, a good agreement was achieved. Elemental analysis of the 

three stainless steel samples was carried out. Comparison between 

the qualitative analysis of our results and those obtained using EDX 

and ICP-AES is also presented. Thin layer calibration curves for 

some radionuclides for enhanced corrosion and enhanced wear were 

constructed and included also the conclusion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Contents 

i 

 

 
  

                                                                                                                                                                                                                                                                                                                                                

Acknowledgement  

Abstract 

The aim of the work 

Summary    

 

Contents................................................................ i 

List of Figures........................................................ vi 
List of Tables............................................................. xiv 

 

CHAPTER (1) 

General Introduction 

 

 page 

1.1. Parameters affecting the wear measurements 2 
1.2. Methods of radioactive techniques for wear         

measurements..................................................... 
 

2 
1.3. Irradiation techniques for wear 

measurements..................................................... 
 

6 
1.3.1 Ion accelerators................................................ 6 
1.3.2 Neutrons............................................................ 8 

Contents 

 

 



Contents 

ii 

 

 

CHAPTER (2) 

Neutron Sources and Neutron Activation Analysis 

(NAA) 
 

 

2.1 Neutrons………………………………………... 9 
2.1.1 Types of neutron sources……………………. 9 
(I)   Isotopic neutron sources……………………… 10 
(II)  Neutron generators…………………………….. 14 
(III) Charged particle (accelerators for neutron   

production)……………………………………... 
 

15 
(IV)  Nuclear reactors………………………………. 16 
2.1.2 Neutron classification……………………….. 17 
(I)   Slow neutrons………………………………….. 17 
(II)  Intermediate neutrons………………………….. 19 
(III) Fast neutrons…………………………………... 19 
(IV) Very fast neutrons……………………………... 19 
(V)  Ultra fast neutrons……………………………... 19 
2.1.3 Neutron interactions……………………….... 20 
(I)   Scattering reactions…………………………….. 20 
(II)  Neutron capture reaction………………………. 22 
(III) Transmutation reactions……………………….. 23 
(IV) Fission reactions……………………………….. 24 
(V) Spallation reactions…………………………….. 25 



Contents 

iii 

 

2.1.4 Neutron cross-section concept……………… 
 

25 
2.1.5 Neutron thermalization................................... 27 
2.1.6 Measurements of neutron flux……………… 28 
2.1.7 Flux measurement by thin foil activation….. 29 
2.1.8 Moderation and shielding of neutron………. 31 
2.2 Neutron activation analysis (NAA)…………… 32 
2.2.1 Advantages of NAA………………………….. 33 
2.2.2 Applications of NAA………………………… 34 
2.2.3 Forms and elements applicable for NAA…... 35 
2.2.4 Instrumental neutron activation analysis 

(INAA)………………………………………. 
 

36 
2.2.5 Radiochemical neutron activation analysis 

(RNAA)……………………………………… 
 

36 
 

CHAPTER (3) 

EXPERIMENTAL Setup 
 

 

3.1 Composition of Stainless Steel……………….. 37 

(I) Martenistic group………………………………... 38 
(II) Ferritic group…………………………………… 39 
(III)Austenitic group………………………………... 40 
(IV)Duplex Stainless Steels………………………… 42 
3.2 Samples description…………………………… 43 
3.3 Analysis of the stainless samples using EDX… 43 



Contents 

iv 

 

3.4 Inductively Coupled Plasma Atomic Emission 

Spectrometry (ICP-AES)…………………….. 

 

 

44 
3.5 Inactive wear measurements………………….. 45 
3.6 Inactive corrosion measurements…………….. 46 
3.7 Detection system……………………………….. 46 
3.7.1 HP(Ge) Gamma ray detector……………….. 47 
3.7.2 HPGe Geometry……………………………...  48 
3.7.3 Spectroscopy amplifier……………………… 50 
3.7.4 Multi – channel analyzer (MCA)…………… 50 
3.7.5 Energy resolution……………………………. 50 
3.7.6 Energy calibration…………………………... 51 
3.7.7 Detection efficiency………………………….. 51 
(I)  Absolute efficiency……………………………... 52 
(II) Intrinsic Full-Energy efficiency…………………  53 
3.7.8 Relative efficiency…………………………… 54 
3.8 Neutron Activation Measurements………….. 54 

 

CHAPTER 4 

RESULTS and DISCUSSIONS 

 

 

  4.1 Elemental analysis of stainless steal samples... 56 
4.1.1 Principles of neutron activation analysis…... 57 
4.1.2 Prompt γ-rays neutron activation analysis… 57 
4.1.3 Delayed γ-rays neutron activation analysis... 57 



Contents 

v 

 

4.2 Measurement of the thermal neutron flux of 

the Pu-Be source………………………………. 

 

 

58 
 

4.3 Irradiation test using Ni0.6Mn0.4 Fe2O4 

sample………………………………………….. 

 

 

59 
4.4 Analysis of stainless steel samples using 

(DGNAA)……………………………………… 
 

61 
4.5 Analysis of a commercial stainless steal rod…. 67 
4.6 Stainless steal disc……………………………... 69 
4.7 Comparison between the NAA results and 

those obtained by EDX and ICP……………... 
 

70 
4.8 Thin layer activation…………………………... 72 
4.8 Activity as a function of thickness……………. 73 
4.8.1 Enhanced corrosion of bulk stainless 

samples………………………………………. 
 

73 
4.8.2 Simulated wear by stack of thin pellets 

arrangement………………………………… 
 

76 
4.8.3 Thin foil stack arrangement………………… 78 

Conclusions…………………………………….. 82 

References……………………………………… 88 

Arabic Summary  

 

 

 

 





List of figures 

vi 

 
LIST OF FIGURES 

 
Fig. No. Title Page 

(1-1a) Direct monitoring of the wear from activated 

parts 

 

3 

(1-1b) Indirect measurements of the wear in the 

circulating 

 

3 

(1-2) Linear accelerator design 7 

(1-3) Cyclotron design 7 

(1-4) Irradiation of mechanical parts using accelerated 

ions 

 

8 

(2-1) Measured leakage spectra of Pu–Be source 

neutrons 

 

12 

(2-2) The housing of the Pu-Be source 12 

(2-3) Neutron spectrum of the Cf source 14 

(2-4) Neutron beam lines installed on a reactor core 17 

(2-5) A typical reactor neutron energy spectrum 

showing the various components used to 

describe the neutron energy regions 

 

 

20 

(2-6) Nuclear transformation by neutron interaction 24 

(2-7) Typical dependence of the microscopic cross-

section on neutron energy 

 

27 

(3-1) Stainless steel family 38 

(3-2) Martensitic group 39 

(3-3) Ferritic group 40 

(3-4) Austenitic group 41 



List of figures 

vii 

 

(3-5) 

 

Setup of the used polishing system for enhanced 

wear measurement 

 

 

45 

(3-6) Schematic diagram of gamma ray spectrometer 47 

(3-7a,b) Configurations of HPGe detector 49 

(3-8) Absolute efficiency of HPGe detector 53 

(4-1) Energy spectrum of an irradiated gold sample 

using Pu-Be source 

 

59 

(4-2) Energy spectrum for an irradiated sample of 

Ni0.6Mn0.4Fe2O4 

 

60 

(4-3) Energy spectrum of an irradiated stainless steal 

foil sample measured directly after end of 

irradiation 

 

 

66 

(4-4) Energy spectrum for the same sample after a 

cooling time of 2days 

 

66 

(4-5) Energy spectrum of an irradiated sample of a 

stainless steal rod measured directly after (EOI) 

 

68 

(4-6) Energy spectrum of an irradiated sample of a 

stainless steal rod measured directly after a 

cooling time of one day 

 

 

69 

(4-7) Energy spectrum of an irradiated disc sample 

measured directly after the end of irradiation 

(EOI) 

 

 

70 

(4-8) Activity of 
51

Cr and 
56

Mn radio-nuclides as a 

function of the removed thickness for irradiated 

stainless steel sample subjected to enhanced 

corrosion 

 

 

 

76 



List of figures 

viii 

 

(4-9) 

 

The measured activity of 
56

Mn radionuclide as a 

function of the removed thickness for a stack of 

pellet samples 

 

 

 

78 

(4-10) Activity curves for 
187

W, 
58

Co and 
60

Co as a 

function of the removed thicknesses 

 

80 

(4-11) Shows a comparison between the linear slope for 

different radionuclide curves 

 

81 

 





 List of tables 

xiv 

LIST OF TABLES
 

Table No. Title Page 

(2-1) Some different types of isotopic neutron sources 10 

(2.2) Properties of 
252

Cf neutron source  13 

(2-3) Examples of elements of geochemical interest 

determined by the fast neutrons of generators 

 

15 

(2-4) Isotopes that can be used to detect slow neutrons 

by thin foil activation 

 

31 

(3-1) The absolute percentage of the element 

composition by EDX 

 

43 

(3-2) The absolute percentage of the elemental 

composition by ICP-AES 

 

44 

   (4-1)  The decay data of some radioisotopes formed 

through thermal neutron reaction for some 

elements 

 

 

62 

(4-2) Observed radioactive elements in the foils  63 

(4-3) Reported radioactive elements and the routs of its 

formation for a rod sample 

 

67 

(4-4) Reported radioactive elements and the routs of its 

formation for a disc sample 

 

69 



 List of tables 

xv 

 

(4-5) 

 

NAA qualitative analysis as compared with those 

obtained using EDX and ICP 

 

 

71 

(4-6) Variation of the 
56

Mn and 
51

Cr activity with the 

removed thickness 

 

75 

(4-7) Activity as a function of the removed layers of 

stack pellet arrangement 

 

77 

(4-8) Activity of the 
60

Co, 
58

Co and 
187

W as a function 

of the removed thickness 

 

79 

(4-9) Sensitivity obtained by measuring the activity 

curves 

 

81 

 

 



 

 

Chapter 1 

General 

Introduction    
 

 

 

 

 

 

 

 

 

 





Chapter 1                                                                      General Introduction  

 

 

1 

  

Chapter 1 

General Introduction 

         

            It is well known that the reliability of industrial equipment, 

transportation systems, nuclear and conventional power plants pipes, 

etc. is substantially influenced by such degradation processes as wear, 

corrosion and erosion; consequently, the development of effective 

methods of detection, measurement and monitoring of the above 

processes is of great importance. The appropriate methods of 

monitoring could prevent dangerous accidents during operation of 

industrial installation and transport vehicles and avoid production 

losses due to breakdown of machinery. 

         

        When the surfaces are not really accessible or concealed by 

overlaying structures, nuclear methods such as Thin Layer Activation 

(TLA) using accelerated ions [1] or Neutron Activation Analysis 

(NAA) [2] become suitable tool for measurement and monitoring of 

wear and corrosion. In special cases, such as when no suitable 

metallurgy is available or a non-metal part is of interest (for example, 

plastics), when a shallow depth profile is needed to increase sensitivity, 

or when direct irradiation might damage the parent material, 

radioactive tracers are obtained by nuclear recoil implantation. In this 

method of irradiation, a high energy ion beam is used to create 

recoiling radioactive atoms from a target that are then kinetically 

implanted into the part of interest. 
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1.1 Parameters affecting the wear measurements 
 

        The ability to measure wear using radioactive tracers depends on 

producing appropriate radionuclide by suitable nuclear reaction by 

using charged particles or neutrons. This, in turn, depends heavily on 

the metallurgy of the wear surfaces of interest, and becomes especially 

important when more than one part is being considered. This is because 

the gamma rays energies emitted from the radioactive wear particles 

are uniquely characteristic of a given isotope and serve to identify it. 

           In addition, the intensities of the gamma rays lines are 

proportional to the amount of the isotope present and consequently to 

the measured wear.  

        

         However, the parameters that control the radioactivity 

measurements of the wear or corrosion are: 

    

(i) The incident particle (ions or neutron) energy and its relevant 

reaction cross section value with the target nucleus. 

 

  (ii) The beam intensity or flux which in turns controls the                                                                                                     

obtained activity. 

   

    (iii) The intervals of irradiation, cooling and measurements. 

 

     (v) Nuclear decay data of the produced radionuclide. 

 

1.2 Methods of radioactive techniques for wear measurements 

           There are two basic methods for measuring the radioactivity as a 

function of the wear. One of them (direct method) is based on remnant 

radioactivity measurements of the activated parts using a calibration 

curve. The second (indirect method) is based on measuring the 

increasing radioactivity in the lubricant due to suspended wear 

particles. Fig (1.1) shows schematic diagrams of the two techniques 

used for monitoring the mechanical wear results for running engine [3].    
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Fig. (1.1) (a) Direct monitoring of the wear from activated parts;        

        (b) Indirect measurements of the wear in the circulating 

oil [4]. 

 

a) Direct 

measurement. 

b) Indirect 

measurement. 
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          The neutron activation method by nuclear reactors produces 

homogeneous activity distribution in the whole sample (bulk 

activation). The advantage, that one can measure the average wear of 

every part of the irradiated sample, but the removed activity is small. 

On the other hand and because of the large surplus activity produced 

in the bulk, only laboratories with suitable radiation protection can 

use this technique [5-8]. 

           Tracer techniques of machine part wear and corrosion control 

being applied in different fields of modern industry are in a constant 

progress. The modifications of the technique differ in method of 

radioactive label creation in the material of component under 

investigation. Up to the present time, large numbers of labeling 

methods have been developed according to the activity distribution. 

         In general, they can be divided into volumetric and surface 

methods. Volumetric methods include the material irradiation by 

neutrons and gamma rays as well as doping the melt by radioactive 

substances. The bulk activation of the material requires the 

monitoring of the activity removed and therefore leads to a large total 

and specific activity of the component. Such techniques may be used 

only in special laboratories providing handling and operation safety. 

           When the above mentioned procedures cannot be used, there 

are alternative methods to produce activity in the surface layers, such 

as: isotopic diffusion (producing activity in the sample by allowing 

controlled diffusion of radioactive tracers from a special solution into 

the surface of the sample); Recoil activation (by using an energetic 

(several MeV) heavy radioactive products from nuclear reactions one 

can produce a very thin layer with relative low activity; radionuclide 

absorption; thermal spraying; galvanic deposition; surface treatment 

with radioactive electrode; irradiation with radioactive beams, etc.  
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These alternative methods are used only when special requirements 

emerge. 

       Generally, thin layer activation applied to evaluate micrometric 

wear or corrosion rates can be considered as metrological method; 

indeed, some requirements with respect to measurements range, basic 

uncertainties, and reproducibility and comparison procedures with 

conventional methods must be taken into account. We must stress the 

fact that the method is an indirect one: material loss is calculated using 

calibration procedure having “counts/second” as input data.  

