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ABSTRACT

Neutron activation analysis (NAA) using k0 - standardization (k0 – NAA) is well-

known method for multi-elemental analysis. The method is used to analyze different

samples belonging to different fields. In addition, X- ray fluorescence (XRF) is also used

for multi-elemental analysis. XRF complements NAA methods. Both methods were used

for investigation of some iron ores and aluminum –Cupper alloy (Al-Cu) samples.

Elemental concentration of Iron ores and Al-Cu alloy samples were determined by k0

– NAA and XRF methods. The iron ore samples were collected from Wadi Kareim and

Umm Nar sites (the Eastern desert of Egypt). Six and two samples representing the ores

of Wadi Kareim and Umm Nar, respectively altogether with the standard samples

consisting of Fe, Au , Zr and W and the certified reference sample IAEA Soil-7 were

irradiated in one of the irradiated boxes at the Second Egyptian Research Reactor (ETRR-

2). The induced activities were counted using an efficiency calibrated HPGe detector

systems. The neutron spectrum parameters  and f characterizing the neutron irradiation

position that are needed in applying k0-NAA method were determined using the

activation product of Zr , Au, Fe and W and found   - 0.048 ±0.002 and f   38±2.  k0

– NAA method was applied to determine the elemental concentrations in the two iron ore

samples. The concentrations determined were found to vary erratically form one sample

to another. The results were discussed and compared with similar results in literature.

The accuracy of the k0 – NAA method was checked by determining the elemental

concentration in the IAEA-Soil 7 reference sample. The obtained results are compared

with the recommended values. Good agreements were found within 10 %.

Short time neutron activation analysis (STNAA) was carried out to determine

concentration of major elements in Al-Cu alloy samples. Three (Al-Cu) alloys samples

with different concentrations of Cu (2, 3.5 and 5 %) altogether. Au standard sample (bare

and Cd-covered) were irradiated by neutrons using the Penumatic irradiation rabid system

(PIRS) installed at the ETRR-2. The modified k0-NAA analysis method was used to

determine the major elements in the Al-Cu alloy samples without the need to determine

the neutron spectrum parameters  and f. The Al-Cu alloy samples were also, analyzed

using XRF method. Results obtained from both methods were compared and discussed.
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AIM OF THE THESIS

Neutron activation analysis using k0 standardization (k0-NAA) is a qualitative and

quantitative nuclear method. It is based on well-understood physical principals. It has

been adopted in various laboratories all over the world. X-Ray fluorescence method

(XRF) is an atomic method. It completes the information obtained by the k0-NAA.

Iron is an important element in a lot of industrial applications. In chemical

compounds, the metal is widely distributed and ranks fourth in abundance among all the

elements in the earth's crust; next to the aluminum it is the most abundant of all metals.

Egypt has several resources of iron ore such as Wadi Kareim and Umm Nar sites, in the

eastern desert. Information about amounts of iron and trace elements in these ores are

important and highly needed. Based on this information, decision concerning extracting

and purification processes can be taken.

 Aluminum-Cupper (Al- Cu) alloys are important since they are used in a lot of

industrial applications. For example, they are used as a cladding material in nuclear

reactors. These alloys are manufactured with different percentages of Cu leading to

different physical properties. Thus, elemental investigations of these alloys are needed.

The present Thesis apply the k0-NAA method to investigate the elemental

composition of two iron ore samples and some Al-Cu alloys with different percentages of

Cu. In addition, X-Ray fluorescence method (XRF) was used to analyze Al-Cu alloys.

Application of the k0-NAA method requires the following steps: 1) preparation a

database of k0-NAA nuclear parameters, 2) establishing the absolute detection efficiency

of the used gamma ray spectrometers, 3) determination of reactor neutron spectrum

parameters  and f and 4) checking the accuracy of the obtained results via analyzing

some certified reference materials.
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Chapter 1

Principals of Neutron Activation Analysis

1.1. Introduction

        Georg Hevesy and Hilde Levi were the first to report on a new method of activation

analysis [1]. They observed that some elements became highly radioactive when

irradiated with neutrons. At that time, element discrimination was based on the half-life

rather than the energy of the emitted radiation. The neutron activation analysis (NAA)

method was not used much after its discovery because the smallness of neutron fluxes of

available neutron sources. However when the developing research reactor characterized

with high neutron fluxes, NAA showed a jump. In addition, the development of gamma

ray spectrometers with high resolving powers such as HPGe detectors coupled to

multichannel pulse height analyzers (MCA) helped so much to explore the capabilities

and advantages of the multi-elemental character of NAA. The developments in activation

analysis; their impact on trace element research; and the applications of activation

analysis in environmental sciences, biology, medicine, archeology, criminology,

geochemistry, and industry are well documented [2-9].