        To put the method into in-situ application the Thin Layer 

Activation (TLA) method was developed by using charged particle 

activation [9-11]. In this case only the surface layers in the μm-mm 

range at the desired parts of the sample are activated. The sensitivity 

is high and the produced low activity level allows the free handling of 

the sample. 

  We can summarize the advantages of the TLA in the following points: 

      (i) Non-destructive remote monitoring of surface degradation,   

including wear, corrosion and erosion. 

       

     (ii) In-situ, on-line measurement of the degradation of critical 

machine-parts in operation. 

(iii) Simultaneous measurement of surface degradation of several 

components in the same machine. 

      

     (v) High sensitivity in monitoring the slow rate degrading processes. 

    

   (iv) No influence on the operating conditions of machine or system. 

 

    (vi) Very low level of radioactivity (≤ 370 KBq (=   10µCi)) 

       

  (vii) Cheaper and quicker as compared to the conventional methods 
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            The measurement of the amount of wear (corrosion, erosion) 

is based on the comparison of the measured activity values after 

different periods with the calibration curves and converting the loss 

of the activity into material loss.  

        Generally, it is essentially to establish optimum conditions for 

irradiation by taking into consideration the type and composition of 

materials of which the machine part is built of, the expected nuclear 

reactions, yields, γ - rays energies and half-lives, penetration ranges, 

etc. 

1.3 Irradiation techniques for wear measurements 

      1.3.1. Ion accelerators  

               There are two types of charged particles accelerators 

namely; linear and circular. The linear accelerators depend mainly 

on the electric fields applied within small interval gapes over the 

beam line as shown in Fig. (1.2). Cockroft-Walton accelerator is a 

commonly used device to accelerate protons up to moderate energies 

(several hundred MeV). In such accelerators, hydrogen ions are 

generated and pumped into a high electric field, which accelerates the 

ions in a number of steps [12]. 

 

      Some other types of linear accelerators were developed for applied 

research purposes like van de graff, tandem and LINAC systems. On 

the other hand, circular accelerators like the cyclotrons and 

synchrotrons can produce light and heavy ions with wide energy range. 

   

           Fig (1.3) shows the construction of the cyclotron accelerator.  

The ion beam is accelerated using the electric field which rotation is 

controlled by alternating magnetic fields. The accelerated particles 

are directed in a beam line to external target. The TLA is obtained by 

extracting the beam on air to the mechanical parts to label the tested 

area as shown in Fig. (1.4). 
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Fig. (1.2) Linear accelerator design [8]. 

 

 

 

 

 

 

Fig. (1.3) Cyclotron design [8]. 
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Fig. (1.4)  Irradiation of mechanical parts using accelerated ions [4]. 

1.3.2. Neutrons 

               The sources of neutrons are widely used for activation 

analysis to determine the elemental contents of the materials. Several 

types of neutron sources are distributed around the world for using in 

activation analysis, industrial applications, isotopes production wear 

and corrosion measurements. In the next chapter the types and 

characteristics of these sources will be described in details.  



 

 

 

 

Chapter 2 

Neutron Sources and 

Neutron Activation 

Analysis (NAA) 
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Chapter 2 

Neutron Sources and Neutron Activation Analysis (NAA) 

        2.1 Neutrons 

            Neutron is a subatomic particle with no net electric 

charge and a mass slightly larger than that of a proton. Free 

neutrons are unstable; they undergo beta decay with a mean 

lifetime of just under 15 minutes (885.7±0.8 s)[13]. They are 

produced in nuclear fission and fusion. Dedicated neutron 

sources like research reactors and spallation sources produce 

free neutrons for use in irradiation and in neutron scattering 

experiments
 
[14].                

        The neutron has been the key to nuclear power production. 

After the neutron was discovered in 1932[15], it was realized in 

1933 that it might mediate a nuclear chain reaction. In the 1930s, 

neutrons were used to produce many different types of nuclear 

transmutations. When nuclear fission was discovered in 1938, it 

was soon realized that this might be the mechanism to produce 

the neutrons for the chain reaction, if the process also produced 

neutrons, and this was proven in 1939, making the path to 

nuclear power production evident. These events and findings led 

directly to the first man-made nuclear chain reaction which was 

self-sustaining (1942) and to the first nuclear weapons in 1945. 

    2.1.1 Types of neutron sources  

            Neutron source is referring to a variety of devices that 

emit neutrons with different mechanisms of production. 

Depending upon number of factors, including the energy of the 

neutrons emitted by the source, the rate of neutrons emitted by 

the source, the size of the source, the cost of owing and 

maintaining the source,  

http://en.wikipedia.org/wiki/Subatomic_particle
http://en.wikipedia.org/wiki/Electric_charge
http://en.wikipedia.org/wiki/Electric_charge
http://en.wikipedia.org/wiki/Mass
http://en.wikipedia.org/wiki/Proton
http://en.wikipedia.org/wiki/Beta_decay
http://en.wikipedia.org/wiki/Mean_lifetime
http://en.wikipedia.org/wiki/Mean_lifetime
http://en.wikipedia.org/wiki/Neutron#cite_note-RPP-1
http://en.wikipedia.org/wiki/Nuclear_fission
http://en.wikipedia.org/wiki/Nuclear_fusion
http://en.wikipedia.org/wiki/Neutron_source
http://en.wikipedia.org/wiki/Neutron_source
http://en.wikipedia.org/wiki/Research_reactor
http://en.wikipedia.org/wiki/Spallation
http://en.wikipedia.org/wiki/Irradiation
http://en.wikipedia.org/wiki/Neutron_scattering
http://en.wikipedia.org/wiki/Neutron#cite_note-2
http://en.wikipedia.org/wiki/Nuclear_chain_reaction
http://en.wikipedia.org/wiki/Nuclear_transmutation
http://en.wikipedia.org/wiki/Nuclear_transmutation
http://en.wikipedia.org/wiki/Nuclear_fission
http://en.wikipedia.org/wiki/Nuclear_weapon
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and the governmental regulations related to source, these devices 

find use in a diverse array of applications in the area of physics, 

engineering, medicine, nuclear weapons, petroleum exploration, 

biology, chemistry, nuclear power and other industries. There 

are many reactions and processes that can be used as source of 

neutrons. The outgoing neutrons differ in intensity and kinetic 

energy. The most common neutron sources are mentioned in the 

following survey [16].
 

(I) Isotopic neutron sources 

                 
            In the case of the most frequently used isotopic  neutron  

sources an alpha emitting radioactive material is mixed with 

beryllium and an (α,n) reaction generates the neutrons[17]. 

 

Table (2.1) Some different types of isotopic neutron sources 

[18]. 

 

Neutron 

Source 
Reaction Half life 

Yield 

(n/(sec.Ci)) 

Average 

neutron 

energy(MeV) 
227

Ac-Be (α, n) 22 y 1.5x10
7
 4 

226
Ra-Be (α, n) 1620 y 1.3x10

7
 3.6 

239
Pu-Be (α, n) 2.4x10

4
 y 1.4x10

7
 4.5 

210
Po-Be (α, n) 138 d 2.5x10

6
 4.3 

241
Am-Be

 
(α, n) 432.2y 2.2x10

6
 ≈4.4 

124
Sb-Be (γ, n) 60.2 d 2.1x10

5
 ≈0.024 

88
Y-Be

 
(γ, n) 87 d 2.29x10

5
 0.158 

24
Na-Be

 
(γ, n) 14.8 h 3.4x10

5
 0.83 

252
Cf

 
(SF) 2.65 y 2.28x10

9
/mg ≈2.3 
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           The major advantage is that the isotopic neutron sources can 

be made portable and generate a stable neutron flux. But, as the 

neutron flux is rather low in comparison to a nuclear reactor their 

use in NAA is limited to the determination of elements of high 

activation cross section which are present in major concentrations 

[19].  

(a) Radium – Beryllium (α, n) source 

              The Ra-Be source was the most common way to generate 

neutrons and the long half-life of radium, which is about 1622 years, 

so that the rate of emission of neutrons would be essentially 

constant with time. But, Ra – Be sources have the disadvantages of 

emitting an intense and penetrating gamma radiation. Furthermore 

part of the radon is liberated as a free gas within the capsule 

containing the neutron source. To prevent the escape of this radon 

gas, it is required that the capsule remains all the time absolutely 

gas-tight, and made of a strong corrosion – resistant alloy, such as 

stainless steel [20]. 

 

(b) Plutonium – Beryllium (α, n) source 

             The source is constructed by mixing Pu and Be powder 

within a double layer of stainless steel. The double layer of stainless 

steel is needed to contain the toxicity of the Pu. Also the heat 

transfer is poor because of the double layer of steel. Pu-Be Source 

Fig (2.1) shows the neutron spectrum for a Pu-Be source [21]. 

           It is clear that the neutron spectrum emitted from this source 

contains several maxima and minima, where the average energy of 

the emitted neutrons is 4.5MeV. The source house was made of high 

density polyethylene and boric acid as shown in Fig (2.2) [22]. 
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Fig.(2.1) Measured leakage spectra of Pu–Be source neutrons 

[21]. 

 

 

 

 

 

 

 

 

         Fig (2.2) The housing of the Pu-Be source [22]. 
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(c) Californium neutron source  

Cf-252 is the most important isotope used for fission neutron 

production. It is now being produced in milligram to gram quantities 

by irradiation of plutonium or transplutonic nuclides in the high-flux 

(~10
14

 n/cm
2
.sec) reactors at Oak Rigide and Savannah River. 

Nuclear properties are summarized in Table (2.2). It decays by both 

alpha-particle emission and by spontaneous fission. The typical 

neutron spectrum of the Cf source is shown in Fig. (2.3)[23, 24].  

Table 2.2 Properties of 
252

Cf neutron source [23]. 

Neutron emission rate  4.4×10
9
 n/sec.g 

Neutron per fission 3.76 

Average energy < 2.35 MeV 

Capsule size <1 ml 

Effective half-life 2.65 y 

γ-dose rate at 1 m 2.6×10
3
 rem/(hr.g) 

n-dose rate at 1 m 2.2×10
3
 rem/(hr.g) 

 

 

 

 

 

 

 

 

 



Chapter 2     Neutron Sources and Neutron Activation Analysis(NAA)  

 14 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2.3) Neutron spectrum of the Cf source [24]. 

(II) Neutron generators 

            Neutron generator is a small linear accelerator with high 

beam current of deuterons [25]. The design of this generator is 

based only on two reactions, 
2
H (d, n)

3
He and 

3
H(d,n)

4
He. These 

two reactions are sometimes called D-D and D-T reactions, 

respectively. In D-T reaction the energy of the resulting neutrons is 

~14.6 MeV while in D-D reaction is about 2.6 MeV. There are two 

types of neutron generators: 

 

(i) Accelerator based neutron generators 

(ii) Sealed tube neutron generator 
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            The major component sections in neutron generators are 

high voltage power supply, ion source, accelerator tube drift tube, 

target assembly, vacuum and cooling systems. The average yield is 

up to 10
9
 n/sec with maximum output of about 10

11 
n/sec. The NAA 

using neutron generators are employed to determine the elemental 

contents of high cross section data within the fast neutron energy 

range. 

Table (2.3) Examples of elements of geochemical interest 

determined by the fast neutrons of generators [26] 

  

Magnesium 
26

Mg(n,α)
23

Ne T½ = 37.6 s 

Aluminium 
27

Al(n,p)
27

Mg T½ = 9.5 min 

Silicon 
28

Si(n,p)
28

Al T½ = 2.3 min 

Titanium 
46

Ti(n,p)
46m

Sc T½ = 18.7 s 

Iron 
56

Fe(n,p)
56

Mn T½= 2.58 h 

Zirconium 
90

Zr(n,2n)
89m

Zr T½ = 4.2 min 

Nickel 
60

Ni(n,p)
60m

Co T½ = 10.5 min 

        

(III) Charged particle accelerators for neutron production 

Particle accelerators have been developed for acceleration of 

electrons and protons to many GeV, and heavier ions to energies of 

tens of MeV. Accelerators are considered as sources of neutrons 

with different values of energies. These can be provided by the 

following (p,n) and (d,n) reactions [25]:  

n)(d, 

MeV 790.3

MeV 0.52

     MeV 588.17

MeV 265.3

                      

n)(p, 
MeV 764.0

        MeV 646.1

                      

1029

727

423

322

313

71































nBHBe

nBeHLi

nHeHH

nHeHH

nHeHH

nBeHLi
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 High yield of fast neutrons can be obtained by allowing 

accelerated ions to hit a thick target of appropriate material. The 

obtained neutrons are polyenergitic with maximum and average 

energies that depend on the neutron producing reaction.  

(IV) Nuclear reactors 

            Owing to the high neutron flux, experimental nuclear 

reactors operating in the maximum thermal power region of 100 

kW-10 MW with a maximum thermal neutron flux of 10
12

-10
14

 

neutrons cm
-2

 s
-1

 are the most efficient neutron sources for high 

sensitivity activation analysis induced by epithermal and thermal 

neutrons.  

                 

                The reason for the high sensitivity is that the cross section 

of neutron activation is high in the thermal region for the majority 

of the elements. There is a wide distribution of neutron energy in a 

reactor and, therefore, interfering reactions must be considered. In 

order to take these reactions into account, the neutron spectrum in 

the channels of irradiation should be known exactly, e.g if thermal 

neutron irradiations are required, the most thermalized channels 

should be chosen. Research reactors often have ports through which 

neutron beams emerge into experimental areas outside the main 

reactor shielding. These neutrons are usually degraded in energy, 

having passed through parts of the reactor core and coolant as well 

as structural materials as shown in Fig(2.4) [26]. 
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Fig (2.4)  Neutron beam lines installed on a reactor core.  

 

 2.1.2 Neutrons classification  

         It is possible to classify neutrons of a variety of energies into 

fairly definite groups. The divisions occur to study their interaction 

with nuclei according to their kinetic energy. The neutron 

classification is also useful in the design of neutron sources and 

detectors. The common system of classification is [27]. 

(I) Slow neutrons 

These neutrons have energy from zero to about 100 eV. In 

this range a number of sub classifications could be done: 
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 (a) Thermal neutrons 

             Thermal neutron are free neutrons and belong to  

Boltzmann distribution with kT = 0.0253 eV (4.0×10
−21

 J) at room 

temperature. This gives characteristic (not average, or median) 

speed of 2.2 km/s. The name 'thermal' comes from their energy 

being that of the room temperature gas or material they are 

permeating. After a number of collisions (often in the range of 10–

20) with nuclei, neutrons arrive at this energy level, provided that 

they are not absorbed. In many substances, thermal neutrons have a 

much larger effective cross-section than faster neutrons, and can 

therefore be absorbed more easily by any atomic nuclei that they 

collide with, creating a heavier  and often unstable - isotope of the 

chemical element as a result. Most fission reactors use a neutron 

moderator to slow down, or thermalize the neutrons that are emitted 

by nuclear fission so that they are more easily captured, causing 

further fission.  

 

(b) Cold neutrons  

 
These neutrons are not produced by refrigeration, but by a 

device that depends on the coherent scattering of slow neutrons. 

Cold neutrons have energies less than 0.002 eV. This is well below 

the average energy of thermal neutron at room temperature. 

 

(c) Epithermal neutrons  

 
When neutrons of higher energy enter a material medium 

such as a moderator, they achieve thermal equilibrium with the 

molecules of the medium. This usually happens at energy greater 

than ~ 0.5 eV. Such neutrons are called epithermal neutrons. 

 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/Joule
http://en.wikipedia.org/wiki/Atomic_nucleus
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(d) Resonance neutrons  

 
In the range of energies between 1 to 100 eV, various nuclei 

exhibit strong absorption of neutrons at well defined energies. This 

absorption is called resonance absorption, and the neutrons having 

the corresponding energies are known as resonance neutrons. 

(II) Intermediate neutrons  

            The region of energy from 1 keV to 500 keV is often 

considered as the intermediate range of neutron energies. In 

addition, these neutrons mostly suffer elastic scattering.                                                                                                                                

(III) Fast neutrons  

             These are neutrons having energies from 0.5 MeV to 

10MeV, and are produced by many types of nuclear reaction. The 

most important reaction produced by fast neutrons is the inelastic 

neutron scattering. 

(IV) Very fast neutrons  

These have energies from 10 MeV to 50 MeV. Their nuclear 

reaction involve the emission of one or more charged particles such 

as (n, 2n), (n,p), … etc. 

(VI)Ultra fast neutrons  

            These neutrons have energies have energies exceeding 50 

MeV and are produced in (p,n) reaction, by very high energy proton 

accelerated by high energy accelerators . In addition, they are 

available in the cosmic rays. A typical nuclear reaction is the 

spallation reaction in which a nucleus breaks up into a large number 

of fragments by the impact of such neutrons.  
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Fig (2.5) A typical reactor neutron energy spectrum showing 

the various components used to describe the neutron energy 

regions [28]. 

2.1.3. Neutron interactions  

Since a neutron has no charge it can easily enter into a 

nucleus and cause reaction. Thus, the neutrons do not require kinetic 

energy to overcome the coulomb field of the nucleus. Neutrons can 

interact in various ways [29] with nuclei such as:  

(I) Scattering reactions  

          A neutron scattering reaction occurs when a nucleus, after 

having been struck by a neutron, emits a single neutron. Despite the 

fact that the initial and final neutrons do not need to be the same, the 

net effect of the reaction is as if the projectile neutron had merely 



Chapter 2     Neutron Sources and Neutron Activation Analysis(NAA)  

 21 

scattered from the nucleus. The two categories of scattering 

reactions are elastic and inelastic scattering as follow:  

(a) Elastic scattering  

       In an elastic scattering reaction between a neutron and a target 

nucleus, there is no energy transferred to nucleus excitation. 

Momentum and kinetic energy of the system are conserved although 

there is usually some transfer of kinetic energy from the neutron to 

the target nucleus. The target nucleus gains the amount of kinetic 

energy that the neutron losses, this reaction can be described as (n, 

n
\
). 

 The reaction formula is written in the form:   

                             n + 
A
X → 

A
X + n  

     Elastic scattering of neutrons by nuclei can occur in two ways; 

one of them is the resonance elastic scattering, in which the incident 

neutron is captured by the target nucleus and a compound nucleus 

formed, then this neutron is reemitted with nearly its original 

energy, this is also known as compound elastic scattering. The 

second is termed potential elastic scattering, in which the neutron 

does not actually touch the nucleus and a compound nucleus is not 

formed. Therefore, the change is in the direction of motion of the 

neutron. Elastic scattering becomes more important process for 

energy loss of neutrons on light nuclei. 

(b) Inelastic scattering  

         Unlike elastic scattering, the inelastic scattering leaves the 

target nucleus in an excited state. The reaction is written as A(n, 

n)A or 

 

                           n + 
A
X → 

A
X

*
 + n  

 

In such a process the incoming neutron is absorbed by the nucleus 

forming a compound nucleus.  
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     The compound nucleus is unstable and quickly emits a neutron 

of lower kinetic energy. Since it still has some excess energy it goes 

through one or more γ-decays to return to the ground state. This 

reaction can be described by (n, n) where n, represent the incident 

neutron and n, is the re-emission neutron with lower energy.  

(II) Neutron capture reactions 

Radioactive capture is a very common reaction involving 

neutrons [30]. In such a reaction, a nucleus absorbs the neutron and 

goes into an excited state. To return to stable state, the nucleus emits 

γ-rays. In this case no transmutation occurs, however the isotopic 

form of the element changes due to increase in the number of 

neutrons. The reaction is represented by 
A
X (n, γ) 

A+1
X or 

 

                             n + 
A
X → 

A+1
X + γ 

 

 

Radioactive capture is generally used to produce radioisotopes, such 

as Cobalt-60:  

 

                         n + 
59

Co → 
60

Co + γ 

 

         The neutron is absorbed by the target nucleus and forms an 

excited compound nucleus that emits its excess energy as gamma 

radiation. Here the gamma radiation represents Q value of that 

reaction, which equals the difference in the masses on the two sides 

of the equation. This process most common occurs with slow 

neutrons. The compound nucleus resulting from this process has 

almost excitation energy of the order of 8 MeV. 
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(III) Transmutation reactions  

      The process occurs when a neutron of high energy, in the range 

of one to several tens of MeV, strike a nucleus and form a 

compound nucleus that then ejects different particles.  

         Therefore the target nucleus is changed from one element to 

another, so that; this reaction is called a transmutation. Fig.(2.6) 

represents various nuclear transformations according to the nuclear 

chart arrangement of radionuclides. The most common examples of 

transmutation reaction are:  

(a) (n, 2n) reactions  

      
        The occurrence of the (n,2n) reaction is limited to neutrons 

with high kinetic energies, roughly from 10 MeV upward. The 

product nucleus is isotopic with the target nucleus. The reason of 

occurrence of  (n,2n) reaction is that if the residual nucleus, 

remaining after  an (n,n) reaction, still has excitation energy greater 

than the binding energy of a neutron, a second neutron will be 

emitted. The probability of the emission of the second neutron 

exceeds considerably the probability of de-excitation by emitting 

gamma radiation, as is known from the general theory of nuclear 

reactions.  

 

(b) (n, p) and (n, α) reactions  

 
        Experiments have revealed that charged particles may be 

emitted from the compound nucleus formed by the capture of a 

neutron. For an (n,p) reaction the nuclear equation becomes :  
                                                   

                                                    
  

 

Similarly for the (n,α) reaction:  
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         In any case, the excitation of the compound nucleus by the 

entering neutron must be sufficient to give the ejected charged 

particle an appreciable probability of penetrating the nuclear 

Coulomb barrier. Therefore, this kind of reactions is restricted to 

neutrons of energies in the MeV range.   

Target 

Nucleus

(n,p)

(n,)(n,2n)

(n,)

N-1 N N+1

Z

Z-1

Z-2

N
u

m
b
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f 
p
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to

n
s 

Number of neutrons 

(n,pn)

 

Fig(2.6) Nuclear transformation by neutron interaction. 

(IV) Fission reactions  

         One of the most important interactions that occurs with 

neutrons is the fission process, in which the nucleus of an atom 

splits into two smaller nuclei known as fission fragments and emits 

large amounts of energy and additional free neutrons. Hence fission 

products include free neutrons, photons in the form of gamma rays, 

and other fragments such as beta and alpha particles. 

         This reaction occurs with certain nuclei of high atomic and 

mass numbers, and can be described by (n,f) reaction. The fission 

process can become a chain reaction producing large amount of 

neutrons which become source to a nuclear reactor.  
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      The neutron energy required to cause fission depends on the 

nuclear properties of the target. Thus 
235

U for example has a large 

cross section for thermal neutron, whereas 
238

U undergoes fission 

only if irradiated by fast neutrons. 

(VI) Spallation reactions  

At ultra-high energies, over 150 MeV, neutrons may strike a 

nucleus in which it breaks up into a large number of fragments and 

producing a shower of secondary particles. This reaction is called 

spallation reaction. 

2.1.4. Neutron cross-section concept  

        Although a neutron beam has a relatively wide range, there are 

always some neutrons absorbed in the matter. The characteristic 

quantity for this absorption is called attenuation coefficient and is 

denoted by μ. If a beam of neutrons with intensity Io passing 

through a material, then it will suffers exponential attenuation. The 

intensity of a neutron beam at a distance x from origin can then be 

evaluated from [31]:  

                               I = Io e
-μx 

                                   (2.1)  

       Where μ is the linear attenuation coefficient of neutrons and x 

is the target thickness. The attenuation coefficient has the unit cm
-1

. 

It is also called macroscopic cross-section (Σ) which is the 

probability of neutron interaction per one centimeter. The 

attenuation coefficient can also be written in terms of the total 

nuclear cross section σt, such as 

 

                         μ = Nσt = (NAρ/A) σt               (2.2) 

 
Where N is the number density of nuclei in the material, which can 

be computed from N = NAρ/A, where NA is the Avogadro’s number, 

ρ is the weight density of the material, and A is its atomic weight. 

The attenuation coefficient can then be computed from: 

      



Chapter 2     Neutron Sources and Neutron Activation Analysis(NAA)  

 26 

      The mass attenuation coefficient is the attenuation coefficient 

divided by the density of the target material, and is equal to:  

                      μm = μ/ρ =( NA / A ) σt                            (2.3)    

The microscopic cross-section can be used for defining a quantity 

called reaction rate RR. Its meaning gives the number of reaction 

per unit time.  

                         RR =  Σ . Φ  . V                                       (2.4)  

Where, Φ = neutron flux, V = target volume. The microscopic 

cross-section can be defined as the area within which the number of 

nuclei – neutron reaction taking place. The unit of the microscopic 

cross-section is cm
2
, but usually barn is used. The relation between 

microscopic and macroscopic cross-section corresponds to the 

physical meaning:      

                  Σ = n.σ         n    =   (ρ/A) NA                        (2.5)  

 
Where, n = number of nuclei per unit volume, ρ = the density of the 

material in gm/cm
3
.  

      The dependence of neutron microscopic cross-section on energy 

of the neutron usually consists of three parts as in figure (2.7) [22]. 

The first part (E ~ 1 eV)   is called "1/v region", because the 

dependence approximately is proportional to 1/v, where v is the 

neutron velocity.  

In this region  

             σ (E)  = σ0 ( E0/ E )
1/2

 = σ0 ( v0/v )            (2.6)  

Where, σ0 = microscopic cross-section at the velocity v0 = 2200 

m/s, E0 = energy of the neutron at the velocity v0. The second 

region (E from ~1 eV to ~ 10
3
 eV) is characterized by large 

extremely changes of the microscopic cross-section and is 

called "resonance region". In the third region (E more than ~ 
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10
3
 eV) the microscopic cross-section approaches to the 

physical cross- section of the target nucleus.  

  

Fig.(2.7) Typical dependence of the microscopic cross-section 

on neutron energy [32]. 

2.1.5. Neutron thermalization  

   The process of reducing the energy of a neutron to the 

thermal region by elastic scattering is referred to as thermalization, 

slowing down, or moderation. Neutrons whose energies have been 

reduced to values in this region (< l eV) are designated thermal 

neutrons. The material used for the purpose of thermalizing 

neutrons in a small number of collisions but does not absorb them to 

any great extent. Since neutrons are neutral particles, they cannot 

lose energy via ionization; hence they are slowed down by 

collisions with nuclei. Fission neutrons are produced at an average 

energy of 2 MeV and immediately begin to slow down as a result of 

numerous scattering reactions with a variety of target nuclei. After a 
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number of collisions, the speed of a neutron is reduced to such an 

extent that it has approximately the same average kinetic energy of 

the atoms or molecules of the medium in which the neutron is 

undergoing elastic scattering. This energy which is small fraction of 

an electron volt at ordinary temperature (0.025 eV at 20.5 
0
C), is 

frequently referred to as the thermal energy, since it depends upon 

the temperature of the medium.  

2.1.6. Measurements of neutron flux 

Neutrons have mass with neutral net electrical charge. 

Because of this they can not directly produce ionization in a 

detector, and therefore can not be directly detected [33]. This means 

that neutron interacts with a nucleus to produce secondary charged 

particles. These charged particles are then directly detected and 

from them the presence of neutrons is deduced. The secondary 

charged particles may be protons released by collision of neutrons 

with hydrogen nuclei, or they may be the direct result of nuclear 

disintegration produced by neutrons, like the alpha particles, or they 

may be the radioactive radiations from product nuclei which 

become radioactive as a result of neutron capture. The later methods 

known as foil activation method and will be discussed later.  

       One method of detecting the thermal neutrons is by using the 

thermal neutron / boron-10 reaction. Another thermal neutron 

detector that is frequently used in nuclear reactors is the fission 

chamber.  Proportional counters and pulse ionization chambers, 

using boron trifluoride enriched in 
10

B as a filling gas, are the most 

commonly used devices in the electrical detection of thermal 

neutrons. The detection process is based on the (n,α) reaction 

according to the nuclear reaction :  

       

                               
10

B + 
1
n → 

7
Li

*
 + α    
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       This has a large thermal cross-section of 4010 barns. The 

released alpha particles and 
7
Li

*
 nuclei, produce high specific 

ionization in gases. The pulses from both ion chambers and 

proportional counters have heights proportional to the primary 

ionization.  

But the rise time of the pulses is shorter in the proportional counter 

than in the ion chamber. This faster rise of the pulse gives 

proportional counters an important advantage over ion chambers. 

2.1.7. Flux measurement by thin foil activation 

      This method combines principles of activation and resonance 

absorption. When neutrons with energies equal to the resonance 

energy of the nucleus strike the foil, they are absorbed. Neutrons 

that are not at this resonance energy are much less significantly 

influenced. When neutrons are absorbed into the foil, the absorbing 

nuclei become radioactive, and the foil activity can then be 

measured by gamma rays spectrometers. According to the activity 

of the foils measured by the gamma detector and the corresponding 

cross-section of the activation reactions, it is possible to determine 

the neutron flux [34]. 

When a very thin sample is irradiated, the rate of activation is 

directly proportional to the neutron flux, so that, this method turns 

to be very useful for neutron flux determination at different nuclear 

facilities, such as reactors and natural neutron sources. But the thick 

samples perturb the neutron flux and depress the rate of activation 

requiring more elaborate treatment. 