Neutron activation analysis has been challenged by elemental analysis techniques,

such as atomic absorption spectrometry, inductively coupled plasma optical emission

spectrometry (ICPOES), and mass spectrometry (ICP-MS). Nevertheless, a variety of

activation analysis techniques have emerged that complement classical NAA and increase

its capabilities.

1.2. Theory of NAA

The basic idea of neutron activation analysis is that irradiation by neutrons induces

nuclear reactions in the nuclei of the analyte, and the reaction products (which usually are

radioactive) emit radiations characteristic of the identity and quantity of the elements to

be determined. This is shown in Fig. (1.1). Among other possibilities of irradiation by

charged particles or gamma rays, irradiation by neutrons is the best choice since they

have no charge and can be deeper penetrate into the investigated sample. Additionally,
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the high cross-sections of neutron-induced reactions offer extremely high analytical

sensitivities for many elements. The produced nuclide can be either stable or radioactive.

In the former case, only gamma de-excitation occurs, resulting in an essentially prompt

emission of discrete gamma radiation of usually high energy, up to 8–10MeV. In the

latter case, the radioactive product undergoes one or more decays, and is eventually

transformed into a stable nuclide. The radioactive decay is characterized by its half-life,

which can be anywhere from a fraction of second to many years.

Fig (1.1): Diagram Illustrating the Process of Neutron Capture by a Target Nucleus
                Followed By the Emission of Gamma Rays.

The reaction rate R, for a nuclear reaction is given by [7-9]:

(1)

where  is the cross section,  dE is the flux or flounce  rate of particles with

kinetic energy between E and E+dE impinging on the sample,  m  is the mass (g) of the

target ,  M is the atomic mass,  is the isotopic abundance and NA is the Avogadro’s

number. For thermal neutrons, the absorption cross section is usually inversely

proportional to the neutron speed (‘‘1/v’’- law), and Eq. (1) is reduced to:
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where  is the cross section for the most probable neutrons speed of 2200 m s-1 (neutron

energy of 0.0253 eV) that corresponds to the maximum of the Maxwellian speed

distribution at room temperature (T = 293.15 K) and  is the thermal neutron flux and

N0= mNA/M. The average neutron energy at room temperature is 0.038eV. Sometimes,

Maxwellian averages for a certain equilibrium temperature (usually 300 K) are given,

which are obtained by integration of energy-differential cross sections between the limits

of and 10 eV. At energies higher than about 1 eV, the reaction cross sections exhibit

huge variations with the incident neutron energy and are called resonances up to about

0.1 MeV , however the differential flux,  of partially thermalized neutrons

(epithermal neutron) is approximately proportional to 1/E. Hence, an analogous

expression can be derived for epithermal neutron activation and is given by [7, 9]:

where is the epithermal flux and Io is the integral resonance cross section over all

resonances given by:

The lower limit of integration is the effective cut off energy for a Cd filter, usually about

0.55 eV, which is used to absorb the thermal part of the neutron spectrum, while the

practical upper limit is  = 0.1 MeV.

For thermal and epithermal neutrons, the most important activation reactions are

neutron capture (n, ) and fission (n, ). However, for fast neutrons and/or fission

neutrons, other reactions (threshold reactions), such as (n, ), (n, p), (n, ) and (n, 2n)

reactions, dominate. These fast reactions can occur only if the neutron energy exceeds the

threshold energy . For a fission neutron spectrum, it is possible to define an average

cross section [7, 9]:
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This cross section can be used to calculate the reaction rate of fission neutrons, via:

                                 (6)

Tabulated values of thermal neutron cross sections, resonance integrals, 235U fission-

averaged cross sections, and 14 MeV neutron cross sections are available in the literature

[3-5].

1.3. The Activation Equation

The activation process by neutrons and the resulting decays of excited nuclear states

are controlled by the laws of nuclear physics and can be fully described by mathematical

equations. In the activation reaction, a radionuclide is formed and subsequently decays.

The rate of change of the number of radioactive atoms N is thus determined by the

differential equation:

It accounts for simultaneous production and decay. Integration gives:

                                            (8)

where R is the reaction rate and  is the decay constant, giving the probability of decay

per unit time. The directly observable quantity is the activity, A(t) which is the number of

disintegrations per unit time at time t:
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               (9)

where As denotes the saturation activity and the expression in brackets is the saturation

term. Saturation is reached only when the irradiation time is long compared to the decay

half-life time ( )    note  ln (2)/   .