There are two categories of foil reactions; threshold and non 

threshold. Non- threshold reactions occur with non-zero probability 

with the whole spectrum of neutrons, depending on the 

corresponding cross-section. These reactions typically have a cross-

section similar to that in figure (2.7) and are thus used mainly for 

the determination of thermal neutron fluxes.  
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Threshold reactions, on the other hand, can only happen with 

neutrons with kinetic energy above the threshold energy, since the 

reaction itself can not proceed at lower energies. The threshold 

usually equals to several MeV and these reactions are thus used for 

fast spectrum analysis. If, instead of using one foil, we use several 

different foils, each with different resonance energy, we can 

determine the number of neutrons of different energies that passed 

through the foils. 

Materials suitable for determining slow neutron fluxes by the 

foil activation technique are gold, indium, silver and dysprosium. 

They have a large activation cross-section for the (n,γ) reaction and 

hence yield a radioactive product with convenient half-life , so that 

they can be used as sensors for neutrons. 

         The percentage isotopic abundance in the natural element, the 

activation cross-section for resonance neutrons, and the half-life of 

the radioactive product are given for each nuclide as listed in table 

(2.4) which has been used in the foil activation method [30]. 

      Finally, the advantages of the foil activation technique are: [35; 

36]  

 No electrical connection is required.  

 Foils can be very thin and located close to the actual samples 

which are under neutron irradiation testing. 

 No manipulations are needed during the irradiation run.  

 Foils can be transferred to the counting station after the 

irradiation by means of a remote handling system.  

 Tolerance of foils to high radiation field. 
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Table (2.4)  Isotopes that can be used to detect slow neutrons 

by thin foil activation. 

Target Isotopic 

Abundance 

(%) 

σact (barns) Product 

Isotope 

Half-life 

107
Ag 51.83 45± 4 

108
Ag 2.41min 

109
Ag 48.17 3.2 ± 0.4 

110m
Ag 250.4 

day 

86.3±3 
110

Ag 24.4 sec 
113

In 4.3 56 ± 12 
114m

In 49.5day 

3.9±0.4 
114

In 71.9 sec 

115
In 95.7 162.3±0.7 

116m
In 54.12 

min 

40±2 
116

In 14.1sec 

197
Au 100 98.8±0.3 

198
Au 2.695 

day 
164

Dy 28.18 1700±250 
165m

Dy 1.15 min 

1000±150 
165

Dy
 

2.35 hour 

 

2.1.8. Moderation and shielding of neutron 

 
Fast neutrons, the high energy particles that emerge from an 

accelerator target or from a reactor, are slowed down or moderated, 

to lower energies by placing a suitable material in the path of 

neutrons. Hydrogen rich substances are quite efficient for doing this 

as neutrons will lose more energy per collision with light atoms than 

with more massive substances [37]. Efficient moderators include 

water, plastics and paraffin. This is one reason why nuclear reactors 

are immersed in tanks of water.  
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This process slows down the neutrons to thermal energies 

that may only be a fraction of an eV.   

 The slowing of the neutrons may cause damage and induce 

other nuclear reactions. For example, if a thermal or near thermal 

neutrons is captured by hydrogen, a gamma ray will be released. 

Some substances will become radioactive as a result of exposure, 

causing the release of radiation even after the source of neutrons has 

been removed 

The properties of neutrons makes efficient shielding a more 

complicated affair than, for example, shielding from x- ray or 

charged particles. Neutrons have to be slowed down and captured. 

But this process results in additional forms of radiation being 

produced and these have to be addressed as well.  

  

2.2 Neutron activation analysis (NAA) 

NAA was discovered in 1936 by Hevesy and Levi[38],
 
who 

found that samples containing certain rare earth elements became 

highly radioactive after exposure to a source of neutrons. This 

observation led to the use of induced radioactivity for the 

identification of elements. The NAA is a sensitive multi-element 

analytical technique used for analysis of major, minor, trace and 

rare earth elements. It is significantly different from other 

spectroscopic analytical techniques in that it is based not on 

electronic transitions but on nuclear transitions. To carry out a 

NAA analysis the specimen is placed into a suitable irradiation 

facility and bombarded with neutrons, this creates artificial 

radioisotopes of the elements present. Following irradiation the 

artificial radioisotopes decay via the emission of particles or more 

importantly gamma-rays, which are characteristic of the element 

from which they were emitted. 

 

 

http://en.wikipedia.org/wiki/George_de_Hevesy
http://en.wikipedia.org/wiki/Rare_earth_elements
http://en.wikipedia.org/wiki/Radioactive
http://en.wikipedia.org/wiki/Neutrons
http://en.wikipedia.org/wiki/Chemical_element
http://en.wikipedia.org/wiki/Radionuclide
http://en.wikipedia.org/wiki/Gamma_ray
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Neutron activation analysis (NAA) has been developed into a 

reliable and powerful analytical method for trace element analysis 

allowing to the determination of over 60 elements, with good 

accuracy and low detection limits. 

2.2.1 Advantages of NAA 

               NAA is a physical technique that is based on nuclear 

reactions whereby the elemental content is determined by irradiating 

the subjected sample with neutrons, creating radioactive forms of 

the desired element in the sample. As the sample becomes 

radioactive from the interaction of the neutron and the nuclei of the 

element’s atoms, radioisotopes are formed that subsequently decay, 

emitting gamma rays unique in half-life and energy. These distinct 

energy-signatures provide positive identification of the target 

element(s) present in the sample, while quantification is achieved by 

measuring the intensity of the emitted gamma rays that are directly 

proportionate to the concentration of the respective element(s) in the 

sample. When neutrons activate the nucleus of the atom, it allows 

the total elemental content to be observed regardless of the 

oxidation state, physical location, or chemical form of the desired 

element. Since neutrons possess the ability to pass through most 

materials with little difficulty, this allows the center of the sample to 

become as radioactive as the surface, thereby reducing or even 

eliminating the potential for matrix effects. Because neutron 

activation can be applied to any element with an appropriate 

isotope, nearly 70% of elements in the Periodic Table can be 

analyzed by NAA. 

         Unlike traditional multi-element analysis techniques, pre-

treatment of samples is normally not required. In most cases, the 

only requirement is that the sample may need to be reduced to a 

more suitable size for packaging and the irradiation process. Other 

advantages of NAA include [39]. 
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 No sample digestion, extraction, volume loss, or dilution 

required.  

 No potential for contamination due to handling or laboratory 

chemicals.  

 One simple procedure can analyze 30 elements 

simultaneously.  

 High sample volume capabilities.  

 Cost effective & affordable for small and large sample 

quantities. 

 Quick turnaround – standard results available within 5-10 

working days.  

 Faster turnarounds possible – 24 hrs to 3 days.  

 Limited sample volume capability – gram, milligram and 

microgram in many cases.  

 High precision – reproducibility of quality controls over long 

periods of time (years) is often better than 2% relative 

standard deviation (RSD).  

 Primary analytical method used by the National Institute of 

Standards & Technology (NIST) to certify elemental 

concentrations in Standard Reference Materials (SRMs).         

 Some elements cannot be determined by neutron  activation 

analysis (NAA) for instance the light elements (H, Be, B, C, 

N, O)  

 

2.2.2 Applications of NAA 

 
    Neutron activation is an established analytical technique for 

determining trace elements in a wide variety of materials in solid, 

liquid, or gaseous states. Among the potential applications for which 

NAA has been utilized are: 

 Monitoring of the wear and corrosion of mechanical parts. 

 Polymers, resins, adhesives, and organic solids to measure 

for trace metals, trace catalyst residues, or to verify known 

inorganic elemental constituents.  
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 Pharmaceutical materials to measure for ultra trace-

impurities, catalyst residues, and for determining methods for 

reducing or eliminating impurities from final products.  

 Semiconductors and high-purity analysis to measure ultra 

trace-element impurities and to verify procedures for 

reducing or elimination of impurities in final products.  

 Fine chemicals, solvents, and organic liquids to determine 

the presence of trace catalyst residues, ultra trace-impurities, 

or to verify known inorganic constituents.  

 Environmental applications and studies to characterize 

pollutants, determine their sources and methods of reduction.   

 Forensic studies as a non-destructive method to analyze 

evidence as an aid to the investigation and prosecution of 

criminal cases.  

 Archeological studies to fingerprint artifacts and to determine 

places of origin as a means to understand activities of plants, 

animals, and humans from our past.  

 Nutritional & epidemiological studies to investigate the 

contribution of diet, occupation, and lifestyle on chronic 

diseases. 

2.2.3. Forms and elements applicable for NAA 

          A major advantage of NAA methods for both simple and 

complicated matrices is that the techniques available can be made 

highly selective, and that operational parameters can be exploited so 

that maximum sensitivity can be achieved for the desired 

element(s). Variation of the type, energy, or flux of the irradiating 

neutrons allows for the selective analysis of certain elements to be 

enhanced. Differences in half-lives among activated element species 

can also be exploited as a means to discriminate among elements in 

the counting process. Among the types of NAA and element-

specific forms available are the following procedures: 
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2.2.4. Instrumental neutron activation analysis (INAA) 

          INAA is the most common form of activation analysis offered 

and utilized for individual and multi-elemental analysis. 

Instrumental indicates that no chemical pretreatment is performed 

on the sample prior to the irradiation process. The samples are 

simply packaged, irradiated for the specified length of time, allowed 

to decay, then counted, and the element results verified and 

reported.  

2.2.5. Radiochemical neutron activation analysis (RNAA)  

      RNAA is another type of NAA in which the sample irradiation 

is followed by chemical processing or treatment. This process is 

designed to separate specific elements or groups of elements so that 

ultimate selectivity and sensitivity for the desired element is 

achieved. Since the chemistry is performed after the irradiation 

process, there is no opportunity for sample contamination as only 

the desired element will be radioactive.  
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Chapter 3 

Experimental Setup 

 

The experimental part includes measurements of the 

enhanced wear and corrosion on selected samples of stainless steel 

of different composition. First the samples were analyzed using the 

Energy dispersive x-ray spectrometer (EDX) to determine the 

elemental composition. Inactive measurements procedures as well 

as neutron activation analysis of the samples were done as described 

in the following sections.  

3.1 Composition of stainless steel 

The composition of stainless steel first starts with Chromium. 

When steel is combined with 10.5% Chromium the resultant alloy is 

classified as "stainless steel". When Chromium is added to steel, its 

natural affinity for Oxygen creates a stable Oxide surface film. This 

protects the surface of the metal from further physical or chemical 

changes.  

The composition of stainless steel falls into four groups: 

Martensitic, Ferritic, Austenitic and Duplex. Fig. 3.1 shows the 

classifications of the stainless family according to their Ni and Mn 

composition. 
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Fig. (3.1) Stainless steel family. 

(I) Martensitic group 

           This group of stainless steel contains 12 to 14% Chrome and 

0.08 to 2.0% Carbon. The addition of Carbon makes the steel 

respond well to heat treatment, resulting in different mechanical 

strengths, such as hardness and corrosion resistance. These 

mechanical properties make this magnetic steel perfect for a wide 

variety of applications as shown in Fig(3.2) some examples. 
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                               Fig (3.2) Martensitic group. 

Type 410 Stainless Steel contains 13% Chrome and 0.15% Carbon. 

This alloy exhibits good ductility and resistance to corrosion. This 

steel alloy is easily forged and machined, as well as showing good 

cold working properties. 

Type 416 is usually supplied in bar form and is similar to Type 410; 

however mach inability is improved by the addition of Sulphur. 

Type 431 stainless steel is another steel alloy more often seen in bar 

and this composition of stainless steel includes 17% Chrome, 2.5% 

Nickel, 0.15% Carbon, which gives it a better corrosion resistance 

than 410 and 416. 

(II) Ferritic group 

           This group of stainless steel starts with a minimum of 17% 

Chrome and 0.08 to 0.2% Carbon. The higher percentage of 

Chromium increases the metal's resistance to corrosion at high 

temperatures, but its uses are limited because it cannot be heat 

treated. This is another stainless steel alloy that is magnetic. 
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Type 430 is a typical Ferritic steel with good corrosion resistance in 

temperatures up to 800°C. However, because it does not machine 

well, it is usually seen as strip and sheet metal. 

 

Fig. (3.3) Ferritic group. 

(III)Austenitic group 

         The composition of this non-magnetic stainless steel consists 

of 17 to 25% Chromium and 8 to 20%. Other elements are then 

added so the steel will have certain properties. Steels in this group 

have a useful range of physical and mechanical properties as shown 

in Fig. (3.4). 
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Fig. (3.4) Austenitic group. 

 

Type 304 is an economic alloy that displays good corrosion 

resistance in fresh water, but is not recommended for seawater. 

 Type 321 is similar to Type 304, but has Titanium added in direct 

proportion to the metal's carbon content. The resultant stainless steel 

has improved high temperature properties. 

Type 347 stainless steel uses Niobium instead of the Titanium used 

in Type 321. 
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Type 316 stainless steel has 2 to 3% Molybdenum added which 

increases the corrosion resistance. While used in offshore 

environments, this alloy still pits when fully immersed in seawater, 

although the 12% Nickel does ensure the metal maintains the 

austenitic structure. 

Type 317 while similar to 316, is more resistant to pitting when in 

cold seawater due to the 3 to 4% Molybdenum.6 Moly, aka UNS 

S31254, with its higher levels of Molybdenum and Chromium has a 

high resistance to seawater. 

L Grades of Austenitic grades have a reduced tensile strength due 

to the lower Carbon content of 0.03 to 0.035%. 

(IV) Duplex stainless steels group 

             Often identified by UNS numbers, with a balance of 

Molybdenum, Chromium, Nickel and Nitrogen.  This group of 

steels is a mix of ferrite and austenite. These are highly resistant to 

corrosion and have high strength. Due to dangers of embitterment, 

temperature ranges for extended use range from -50 to +300°C. 

UNS S31803 has a composition of stainless steel that includes 

0.03% max Carbon, 0.15% N, 3% Mo, 22% Cr, and 5.5% Ni. It is 

typical of Duplex stainless steels and the most widely used. 

UNS S32304 is a low alloy Duplex somewhat similar to 316's 

corrosion properties, but with a tensile property that is 

approximately double that of 316. It is most often used in structures 

where mechanical strength is vital. The composition of stainless 

steel of this type is 0.1% N, 4% Ni, 0.03% max Carbon and 23% Cr. 

UNS S32750 is a super Duplex with enhanced resistance to 

corrosion and good mechanical properties. The typical composition 

of stainless steel of this type of 0.28% N, 4% Mo, 7% Ni, 0.03% 

max Carbon and 25% Cr.  
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3.2 Samples description 

Three types of  an unknown stainless steel samples were used 

in the present work one of them was in a form of stainless steal foil 

of thickness 25µm dedicated to be used with the target station of the 

isotope production beam line of the MGC-20 cyclotron. The other 

two samples were in a form of stainless steal rods. 

 

3.3 Analysis of the stainless steel samples using EDX  
 

            Energy Dispersive x-ray (EDX) spectrometer type JSM-

5600-LV was used to analyze the elemental composition. The used 

system is supported with high resolution scanning Electron 

Microscope (SEM). The absolute percentage of the elemental 

composition is given in table (3.1) for all the investigated samples.  

Table (3.1) Elemental analysis of stainless steal samples 

using EDX 

EDX % 

Element Disk 

sample 

Rod 

sample 

Foil 

sample 

Al 0.31 -- 1.02 

Si 0.58 0.17 1.04 

S 0.15 0.07 -- 

Ca 0.09 0.04 -- 

Ti 2.19 -- 2.19 

Cr 18.30 19.12 12.42 

Mn 0.87 2.12 1.14 

Fe 70.73 70.74 8.82 

Co -- -- 43.00 

Ni 8.87 7.72 26.59 

Mo -- -- 3.37 
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3.4 Inductively Coupled Plasma Atomic Emission 

Spectrometry (ICP-AES).  

                 The ICP is used to analyze the sample where the sample is 

mobilized then transferred to argon plasma. It is decomposed, 

atomized and ionized whereby the atoms and ions are excited when 

the atoms or ions return to lower levels of energy, each element 

emits light at a characteristic wave length and these lines can be 

used for quantitative analysis after a calibration. The absolute 

percentage of the elemental composition is given in table (3.2) for 

foil and disk samples.  

Table (3.2) Elemental analysis of stainless steal samples 

using ICP-AES 

Element Foil 

sample 

% 

 Disk 

sample 

% 

Al --------- ------- 

Si ---------- ------- 

Ti 1.64 0.055 

Cr 6.76 11.11 

Mn 0.89 0.88 

Fe 9.66 65.15 

Co 23.54 ------- 

Ni 23.54 9.34 

Cl ------ ------ 

Ca ------- ------ 
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3.5 Inactive wear measurements  

The samples were exposed to mechanical wear using the 

system shown in fig. (3.5). The system consists of supporting arm 

which fix the sample on a rotating polishing sheet of mesh size 1000 

particles/cm
2
. The arm was pressed on the sample using variable 

load. A flexible spring is fixed above the sample to keep the sample 

surface in contact with the polishing sheet. The change in the 

sample weight was calculated by weighing the sample before and 

after wearing process. The wear time was fixed for all the samples.    

 

Polishing sheet

Rotating disk

motor

Belt 

Stainless sample

 Supporting 

spring

 Supporting arm

Load

 

Fig. (3.5) Setup of the used polishing system for enhanced 

wear measurement.  
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3.6 Inactive corrosion measurements 

 
The investigated sample was immersed in aquaregie solution 

contains HCl (33.3%) + HNO3 (66.6 %).   

 

The factors affecting the corroded thickness are: 

 

(i) The etching time required to remove the required thickness 

 

(ii)  Surface roughness 

 

(iii) Reproducibility of the removed thickness  

 

The loss of the sample weight was measured by weighing the 

sample before and after corrosion.   

 

3.7 Detection system  

            A typical gamma ray spectrometer consists usually of:  

        - Gamma ray detector,  

        - Detector bias, 

       - High voltage power supply, 

       -  Preamplifier and amplifier, 

       -  Multi – channel analyzer (MCA). 

These components are presented schematically in fig (3.6) 
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Amplifier

Power 

supply
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Sample
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Nitrogen

 

Fig (3.6) Schematic diagram of gamma ray spectrometer 

3.7.1 HP(Ge) Gamma ray detector 

                     Gamma-ray photons do not have an intrinsic charge 

and therefore do not create ionization or excitation of the medium it 

is passing through directly. Thus the detection of gamma-rays 

depends on the interaction of gamma-rays with matter and these 

interaction mechanisms therefore play an integral part in that 

partition. 

         High purity germanium or simply HPGe, detector is a 

semiconductor diode type detector. The detector is formed by 

setting up two different regions in the semiconductor, p (excess hole 

concentration) and n (excess electron concentration) between these 

two regions a charge imbalance exists. This region is the depletion 

region, and it extends into both the p and n sides of the junction.  
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           If the number of charges on both sides equal, the region is the 

same on both sides. Electron – hole pairs formed in the depletion 

region by the electric field and their motion constitutes the basic 

electrical signal. By reverse biasing the p-n junction, very low 

current will cross the junction. The width of the depletion region 

increases and the noise properties of the semiconductors improve. 

The depth of the depletion region is important to the types of 

radiation that can be detected. In case of gamma- ray's spectroscopy, 

the depletion depth should be as large as possible. The thickness of 

the depletion region d is given by [40] 

 

d = (2ε V / e N) 
½  

              (3.1) 

 

Where ε is the dielectric constant of the medium,  

where  is the dielectric constant, e is the elementary charge, V is 

the reverse bias voltage and N is the net impurity concentration in 

the bulk semiconductor material, As it follows from the above 

equation, the lower the impurity concentration, the higher the 

depletion depth is. Germanium is chosen for the reason that current 

manufacturing techniques allow for germanium to be refined such 

that the purity concentration is as low as 10
10

 atoms/ cm
2
. At this 

level of impurity a depletion depth of 10 mm can be obtained with a 

reverse bias voltage of less than 1000V. Greater depletion depths 

can be achieved by lowering the value of N through further 

reduction in the net impurity concentration. Such low impurity 

concentration has been achieved in germanium, but not in silicon. 

This detector is usually called high purity germanium detector 

(HPGe), and becomes available with depletion depth of 1 cm or 

more.  
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3.7.2 HPGe Geometry  

            It is ideal for a detector like this to maximize volume in 

order to absorb as many gamma-rays photons as possible. It is 

constructed in a planner or coaxial configuration as shown in Figs. 

(3.7a, b). The coaxial geometry has larger active volume than the 

planar. The detector is cooled to about 77 K by liquid nitrogen to 

reduce the leakage current. One of the most advantages of the HPGe 

detector in comparison with Ge(Li) detector is that it can be 

maintained at room temperature during storage while Ge(Li) 

detector need to be cooled by liquid nitrogen[41]. 

 

 

 

 

(a) 

 

 

(b) 

Fig. (3.7) Configurations of HPGe detector. 
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Chapter 3                                                                   Experimental Setup 

 50 

3.7.3 Spectroscopy amplifier. 

    The main function of the amplifier is to amplify the signal at the 

output of the preamplifier and convert it into a suitable form for 

measurement. Canberra 2026 spectroscopic amplifier coupled to a 

computer based 8192 MCA provided with Gamma-Vision soft ware 

(version 5.1) was used in the present work. 

3.7.4 Multi – channel analyzer (MCA) 

          The Multi – channel analyzer is the heart of the most 

experimental measurements. It performs the essential functions of 

collecting the data, providing a visual monitor, and producing 

output data for later analysis. It records and stores pulses according 

to their heights, each storage unit is called a channel.  

       The position of the pulse is proportional to the energy of the 

incident gamma ray that enters into the detector. Each pulse is 

stored in a particular channel corresponding to certain energy. The 

distribution of pulses in channels is an image of the distribution of 

the energies of incident photons. The horizontal axis represents the 

channel number or the energy and the vertical axis represent the 

number of counts recorded per channel.  

3.7.5 Energy resolution  

          The great advantage of using a germanium detector is the fact 

that they have excellent energy resolution for gamma-ray 

spectroscopy. A high energy resolution means that the detector can 

discriminate between gamma-rays with similar energies. The more 

resolution a detector has the more defined s gamma spectrum 

becomes. Recall that the resolution is a measure of the width (full 

width at half maximum) of a single energy peak at a specific energy, 

and defined as: 

                                R = FWHM/ Eo                                    (3.2) 

where E0 is the peak centerline energy and FWHM is the Full Width 

at Half Maximum of the peak. There are three factors that give 

HPGe detector the excellent resolution that it has:  
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 inherent statistical spread in the number of charge carrier, 

variations in the charge collection efficiency, and no contribution of 

electronic noise. Some of these factors will dominate over the other 

factors but this is dependent on the energy of the radiation and the 

size and quality of the detector in use. 

3.7.6 Energy calibration  

  Energy calibration is simply to assign the correct energy 

value to the corresponding channel number. The pulse height is 

assumed to be proportional to the energy of the incident particle. 

This enables the linearity to define the energies of gamma lines 

emitted by unknown source. In gamma-ray spectroscopy with 

germanium detectors, the pulse height scale must be calibrated in 

terms of absolute gamma-ray energy if various peaks in the 

spectrum are to be properly identified. In many applications, the 

gamma-rays expected to appear in the spectrum are well known in 

advance and the corresponding peaks can be identified by 

inspection. In other applications unknown gamma-ray spectra may 

occur and hence a spectra calibration gamma-ray source is used to 

supply peaks of known energy in the spectrum. 

 Accurate calibration should involve a standard source with 

gamma-ray energies that are not widely different from those to be 

measured in the unknown spectrum. Because even the best 

spectrometer systems often thousand channels, it is also useful to 

have multiple calibration peaks at various points along the measured 

energy range of interest. The selection of standards to be used for 

germanium spectrometer calibration depends on the energy range of 

interest. 

3.7.7 Detection efficiency  

       In principle all detectors give rise to an output pulse or signal 

for a quantum of radiation which interacts within its active volume.  

Radiation such as gamma-ray must first undergo a considerable 

interaction in the detector crystal before detection is possible. 
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               Because gamma photons can travel large distances before 

interactions, detectors are often less than 100 % efficient. It then 

becomes necessary to have a precise figure for the detector 

efficiency in order to relate the number of pulses counted to the 

number of photons incident on the detector [33]. 

(I)  Absolute efficiency 

    Absolute efficiency is one of the most important parameter 

of nuclear detectors. It plays an important role in the quantitative 

analysis of natural and artificial radioactive isotopes. The direct 

definition of the absolute efficiency is the ratio between the number 

of counts in the full energy peak and the number of gamma photons 

emitted by the source [42, 43], and can be written in the form  

 

                  ε (E) =  N(E) / ( A Ir (E) tm )                         (3.4) 

 

where, N (E) = is the detector count at energy E 

      A = activity of the source at the time of measurement in Bq  

      Ir (E) = the percentage relative intensity of the spectral line 

energy E 

          tm = the time of measurement (live time of MCA) in sec. 

 

 The absolute efficiency curve at zero distance was measured 

shown fig 3.9. 
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Fig.(3.8) Absolute efficiency of HPGe detector. 

 

(II) Intrinsic Full-Energy efficiency  

         Intrinsic efficiency is the ratio between the numbers of pulses 

recorded to the number of quanta incident on the detector. For point 

source geometries the relation between absolute and intrinsic 

efficiency is: 

                               εint = εabs ( 4π/ Ω)  

                                    = εabs ( 4R
2
 / r

2
)                        (3.5)    

Where,   Ω = π r
2
 / R

2
 is the solid angle, r = is the radius of the 

detector window  

         R = is the source detector distance. 

 The intrinsic efficiency of a detector usually depends primarily on 

the detector material, the radiation energy, and the thickness of the 
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detector in the direction of the incident radiation and the source 

detector distance.  

3.7.8 Relative efficiency  

  In some cases the actual values of the absolute or intrinsic 

efficiency are not needed , and only the ratios of the efficiency at 

different energies are required and is defined as the ratio between 

the relative intensity of the photo-peak of this energy line to the  

reference  intensity at the same energy ,  

              εr(E) = In(E) / Ir(E)                                     (3.6) 

where,  

    In(E)  = the relative intensity measured by the detector for the 

photo-peak at energy E,  

    Ir(E) = is the reference relative intensity of the same photo-peak.   

 

3.8 Neutron Activation Measurements  

 *Qualitative analysis. 

The objective of this analysis is to identify the presence of 

elements without necessity of determining their concentration. 

Qualitative analysis can also be viewed as a probing process for the 

quick assay of materials to determine whether certain elements are 

present in the sample or no. 

 Quantitative Analysis 

The quantitative analysis depends on the parameters present in 

the following equation that determines the weight of an element 
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where  

W = Element wieght (gm) 

λ  = Decay constant of the produced radioactivity, λ = ln2/ T½ (sec
-1

) 

T½ = The radionuclide half- life , which has a charecteristic value 

for 

each radionuclide  . (sec) 

M = Atomic mass number of target nuclide . 

A = Area under the photopeak . 

a = Isotopic abundance of a given target nuclide . 

σ = Neutron cross section (barn) . 

NA = Avogadro
,
 s number (6.022 x 10

23
 mole

-1
) . 

Iγ  = γ – ray emission probabilty in decay (intensity ). 

ζ  = Detector efficiency. 

ti  = Time of irradition . 

td  = Time of cooling . 

tc  = Time of counting γ – rays. 

Φ = Incident flow (flux) 
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CHAPTER 4 

Experimental Results and Discussions 

4.1 Elemental analysis of stainless steal samples 

  Introduction: 

         There is an increased interest in determining the elemental 

composition of most industrial materials such as stainless steel using 

different techniques
 
[43].

 
 One of the most important techniques is 

the instrumental neutron activation analysis technique (NAA) which 

is based on the principle of the nuclear reactions between the 

elements present in the sample with neutrons to convert these 

elements into radioactive isotopes. 

       The formed radioactive isotopes decay according to their 

characteristic half-lives, and emit γ-radiations with specific energies. 

These emitted γ-rays by radioactive isotopes (that characterizes the 

element present in the sample) are subsequently measured with high 

resolution gamma ray spectrometer, to identify the origin of these γ-

rays. The minimum amount for detecting an element strongly 

depends on several factors such as cross-section, half life of the 

produced radioisotope and the intensity of the measured γ-rays.  

 The (NAA) is still a high efficiency technique used to analyze 

an unknown samples to identify its constituent both quantitatively 

and qualitatively ( in spite of the development of atomic analytical 

techniques like PIXE, XRF, ICTP,EDX, etc…). Since it is non 

destructive, instantaneous and also offers the advantage of multi 

element routine analysis. 
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4.1.1 Principles of neutron activation analysis: 

        As mentioned before, when a neutron interacts with the 

target nucleus via a non elastic collision, a compound nucleus 

in an excited state is formed [44]. The compound nucleus will 

almost instantaneously de-excite to a more stable configuration 

through the emission of one or more characteristic prompt γ-

rays. In many cases, this new configuration yields a radioactive 

nucleus which may also decays through the emission of β
-
, β

+
 or 

EC followed by the emission of γ-rays. The NAA falls into two 

categories with respect to the time of measurement of the 

gamma rays: 

4.1.2 Prompt γ-rays neutron activation analysis 

  In the prompt γ-rays NAA(PGNAA) the measurements take 

place during irradiating samples with neutron beam and a 

simultaneous measurement of the characteristic γ-rays emitted from 

the various short lived radionuclides to determine the concentration 

of the elements of the sample. This technique is applicable to 

elements having a high neutron capture cross section such as B, Cd, 

Sm and Gd which decay too rapidly, hence it necessitates a system 

in which the neutron facility and the gamma detector are present at 

the same place. 