        The induced activity must be measured in order to determine the elemental

composition of the sample. This is usually done after the neutron irradiation. The sample

will be irradiated for time tir, the nuclide in the sample will decay for some time , and

will be counted for some time tc, the number of counts accumulated by the detector will

be:

 , (10)

where is the observed activity, i.e., count rate right after activation referred to later as

decay corrected counting rate; P is the emission probability per decay of the observed

radiation,  is the corresponding detection efficiency, and S, D and C are the saturation,

decay and counting corrections terms, respectively (  and

C ). It is clearly seen in Eq. (10) that the number of counts is

directly proportional to the mass of the analyte. The quantities in brackets are

characteristic of the observed isotope of the analyte element, and  and  are the features

of the detector and the irradiation facility, respectively. The quantity  represents

activation by thermal and epithermal neutrons.  can be rewritten as

(10a)

1.4. Types of Neutron Activation Analysis

        NAA is the most common form of activation analysis. The activation reaction is

induced by the interaction of a neutron with the nucleus of an analyte element. Depending
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on the energy of the incident neutron and the reaction cross sections of the target

elements, different types of reactions can take place, leading to activation products.

1.4.1. Neutron Source.

        The most practical neutron source for NAA is a nuclear reactor, which produces

neutrons via the nuclear fission process. Reactors are large devices in which fissionable

material such as 235U is fissioned into two nuclides with simultaneous emission of

neutrons that induce further fissions in a chain reaction [6]. The cross-section for neutron

induced fission of fissionable nuclides increases with decreasing energy of the neutrons.

In order to increase the neutron activity, moderators that slow down neutrons are added to

reactors. To reflect back some of the neutrons that are leaked from the reactor core,

reflectors are used. The fission process releases large amounts of energy so the system

must be cooled by a coolant (either liquid or gas). The nuclear reactors are classified

according to their fuel, moderator, coolant, reflector, and configuration. Almost all

research nuclear reactors are heterogeneous reactors in which the fuel is in the form of

rods. In the Light Water Reactor (LWR), ordinary water (H20) is used as moderator and

coolant. The reflector is mainly graphite, but there are also Be or H20 reflected reactors.

        Due to the relatively high cross-section for thermal neutrons scattering by H atoms in

reactors moderated by light water, the flux of the neutrons (reactor neutron spectrum)

contains large fractions of fast and epithermal neutrons. So, the reactor neutron spectrum is

usually divided into three groups (components) according to their energies: thermal,

epithermal and fast neutrons. The thermal neutrons component consists of low-energy

neutrons with energies below 0.5 eV, which are in thermal equilibrium with atoms in the

reactor’s moderator. At room temperature; the energy spectrum of thermal neutrons is best

described by a Maxwell–Boltzmann distribution with a mean velocity of 2200 m.s-1 (0.025

eV).  The epithermal neutron component consists of neutrons with energies from 0.5 eV to

about 0.5 MeV. These neutrons are partially moderated by the moderated atoms and do not

reach thermal equilibrium. Both thermal and epithermal neutrons induce (n, ) reactions on

the target nuclei. The fast neutron component of the neutron spectrum (energies above 0.5

MeV) consists of the primary fission neutrons, which still have much of the original energy
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following fission [7] with a spectrum ranges from 1 MeV to 20 MeV. Fig. 1.2 shows a

typical neutron spectrum from a research reactor.

Fig (1-2). Typical Neutron Spectrum From a Research Reactor.

When a reactor is not available, isotopic sources, small mobile reactors and neutron

generators [8-10] are possible alternatives. Reactors as neutron sources are preferred over

other neutron sources since their fluxes (in the order of 1012 -1015 n cm-2 s-1 ) are higher

than the obtained fluxes from other neutron sources by several orders of magnitudes.

1.4.2. Thermal Neutron Activation Analysis (TNAA)

        Thermal Neutron Activation Analysis (TNAA) is carried out using thermal neutrons.

They are obtained after good moderation of neutrons from any neutron source. Due to the

1/v - dependence of the capture cross section, thermal neutrons have the greatest

probability of interacting with most target elements. For this reason, TNAA is the most

simple and universal activation analysis technique and remains the workhorse in the

activation analysis laboratory.
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1.4.3. Epithermal Neutron Activation Analysis (ENAA)

Epithermal neutrons (~0.5 eV to ~ 0.5 MeV) serve as activation particles in this

special type of NAA, which is based on the selective activation of certain nuclides the

cross sections of which exhibit strong individual resonances in the lower part of this

energy range. Special facilities to enhance ENAA reactions over thermal NAA are

employed in the irradiation locations. To suppress the thermal neutron activation of the

matrix elements, the sample is covered with a thermal neutron absorber, such as cadmium

(Cd) or boron. As a result, high sensitivities can be attained despite the relatively low

activity induced by the epithermal neutrons. Specific problems and typical applications of

ENAA have been discussed by [11].