4.1.3 Delayed γ-rays neutron activation analysis 

 In the delayed γ-rays NAA (DGNAA) analysis the 

measurements follow the irradiation process. This technique is more 

sensitive for the determination of most of the elements in the sample 

except those of short half life. The DGNAA techniques are flexible 

with respect to time such that the sensitivity for a long –lived 

radionuclide that suffers from interference by a shorter lived 

radionuclide can be improved by waiting for the short-lived 

radionuclide to decay. This selectivity is the key advantage of 

DGNAA over other analytical methods.  

 



Chapter4                                    Experimental Results and Discussions 

 58 

Elemental concentration of even trace amounts makes it a very 

attractive technique for non-destructive analysis of small samples 

that may be extracted from a larger object without affecting its 

usefulness. 

4.2 Measurement of the thermal neutron flux of the Pu-Be                                                      

source 

            A thin layer of high purity Au-foil (99.99%) of thickness 

10µm pursed from Goodfellow was irradiated using the Pu-Be 

source and the resulting radioactivity was measured using a high 

resolution gamma ray spectrometer consists of a Canberra high 

purity coaxial germanium detector model No.6020 of relative 

efficiency 60% attached to a Canberra spectroscopy amplifier model 

2026 coupled to a computer based 8192 MCA provided with 

Gamma-Vision soft ware (version 5.1). The measured energy 

resolution of the system (FWHM) was found to be 2.0 keV for 
60

Co 

gamma ray line of energy 1332.5keV. The energy spectrum for the 

irradiated sample is presented in fig (4.1).  

The cross section of the following reaction was used to determine 

the neutron flux.  

                                               197
Au + n   

198
Au +  

          Using the activity of the produced 
198

Au radionuclide, the 

incident flow was calculated using the equation (3.7)  

        As mentioned before in the previous chapter, the main factors 

used in the calculations are the isotopic abundance of the selected 

isotope for each element, half life, and cross section of the involved 

reaction and the intensity of the selected γ- ray line [45]. 

      

  The calculated flux φ was found to be  

                           

                                2.717×10
3
  n/cm

2
.sec.  
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Fig(4.1) Energy spectrum of an irradiated gold sample using                                                                                                                                  

Pu-Be source 

4.3 Irradiation test using Ni0.6Mn0.4 Fe2O4 sample  

       A sample of weight 852mg with chemical composition 

Ni0.6Mn0.4Fe2O4 was irradiated under the same experimental 

conditions of the measured samples using the Pu-Be source. Fig 

(4.2) represent energy spectrum for the irradiated sample.   

      The reported radioactive isotopes in the measured spectrum are 
56

Mn (T1/2=2.579h), 
58

Co (T1/2=70.91d) and 
54

Mn (T1/2=312.5d). As 

it is clear from the sample composition Ni, Mn and Fe are the main 

constituents of the sample. Table (4.1) shows the different routs for 

the formation of these radioisotopes. Only a few neutron reactions 

are possible on Fe (
54

Fe 5.8%,
 56

Fe 91.72%,
 57

Fe 2.2% and 
58

Fe 

0.28%,) which is the main element of the sample, this could be 

explained on the fact that neutron capture reaction on the highly 

natural abundance 
56

Fe isotope leads to a stable isotope, while it 

forms with 
54

Fe the long lived 
55

Fe (T1/2=2.68y).  

N
o
. 
o
f 

C
O

U
N

T
S

  

Energy  keV. 
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       It is important to mention also that fast neutron reactions are 

almost of high threshold energies. The contribution from fast 

neutron reactions could be ignored in some cases. Fast neutron 

reactions of positive Q-value such as in the case of 
58

Ni (n,p)
58

Co is 

considered the main rout for the formation of 
58

Co.The absence of 

gamma ray lines belongs to 
59

Fe formed through (n,γ) reaction on 
58

Fe is due to the very low natural abundance of 
58

Fe (0.28%). 

Calculating the weight of Mn in an inactive sample of weight 

(852mg), it was found that an amount of 80.39mg of this element is 

present in the sample as compared to an amount of 89 mg calculated 

from an irradiated sample which means an accuracy of nearly 10 % 

in the determination of Mn weight using NAA. 

 

 

 

 

Fig(4.2) Energy spectrum for an irradiated sample of 

Ni0.6Mn0.4Fe2O4 
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4.4 Analysis of stainless steel samples using (DGNAA) 
       

           Three stainless steal samples were analyzed qualitatively 

using neutron activation technique. The first one is a thin foil 

imported from ATOMKI with the target station of the radioisotope 

production beam line of the MGC-20 cyclotron Installed in the 

cyclotron facility in Inshas, NRC, AEA,  Cairo, Egypt. The other 

two samples are a commercial stainless steal rods obtained from the 

market. The different samples were irradiated for different times 

using a Pu-Be source of activity (5Ci). And the produced activities 

were measured using a high resolution gamma rays spectrometer.  

The energy resolution of the spectrometer used was found to be 2.0 

keV for 
60

Co γ-ray line of energy 1332.5keV.  

Absolute γ-rays efficiency curves were obtained in the frame of the 

present work for zero distance fig (3,9).  

         The area under the photo peaks of the measured spectra were 

normalized for the detection efficiency measured at the same 

distance. Measurements were repeated several times at a time 

interval of one month to confirm the presence of the measured 

radioisotopes according to their half-lives. 

 Table 4.1 shows the decay data for some radioisotopes formed 

through thermal neutron reaction on some elements.  
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Table(4.1) The decay data of some radioisotopes formed 

through thermal neutron reaction for some elements 

Target 

Element 

Producing 

Reaction 

T½ Eγ (keV) Iγ% Cross 

Section 

barn 

Na Na
23

(n,γ)Na
24

 14.90 h 1368,100 

2754,99.94 

0.530 

Al 
27

Al (n,γ)
 28

Al 2.24 min 1778.9, 100 0.231 

Cr 
50

Cr (n,γ)
51

Cr 27.70 d 320.08, 10.08 15.9 

Mn 
55

Mn (n,γ)
56

Mn 2.57 h 846.75, 98.9 

1810.72, 27.2   

2113,14.3 

13.36 

Fe 
58

Fe (n,γ)
59

Fe 44.5 d 1099.25, 56.5           

1291.5, 43.21 

1.30 

Co 
59

Co (n,γ)
60

Co 5.27 y 1173.23, 99.97        

1332.5, 99.99 

19 

W 
186

W(n,γ)
187

W 23.72 h 134.25, 88 

479.55, 21.8              

685.74, 27.3 

38.5 

 

Mo 
98

Mo ( n , γ )
 99

Mo 65.94hrs 140.5,90.9 0.137 

Ca 
48

Ca ( n , γ ) 
49

Ca 8.71min 3084 ,91.7 1.09 

         Different stacks of stainless steal foil were prepared and 

irradiated using Pu-Be source for different irradiation times taken in 

consideration the possibility of the presence of different 

radioisotopes of different half lives. 

           For the same purpose the measurements were taken also for 

short time to detect accurately the shorter lived elements and then for 

a longer time for the others. The γ-rays emitted were identified 

according to the energies of the well resolved γ-ray lines taking into 

consideration that some of the product radioisotopes could exhibit 

more than one γ-ray line.  
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         Qualitative analysis of the foil sample revealed that eight 

radioactive isotopes are detected namely 
99

Mo,
 56

Mn, 
59

Fe,
 58

Co,
 

60
Co,  

24
Na,

 187
W and

51
Cr with half lives 66.0h, 2.579h, 44.503d, 

70.91d, 5.271y, 14.96h , 23.72h and 27.70d respectively.  

   Table (4.2) Observed radioactive elements in the foils 

 

Radioisotope Possible 

reaction 

Abundance of 

the target 

material 

Q-Value 

(MeV)
* 

Eth (MeV) 

56
Mn 

 

55
Mn(n,γ)

56
Mn 

59
Co(n,α)

56
Mn 

56
Fe(n,p)

56
Mn 

100% 

100% 

91.72% 

7.27 

0.328 

-2.91 

0 

0 

2.96 

58
Co 

58
Ni(n,p)

58
Co 68% 0.4 0 

59
Fe 

59
Co(n,p)

59
Fe 

58
Fe(n,γ)

59
Fe 

100% 

0.28% 

-0.78 

6.58 

0.79 

0 

60
Co 

 

59
Co(n,γ)

60
Co 

60
Ni(n,p)

60
Co 

100% 

26.1% 

7.491 

-2.04 

0 

2.074 
24

Na 
23

Na(n,γ)
24

Na 
27

Al(n,α)
24

Na 

100% 

100% 

6.959 

-3.132 

0 

3.249 
187

W 
186

W(n,γ)
187

W 28.6% 5.466 0 
51

Cr 
50

Cr(n,γ)
51

Cr 4.34% 9.26 0 
99

Mo
 98

Mo(n,γ)
99

Mo
 

24.13% 5.925 0 

 

(The Q-value for the reaction 
54

Fe (n,p)
54

Mn  (0.085MeV) 

 * National Nuclear Data Center (Q-Value Calculator)) 

 

              Regarding the short lived 
56

Mn radioisotope (T1/2=2.579h) 

the experimental data were taken from the spectra measured after a 

short cooling time. Three reactions could contribute with different 

weights to the formation of 
56

Mn as presented in table (4.2).  
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         This radioisotope could be detected through different γ-ray 

lines as shown in table (4.1), the most intense γ-ray lines are 

(Eγ=846.75keV, Iγ=98.9, Eγ=1810.72keV, Iγ=27.2% and 

2113.05keV, Iγ=14.3%).  

 

          The 2
nd

 formed radioisotope is 
58

Co (T1/2=70.91h), the only 

rout for the formation of 
58

Co is the (n,p) reaction on 
58

Ni. The 

gamma ray line of energy and intensity (Eγ=810.77keV, Iγ=27.2%) 

was used to identify Ni in the sample. 

 

          Analysis of the data shows the presence of gamma ray lines 

belong to 
60

Co. Two reactions contribute to the formation of 
60

Co, 

those are 
59

Co (n,γ)
60

Co and 
60

Ni (n,p)
60

Co (Eth=2.08MeV). Because 

of the high capture cross section value of 
59

Co (n,γ)
60

Co (σ = 37.18 

barn) reaction as well as the high natural abundance of
59

Co(100%) 

in comparison to 26.1% of 
60

Ni, we believe that the first rout is the 

main contributing reaction for the formation of this radioisotope.   

 

        The radioactive isotope 
59

Fe (T1/2=44.5d) is also defined 

through the presence of the two γ-ray lines of energies and 

intensities (Eγ=1291.59keV, Iγ=43.21% and Eγ=1099. 25keV, 

Iγ=56.51%).The contributing reactions are 
58

Fe (n,γ)
59

Fe and 
59

Co(n,p)
59

Fe, the threshold energy for the second reaction is 

0.79MeV.  

 

         Considering the natural abundance of 
58

Fe and 
59

Co which are 

0.28% and 100% respectively and the absence of these peaks in the 

reference sample we  can conclude that the only contributing  

reaction for the  formation of 
59

Fe is the 
59

Co(n,p)
59

Fe.  

       

          Analysis of the γ-ray spectra shows the presence of two γ-ray 

lines belongs to 
24

Na (T1/2=14.95h) with energies and intensities 

(Eγ=1368keV, Iγ=100% and Eγ=2754keV, Iγ=99.94%). The possible 

reactions for the formation of this radioisotope may be 
23

Na 

(n,γ)
24

Na or 
27

Al(n,α)
24

Na with natural abundance 100% for both 

isotopes. Although the presence of aluminum in a stainless steal 

sample is more acceptable than that of Na. 
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(if present may be due to contamination) along with the high 

threshold energy of (3.24MeV) and the low cross section value of 

(1.3x10
-6 

b) at 4.5 MeV neutron energy for the 
27

Al (n,α)
24

Na which 

minimize the probability of the formation of 
24

Na through this rout, 

we could not neglect its presence specially if we compare our results 

with those obtained by EDX. A final conclusion about the 

contributing reaction needs a further investigation. 
 

        187
W radioisotope (T1/2=23.72h) is also detected in the measured 

spectra through a series of gamma ray lines. The natural abundance 

of 
186

W is 28.6% .The only rout for forming this radioisotope is 
186

W 

(n,γ) 187
W.The absence  of tungsten  in the results  obtained by EDX 

and ICP, means that they did not consider the possibility of the 

presence of this element in the stainless
 
steal samples. 

 

         51
Cr (T1/2=27.704d) is reported through this work by detecting a 

gamma ray line of energy and intensity (Eγ= 320keV, Iγ=10.08%). 

The natural abundance of 
50

Cr is 4.34% and the only contributing 

reaction for the formation of this radioisotope is 
50

Cr (n,γ)
51

Cr. 

 

        A very weak peak correspond to 
54

Mn at energy 835keV which 

can be formed through the 
54

Fe (n,p)
54

Mn reaction is reported in the 

measured spectra. As expected this could be explained by the low 

natural abundance of 
54

Fe (5.8%) as well as the low concentration of 

Fe (8.82%) in the foil sample as measured by EDX. 

 

         Following the decay of a γ-ray line of energy and intensity 

(140.51keV, Iγ =90.9%) in the measured spectra, it was found that 

this line belongs to 
99

Mo (T1/2=66.0h) which can be formed through 

(n,γ) reaction on the stable 
98

Mo isotope  of natural abundance 

24.13%.  

 

         These results reveal that this foil is not a standard stainless 

steal sample, but it is an alloy prepared for special purposes. Figs.4 

(3&4) represents the spectra taken directly after the end of 

irradiation (EOI) and after a cooling time of 2days. 
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Fig (4.3) Energy spectrum of an irradiated stainless steal foil 

sample measured directly after end of irradiation. 

 

 
 

 
Fig (4.4)  Energy spectrum for the same sample after a cooling time 

of 2days. 
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4.5 Analysis of a commercial stainless steal rod  

 
         The second analyzed sample was a rod of commercial stainless 

steal of unknown composition. The sample was irradiated using a 

Pu-Be source. Figs 4(5&6) show the energy spectra obtained directly 

after the end of irradiation and after a cooling time of 24h while 

table (4.3) presents the reported  radioisotopes along with the 

contributing reactions. Most of the radioactive isotopes reported in 

the gamma ray spectra of the first sample are observed in this sample 

except that of 
24

Na and 
99

Mo. 

 

         The measured spectra shows two weak gamma ray lines 

correspond to 
60

Co, which means a low Co concentration in the 

sample as compared to that of the foil. This explains the weak 

existence of gamma ray lines correspond to 
59

Fe which is formed 

mainly through the 
59

Co (n,p)
59

Fe reaction. 

 

 

Table (4.3) Reported radioactive elements and the routs of 

its formation for a rod sample 
 

Radioisotope Possible 

reactions 

Abundance of the 

target material 

Eth 

(MeV) 

56
Mn 

 

 

 
58

Co 

 
60

Co 

 
 

54
Mn 

 
187

W 

 
51

Cr 

55
Mn(n,γ)

56
Mn 

59
Co(n,α)

56
Mn 

56
Fe(n,p)

56
Mn 

 
58

Ni(n,p)
58

Co 

 
59

Co (n,γ)
60

Co 
60

Ni(n,p)
60

Co 
 

54
Fe(n,p)

54
Mn 

 
186

W(n,γ)
187

W 

 
50

Cr(n,γ)
51

Cr 

100% 

100% 

91.72% 

 

68% 

 

100% 

26.1% 

 

5.8% 

 

28.6% 

 

4.34% 

0 

0 

2.9 

 

0 

 

0 

2.08 

 

0 

 

0 

 

0 
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Fig.(4.5) Energy spectrum of irradiated sample of a stainless 

steal rod measured directly after (EOI) 
      . 

 
 

 

Fig.(4.6) Energy spectrum of an irradiated sample of a stainless 

steal rod measured after a cooling time of one day 
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      The pronounced γ-ray peak of energy 320keV correspond to

51
 Cr 

indicates a detectable concentration of Cr in this sample as compared 

to that reported in the foil sample. The clear evidence for the 

presence of 54Mn (T1/2=312.5d) indicates a high concentration of 

Fe. 

 

4.6. Stainless steal disc 

  
       A commercial stainless steal sample in a form of disc was 

irradiated under the same condition using Pu-Be source. The 

measured spectra show that, only the γ-ray lines belong to 
56

Mn, 
54

Mn and 
58

Co are observed in the measured spectra. 
 

 

     56
Mn can be formed as mentioned before through three different 

routs table (4.4), 
59

Co ( n,α)
56

Mn is one of them. Since we did not 

detect any reaction belongs to cobalt in the measured spectra, two 

routs namely are 
55

Mn (n,γ)
56

Mn and 
56

Fe(n,p) 
56

Mn only share for 

the formation of 
56

Mn.   

     

       Ni also is detected in the sample by reporting a gamma ray line 

of energy 811keV belongs to 
58

Co. Table (4.3) shows the result of 

the analysis, 
54

Mn is formed through the (n,p) reaction on 
54

Fe with 

natural abundance (5.8%) 

 

Table (4.4) Reported radioactive elements and the routs of 

its formation for a disc sample 

 
Radioisotope Possible 

reactions 

Abundance of the 

target material 

Eth (MeV) 

 

56
Mn 

 

 
58

Co 

 
54

Mn 

 

55
Mn(n,γ)

56
Mn 

56
Fe(n,p)

56
Mn 

 
58

Ni(n,p)
58

Co 

 
54

Fe(n,p)
54

Mn 

 

100% 

91.72% 

 

68% 

 

5.8% 

 

0 

2.9 

 

0 

 

0 
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Fig.(4.7) Energy spectrum of an irradiated disc sample measured 

directly after the end of irradiation (EOI). 

 

4.7 Comparison between the NAA results and those 

obtained by EDX and ICP-AES. 

 
      Table (4.5) summarize the results of the different techniques, the 

presence of Ti in the three samples was not confirmed by our 

measurements, this may be due either to the high threshold energy 

for some of the neutron reactions on Ti isotopes or the short half 

lives of the formed radioisotopes. 
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Table (4.5) NAA qualitative analysis as compared with 

those obtained using EDX and ICP. 

 

 
EDX% ICP% NAA 

Element Disk 

sample 

Rod 

sample 

Foil 

sample 

Disk 

sample 

Foil 

sample 

Disk 

sample 

Rod 

sample 

Foil 

sample 

Al 0.31 -- 1.02 -- -- -- -- Al 

Si 0.58 0.17 1.04 -- -- -- -- -- 

S 0.15 0.07 -- -- -- -- -- -- 

Ca 0.09 0.04 -- -- -- -- -- -- 

Ti 2.19 -- 2.19 .055 1.64 -- -- -- 

Cr 18.30 19.12 12.42 11.11 6.76 -- Cr Cr 

Mn 0.87 2.12 1.14 0.89 o.88 Mn Mn Mn 

Fe 70.73 70.74 8.82 65.15 9.66 Fe Fe Fe 

Co -- -- 43.00 -- 23.54 -- Co Co 

Ni 8.87 7.72 26.59 9.34 23.54 Ni Ni Ni 

Mo -- -- 3.37 -- -- -- -- Mo 

W -- -- -- -- -- -- W W 

 
 

            There is no evidence for the presence of Cr in the disc 

sample while it is reported with a suitable concentration in the data 

obtained by EDX and ICP. 

 

        Because of the high natural abundance of 
59

Co (100%) and the 

high cross section value for the reaction 
59

Co (n,γ)
60

Co, there is a 

clear evidence for the presence of the two gamma ray lines of  
60

Co 

in the measured spectra of the foil sample and to a lower extent in 

the rod sample while it is not reported in the disc sample. 

     

       We cannot ignore the contribution from the (n,p) reaction on 
60

Ni (26.08%) although its contribution is less  than that of  the 
59

Co(n,γ)
60

Co. 
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         Tungsten is only reported in our experimental results, this may 

be explained on the basis that the other techniques did not look after 

its presence. To quantify our results a further study is required to 

determine the concentration of the reported elements in the different 

samples.  

 
4.8 Thin layer activation 

Introduction: 

         Nowadays various techniques and methods for measuring 

corrosion, erosion and wear rates of materials and industrial 

components have been developed. Convention methods such as 

gravimetric, thermal microbalance, loss of reflectivity, interference 

color, metallographic examination, and electrical resistance, 

ultrasonic and other techniques are still applied for special reasons 

[46]. However, the conventional methods show their weakness in 

case of low accuracy, precision and sensitivity in performing the 

result of measurement. Some of the methods need to destruct the 

material when the measurement is conducted. Therefore, a nuclear 

technique which employs a beam of charged particles (proton, 

deuteron, 
3
He, 

4
He) or neutron was developed to label a very thin 

layer of the material
, 
s surface. 

 

 The TLA technique consists of the formation of suitable 

radioinuclides, along defined depth of metallic material, by exposing 

its surface to a beam of charged particles or neutrons. The decay 

processes of the formed radionuclides result in the emission of 

specific γ-radiation.  

       

           The TLA technique monitors the degradation of an activated 

surface, i.e. the relevant loss of material, through γ-activity loss 

measurements. In order to relate the activity loss with depth loss, the 

distribution of activity versus depth, the so called calibration curve 

has to be preliminary determined.  
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4.8Activity as a function of thickness 

4.8.1 Enhanced corrosion of bulk stainless samples 

      To obtain a relation between the activity and the thickness of the 

stainless samples which are subjected to enhanced corrosion, several 

gamma lines of the produced radioisotopes from neutron activation 

were used. Since the layers of the stainless sample were measured at 

different elapsed time from end of irradiation, we correlated the 

activity to the End of Irradiation time (AEOI). Table (4.6) lists the 

variation of the measured activity (for 
58

Mn, 
51

Cr) as a function of 

the etched thickness. The obtained results are represented in 

Fig.(4.8). 

 As expected, it is noticed that the activity is decreased with 

increasing the corrosion for the two radionuclides. The obtained 

experimental points were fitted to linear correlations between the 

activities as a function of the corroded thickness which has the 

general formula: 

                            AEOI = K x + c    (4.1) 

where, 

 K is the slope of the linear correlation,  

c is the intercept with the Z axis which is the original activity   

before removal of any layer from the sample.  

       In general, the factor K is the most representative parameter for 

all the factors mentioned above and is given by the formula: 

 

     K = dA / dx  ( Counts.Sec
-1

 .cm
2
/g) = (A2-A1)/( x2-x1 )  (4.2) 

where,  

A1,A2 are two successive activities corresponding to the thicknesses 

x1, x2 . 
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          The units of K is matching with the specific activity of the 

sample after irradiation which is represented by A (Bq/g) =  N, ( = 

decay constant, N is the number of decayed radionuclide).  

        Therefore, it can be concluded that sensitivity of the 

radionuclide measurement of the removed thickness depends on the 

several factors; these are: 

i- Life time of the measured radionuclide  

ii- Efficiency of the detection system 

iii- Degradation of the activity with the thickness 

 

    According to the linear fitting shown in Fig4.8, the value of K for 

the 
51

Cr (-1.39) is much higher than that of 
56

Mn (-0.53). These 

results are in agreement with the activity-thickness curves obtained 

by charged particle induced reaction [50].  

It is also noticed that the curve of longer lifetime radionuclides has a 

lower K value and therefore less sensitivity to wear loss.  
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Table (4.6) Variation of the 
56

Mn and 
51

Cr activity with the 

removed thickness 

AEOI (cps) Removed 

thickness 

mg/cm
2
 

51
Cr  

(x0.1) 

56
Mn 

 (x 10
3
)

 

1.48 0.340 0 

1.42 0.318 0.004 

1.2 0.315 0.012 

1.08 0.310 0.030 

0.87 0.304 0.039 

0.85 0.305 0.049 

0.58 0.298 0.059 

     * 0.356 0.067 

     * 0.266 0.074 

     * 0.249 0.077 

 

  * ) below detection limit  
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 Fig.(4.8) Activity of 
51

Cr and 
56

Mn radionuclides as a function 

of the removed thickness for irradiated stainless steel 

sample subjected to enhanced corrosion. 

4.8.2Simulated wears by stack of thin pellets arrangement  

        To confirm the results obtained by enhanced corrosion, A stack 

consists of ten pellets was irradiated using  Pu-Be source and the 

activity was measured as the thickness decreased with the removal 

of the layers. The results are listed in table 4.7 and are represented in 

Fig.4.9.  The trend of the fitting line is in agreement with that 

obtained in the enhanced corrosion experiment (Fig.4.9) with a 

similar K value (-0.47). These results confirm the validity of 

applying this method for analysis of stainless wear and indicate that 

the 
56

Mn activity curve has less sensitivity to wear loss.  

 

 

 

A
E

O
I 
(C

P
S
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Table (4.7) Activity as a function of the removed layers of 

stack pellet arrangement 

 

56
Mn 

activity 

AEOI (cps) 

thickness 

x 10
2 

 

(mg/cm
2
) 

Removed 

layers 

20.67 0 0 

19.65 4.89 1 

16.95 9.65 2 

15.67 14.09 3 

13.32 18.78 4 

9.34 23.58 5 

11.22 28.14 6 

5.92 32.44 7 

3.67 36.93 8 

2.74 40.878 9 
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y = -0.4712x + 21.481
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Fig.(4.9) The measured activity of 
56Mn

 radionuclide as a function                                               

of the removed thickness for a stack of pellet samples. 

4.8.3. Thin foil stack arrangement  

          The activity curves were obtained for irradiated stainless foils 

imported from ATOMKI, Hungary as a part of the radioisotope 

production target station, this foil has a composition different than 

those obtained from the market. The measured gamma rays spectra 

of this stainless sample has much variety of radionuclide that can be 

used for wear measurement. We consider here the activity of 
60

Co, 
58

Co and 
187

W radionuclides.Table.4.8 and Fig. 4.10 gives the 

activity values as a function of the thickness. It is noticed that the K 

value of 
58

Co and 
187

W radionuclides are the same while that of 
60

Co 

isotope is less due to its longer half life. 
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Table (4.8) Activity of the 
60

Co, 
58

Co and 
187

W as a function 

of the removed thickness 

 

AEOI (cps) Removed 

thickness 

mg/ cm
2
) 

187
W 

58
Co 

60
Co   

5.48 4.22 2.89 0 

5.19 3.95 2.49 18.79 

4.95 3.49 2.12 36.63 

4.25 3.11 1.86 54.49 

4.80 2.86 1.54 73.31 

3.77 2.48 1.38 88.44 

2.02 1.78 1.05 108.12 

2.63 1.51 1.02 126.47 
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y = -0.0152x + 2.7544

y = -0.022x + 4.3174

y = -0.0226x + 5.6008
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Fig.(4.10) Activity curves for 
187

W, 
58

Co and 
60

Co as a 

function of the removed thicknesses. 

Table.(4.9) summarizes the K value for the different curves and the 

maximum sensitivity as measured from the removed thickness of the 

sample. Fig.4.11 shows a comparison between the linear slope for 

every radionuclide curve. The value of the maximum thickness can 

be measured by this technique is obtained by extrapolating the fitting 

line to the intercept with the x-axis where the activity reach 

minimum. These obtained values are characteristic for certain 

sample and experimental conditions 

 

 

 

.  
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Table (4.9) Sensitivity obtained by measuring the activity 

curves 

Radionuclide K = dA/ dx Maximum sensitivity 

(mg/ cm
2
) 

56
Mn  -0.5 0.62 

51
Cr

 
-1.39 0.1 

60
Co 

 
-0.015 183.3 

58
Co

 
-0.022 196.2 

187
W

 
-0.022 254.5 

  

 

Fig.(4.11) Shows a comparison between the linear slope for 

different radionuclide curves. 
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               The aim of the present work was fulfilled first by 

studying the elemental composition of three types of stainless 

steal samples using neutron activation technique. The samples 

were irradiated by Pu-Be neutron source of activity 5µCi. 

Delayed gamma rays spectra were measured using a high 

resolution γ-ray spectrometer consists of an HPGe detector 

connected to a computer based MCA. The thermal neutron flux 

was obtained in the frame of the present work by irradiating a 

high purity thin gold foil of thickness (10μm) under the same 

experimental conditions of all the irradiated samples, the 

neutron flux was calculated using the well known formula 

Chapter 3. Also a ferrite sample of known weight and 

composition Ni0.6Mn0.4Fe2O4 was irradiated. Calculating the 

weight of Mn in the inactive sample of weight (852mg), it was 

found that it contains 80.39mg of this element as compared to 

an amount of 89 mg calculated from the irradiated sample 

considering the main contributing reaction for the formation of 
56

Mn is the (n,γ) reaction. This means a 1% uncertainty in the 

determination of Mn weight using NAA.  
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1- The energy resolution of the spectrometer used was 

found to be 2.0 keV for 
60

Co γ-ray line of energy 1332.5keV. 

Absolute γ-rays efficiency curves were obtained in the frame of 

the present work for different distances. The area under the 

photo peaks of the measured spectra were normalized for the 

detection efficiency measured at the same distance. 

Measurements were repeated several times at a time interval of 

one month to confirm the presence of the measured 

radioisotopes according to their half lives.  

2- The samples were irradiated for different times under 

the same experimental conditions and the formed radionuclides 

were identified by analyzing the obtained gamma ray spectra 

following the decay of the formed radionuclides. In some cases 

more than one rout can contribute in the formation of a certain 

isotope. Differentiation between the contributions of different 

routs needs a further investigation that is why only qualitative 

analysis was considered in this study. The first type of the used 

stainless steal was in the form of a thin foil of thickness 

(2.5μm) used in the target station of the radioisotope 

production to close the end of the beam line and to allow a 

vacuum tight system. Different stacks of stainless steal foil 

were prepared and irradiated using Pu-Be source for different 

irradiation times taken in consideration the possibility of the 

presence of different radioisotopes of different half lives. 
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 For the same purpose the measurements were taken also 

for short time to detect accurately the shorter lived elements 

and then for a longer time for the others. The γ-rays emitted 

were identified according to the energies of the well resolved γ-

ray lines taking into consideration that some of the product 

radioisotopes could exhibit more than one γ-ray line.   

3- Qualitative analysis of the foil sample revealed that 

eight radioactive isotopes are detected namely 
56

Mn,
59

Fe,
58

Co,
60

Co, 
24

Na,
187

W,
99

Mo and
51

Cr with half lives 

2.579h, 44.503d, 70.91d, 5.271y, 14.96h , 23.72h, 66.0h and 

27.704d respectively. This means that the elemental 

composition of this sample is Al, Cr, Mn, Fe, Co, Ni, Mo and 

W.  

The second sample was a commercial stainless steal rod. 

Most of the radioactive isotopes reported in the gamma ray 

spectra of the first sample are observed in this sample except 

that of 
24

Na and 
99

Mo. The measured spectra shows two weak 

gamma ray lines correspond to 
60

Co, which means a low Co 

concentration in this sample as compared to that of the foil.  

 

The third sample was also a commercial stainless steal 

rod ; it was found that its elemental composition is Mn, Fe and 

Ni. The samples were also analyzed using EDX and ICP. There 

is some discrepancy between our results and those obtained by 

these techniques and even between them both.  
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4- Study of thin layer activation was the second part of 

this wok. The TLA technique consists of the formation of 

suitable radioinuclides, along defined depth of metallic 

material, by exposing its surface to a beam of charged particles 

or neutrons.  

 

The decay processes of the formed radionuclides result in the 

emission of specific γ-radiation. The TLA technique monitors 

the degradation of an activated surface, i.e. the relevant loss of 

material, through γ-activity loss measurements. In order to 

relate the activity loss with depth loss, the distribution of 

activity versus depth, the so called calibration curve has to be 

preliminary determined.  

 

              5- To obtain a relation between the activity and the 

thickness of the stainless sample which is subjected to 

enhanced corrosion, several gamma lines of the produced 

radioisotopes from neutron activation were used. Since the 

layers of the stainless sample were measured at different 

elapsed time from the end of irradiation, the activity was 

correlated to the End of Irradiation time (AEOI). The obtained 

experimental points were fitted to linear correlations between 

the activities as a function of the corroded thickness. 
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To confirm the results obtained by enhanced corrosion, 

the activity of a stack of irradiated stainless steel pellets were 

measured with a successive removal of the layers. A stack 

consists of ten pellets was irradiated and the activity was 

measured as the thickness decreased by the removal of the 

layers. These results confirm the validity of applying this 

method for analysis stainless wear.  

 

        6- The activity curves were also obtained for irradiated 

stainless foils imported from ATOMKI, Hungary as a part of 

the radioisotope production target station.This foil has a 

composition differ than those obtained from the market. The 

measured gamma rays spectra of this stainless sample has 

much variety of radionuclides that can be used for wear 

measurement. We consider for this sample the activity of 
60

Co, 
58

Co and 
187

W radionuclides. 

 

    7- The experimental calibration curves for thin layer 

activation TLA which were done for the irradiated samples 

either by enhanced mechanical or chemical etching of the 

activated samples or using stacked foils. The curves were 

constructed by plotting the relation between the activities 

versus the removed thickness. The slope of the linear 

correlation K and the maximum sensitivity which is the 

intercept of the fitting line with the x-axis (zero activity) were 

obtained for 
56

Mn,
 58

Co, 
60

Co,
 187

W and 
51

Cr.  
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The obtained values are a characteristic for certain 

radioisotope and experimental conditions. 

 

 The TLA method is fast and reliable and has the 

advantage of providing data on mass loss of different engine 

components without it being necessary to stop and dismantle 

the engine. 
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 ًالتحليل العناصري بالتنشيط النيىترون -أوال: 

 
ِٚؼشظح  اٌرشويةإٌرائج اٌؼٍّيح ٌصالز ػيٕاخ ِٓ اٌصٍة ِجٌٙٛح  -1

 .َتشيٍيٛ–إٌّثؼصح ِٓ ِصذس تٍٛذٛٔيَٛ خ ٌفيط ِٓ إٌيٛذشٚٔا

تاعرخاَ ششيذح سليمح ِٓ اٌز٘ة ذُ ذذذيذ اٌفيط إٌيٛذشٚٔٝ اٌذشاسٜ  -2

 . ػاٌٝ إٌماٚج

 Ni0.6 Mn0.4ِؼٍِٛح اٌرىٛيٓ ذُ اعرخذاَ ػيٕح  إٌرائجصذح ٌرؤويذ  -3

Fe2O4  ٌْٕٚفظ ٚذُ دغاب ذشويض إٌّجٕيض تٙا  جُ 252 ٚاٌٛص

تؼذ اٌؽيف اٌجاِٝ اٌزٜ ذُ اٌذصٛي ػٍيٗ ِٓ  اٌؼٕصشذُ دغاب اٌرشويض

تاعرخذاَ ليّح اٌفيط اٌزٜ ذُ اٌذصٛي ػٍيٗ ديس ٚجذ اْ  ذشؼيغ اٌؼيٕح

 % 1.5ٔغثح اٌخؽؤ ال ذرؼذٜ 

تاعرخذاَ األؼياف إٌٛٚيح اٌرٝ ذُ اٌذصٛي ػٍيٙا تؼط ذُ ػشض  -4

تؼذ واْ رٌه عٛاء ِؽياف جاِٝ ػاٌٝ إٌماٚج رٚ لٛج ذذٍيً ػاٌيح 

ٚرٌه ٌرذذيذ إٌظائش فرشج ِٕاعثح اظّذالٌٙا ٌِثاششج أٚ تؼذ  ذؼشيعٙا

ٚاٌرخٍص ِٓ أٜ ذذاخالخ تيٓ اٌخؽٛغ اٌجاِيح. اٌّشؼح إٌاذجح 

تؼذ أرٙاء  ٌٍٚغثة راذٗ ذُ لياط األؼياف اٌجاِيح ػٍٝ ِذٜ شٙش

 .اٌرشؼيغ

اٌّغرخذَ اصش اٌّىٛٔح ٌىً ٔٛع ِٓ أٔٛاع اٌصٍة ٕذُ اٌذصٛي ػٍٝ اٌؼ

ِٚماسٔح ِا ذُ اٌذصٛي ػٍيٗ ِٓ ٔرائج ترٍه اٌرٝ ذُ اٌذصٛي ػٍيٙا ِٓ 

 اٌرمٕياخ األخشٜ. 

 

شرائح الرقيقة وأهميتها فً التنشيط األشعاعً للثانيا: تقنية 

 تحديد التآكل 

 
ذُ ِذاواج ٌؼٍّياخ اٌرآوً اٌرٝ ذذذز فٝ تؼط األجضاء اٌّيىأيىيح اٌرٝ 

ٚرٌه ػٓ ؼشيك اعرخذاَ ذمٕيح ٚساْ أشٕاء اٌذذرؼشض ٌألدرىان 

اٌششائخ اٌّرشاصح أٚ ػٓ ؼشيك اٌرآوً اٌىيّيائٝ تاعرخذاَ اٌّاء 

ؼاللح تيٓ إٌشاغ األشؼاػٝ ٌثؼط اٌؼٕاصش اٌسعُ  اٌٍّىي، ديس ذُ

 ٌغّهٌح فٝ اااٌرٝ ذىٛٔد تؼذ ذؼشيط اٌؼيٕاخ ٌٍّصذس إٌيٛذشٚٔٝ وذ

٘زٖ اٌؽشيمح فٝ  ٚذرعخ أّ٘يح ِٕٚٙا ذُ ذذذيذ تؼط اٌثاساِرشاخ

 أِىأيح اعرخذاِٙا فٝ اٌّجاالخ اٌرؽثيميح اٌّخرٍفح.

 ٚيذرٜٛ ٘زا اٌفصً أيعا ػٍٝ اٌخالصح.

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 الفصل األول: مقدمة عامة

 
ٍؼٛاًِ اٌّؤئشج ػٍٝ ػٍّياخ اٌرآوً إٌاذج ػٓ ٌ اعرؼشاض يذرٜٛ ٘زا اٌفصً ػٍٝ

ٚفٝ ٘زا اٌفصً أيعا ذُ اعرؼشاض ٌرمٕيح لياط اٌرآوً اٌؼٍّياخ اٌّيىأيىيح أٚ اٌىيّيائيح. 

ٝ تاٌؽشق األشؼاػيح. وّا ذُ ايعا اعرؼشاض ٌٍّصادس اٌّشؼح اٌرٝ يّىٓ اعرخذاِٙا ف

 ٘زٖ اٌذساعاخ.

 

 مصادر النيىترونات وتقنية التحليل بالتنشيط النيىترونً الفصل الثانً:

 
 .اٌّصادس إٌيٛذشٚٔيحذُ ذصٕيف ٚذذذيذ أٛاع  -1

 ذٙذئح –اٌّماؼغ اٌّغرؼشظح  –ٔاخ شٚاٌماء ٔظشج ػاِح ػٓ وً ِٓ ذفاػً إٌيٛذ -2

 .سٚع اٌّغرخذِح ٌٍذّايح ِٓ إٌيٛذشٚٔاخذٌٚا .إٌيٛذشٚٔاخ

ٚوزٌه اشىاي ٚٔٛػيح  .ِضاياٖ ٚذؽثيماذٗ .رذٍيً ػٓ ؼشيك اٌرٕشيػ إٌيٛذشٚٔٝاٌ -3

 اٌؼٕاصش اٌرٝ يّىٓ ذذٍيٍٙا تٙزٖ اٌؽشيمح.

 ؼشيمح ذذذيذ اٌفيط إٌيٛذشٚٔٝ تاعرخذاَ ذمٕيح اٌششائخ اٌشليمح -4

 .اٌٙذف ِٓ اٌذساعح -5

    

 الفصل الثالث: األجهزة والمعدات

 
ع اٌصٍة ِٚىْٛ وً ٔٛع ِٓ ذصٕيف ألٔٛا ػٍٝ ذرٜٛ ٘زا اٌفصًي -1

اٌذساعح وّا يذرٜٛ أيعا ػٍٝ ٚصف ألٔٛاع اٌصٍة ِذً  .األٔٛاع

 اخاألخشٜ اٌّغرخذِح فٝ ذذٍيً ٘زٖ اٌؼيٕ ٚاٌرمٕياخ

ششح ذفصيٍٝ ٌٍرمٕيح اٌّغرخذِح ٚ٘ٝ اٌرذٍيً تاٌرٕشيػ إٌيٛذشٚٔٝ   -2

 ٚاٌؼٛاًِ اٌّؤئشج ػٍٝ ٘زٖ اٌمياعاخ.

 

 قشة: النتائج والمنا الفصل الرابع

 
وً ِٓ أشؼح جاِا اٌّثاششج ٚاٌّرؤخشج وّا ػٓ  ِخرصشجٚيشًّ ٘زا اٌفصً ِمذِح 

 ػٍٝ:يشًّ أيعا 

 

 

 

 

 

 

 
 





 

 

 

 

 

 جـاهعة عيـن شوـس  

 كليـة البنـات لـآلداب و العلـوم و التربيـة   

 فيزياءقسـن ال  

 

 
 

 رين فيصل إبزاهين هحود 

 

 كيويبء  –أخصبئي فيزيبء 

 هيئت الطبقت الذريت -هزكز البحوث النوويت 

 

: 

 

: 

ت       ـاسن الطبلب

   

 الوظيفت الحبليت
 

ءكيويب –وم ــوس علـبكبلوري  
 

تــت العلويــالدرج :  

فيزيبءال ه ــع لـسن التببـالق : 
    

القبهزة جبهعت –العلوم كليت           تـاسن الكلي : 
   

م2002      زجـت التخـسن : 
   

   

   

 

 





 

 

 

 

 

 جـاهعح عيـن شوـس          

 كليـح الثنـاخ لـآلداب ً العلـٌم ً الترتيـح

 فيسياءقسـن ال            

 

تإستخذام النيترًناخ لطثقاخ رقيقح هن  اإلشعاعيالتنشيط تقنيو  تطثيق" 

 هن التآكلدراسح كل تيذف الحذيذ الصلة تإستخذام هصذر نيترًني 

 " ًاألكسذج

 هاجستير الح ـرس

 هقذهح هن

 رين فيصل إتراىين 

 كيويبء هششوع السيكلوتشوى -أخصبئي فيزيبء

 هيئة الطبقة الزسية - الٌووية البحوثهشكز 

 ةـبء ًوويـوم تخصص فيزيـالعل في ة الوبجستيشـللحصول على دسج

 فراـإش

 حوذ هرسياد. ا.
                                                   إلشعبعيةا الفيزيبءأستبر 

 كلية البٌبت -قسن الطبيعة 

 اهلل ( هجبهعة عيي شوس )سحو

 زينة عثذه صالح  ا.د 
                                            الٌووية  أستبر الفيزيبء

 التجشيبية الٌووية  الفيزيبءقسن 

  هيئة الطبقة الزسية - الٌووية البحوثهشكز 

 

 حسن إتراىين حسند.  

 ةأستبر هسبعذ الفيزيبء الٌووي 
   هششوع السيكلوتشوى

هيئة الطبقة  –الٌووية  هشكز البحوث

 الزسية

 عفاف عثذ الطيف نذاد.  
  أستبر هسبعذ الفيزيبء الٌووية                                                  

 كلية البٌبت -قسن الطبيعة 

                              جبهعة عيي شوس

 إلى

 فيزيبءقسن ال 

 شوس جبهعة عيي - كلية البٌبت لآلداة و العلوم و التشبية

(2013)           
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