1.4.4. Fast Neutron Activation Analysis (FNAA)

        Neutrons with energies greater than ~ 0.5 MeV are called fast neutrons. The fission

spectrum of a light-water-moderated reactor provides as many fast neutrons as thermal

neutrons. Therefore, fast neutron activation of certain elements via (n, p) reactions is a

very selective technique, complementary to thermal and epithermal NAA. A typical

example is Fe, for which the 56Fe (n, p)56Mn activation reaction produces a better

gamma-ray emitter than the thermal capture reaction. A common and particularly useful

form of (FNAA) is the instrumental analysis with 14 MeV neutrons that are produced by

small accelerators known as neutron generators.

1.4.5. Prompt Gamma Neutron Activation Analysis (PGNAA)

Prompt gamma neutron activation analysis (PGNAA) is an instrumental procedure

that makes use of the prompt gamma-ray emissions that occur immediately after neutron

capture during the de-excitation of the newly formed compound nucleus. The capture can

produce nuclear states with energies up to about 11 MeV above the ground state, which

usually decay through a cascade of gamma rays. The complexity and broad energy range

of these spectra distinguishes PGNAA from most other NAA procedures [12].

        The main advantage of PGNAA is the ability to obtain gamma-ray spectra from the

neutron capture of nuclides that do not produce radioactive isotopes through the (n, )

reaction. PGNAA favorably complements NAA through efficient reactions with the light
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elements that generally do not produce radio nuclides, and also a number of higher Z

elements with high cross sections the normal decay products of which may be difficult to

measure in the presence of high activities induced in certain matrices. The light elements

most often investigated are H, B, C, N, Si, P, S, and Cl; and the heavier elements are Cd,

Sm, and Gd. Recent advances and a detailed description of the technique of PGNAA can

be found in   [13, 14].

Several precautions are necessary to be taken into account. The most important one

is the good shielding of the detector used to avoid damage of its crystal by neutrons. In

addition, well moderation as well as shielding of neutron source (in case of using isotopic

neutron source) is needed since gamma ray background from the shielding and moderator

materials, may interfere the gamma rays from the irradiated sample.

1.4.6. Other types of NAA

There are other types of NAA such as short time neutron activation analysis

(STNAA) and radiochemical neutron activation analysis (RNAA). In STNAA, the

gamma ray measurements are performed after short irradiation and decay times to

determine elemental contents of isotopes characterized with short or medium half life

times. RNAA is used in the case where the induced radio nuclides of trace elements are

masked by matrix activity. The resulting radioactive sample is chemically decomposed

and the radionuclides are isolated by chemical separations into a single or several

fractions free of interfering radioactivity's [15-16]. Although RNAA has the advantage of

high sensitivities for many elements, it has some disadvantages:  it is destructive, time

consuming and the radiochemical procedures are complicated [17]. In addition, in the

method of NAA the radionuclide's are determined on the basis of the differences in decay

rates via measurements at different decay intervals using high-resolution detectors

[18-19]. The (NAA) method is nondestructive and all problems related to the

decomposition of the sample and separation are avoided. This aspect is very important

when unique or valuable materials must be analyzed such as archeological and art objects

or in the case of materials that are difficult to dissolve such as silicon based samples or

ceramics. NAA is multi-elemental, suitable for sample sizes from μg to kg, which allows

one to obtain low detections limits (at ng/g to mg/kg level) for up to fifty elements. Better



23

detection limits of desired elements can be achieved. The influence of the matrix is

usually negligible. This method is suitable for measuring trace elements. It is self-

validating method: two or more analytical gamma ray lines may be used for the

determination of the same element allowing a crosscheck of the process. However, the

method is rather time-consuming.

1.5. NAA standardization methods

        The determination of an element is based on the activation equations (Eq.10). It

offers the possibility for a direct ‘‘absolute’’ quantitative determination to the activation

analyst. However, difficulties in accurately determining the flux distribution within the

sample, as well as uncertainties in the physical parameters such as cross section, half-life,

and decay branching ratios would introduce large components of uncertainty.

        Therefore, two methods are routinely employed: 1) a ‘‘comparator’’ standard with

known elemental content is irradiated and measured under the same conditions as the

sample, and 2) in a parametric method the values for flux and detection sensitivities are

obtained for the irradiation facility and spectrometry equipment through calibration, and

tabulated experimental parameters are used for the determination of each individual

element.

1.5.1. Comparator Method

Equation (10) provides the basis for quantitative activation analysis, hence the

unknown mass mx of analyte x can be determined if all other parameters are accurately

known. This is seldom the case, so a comparative analysis with a standard sample

containing a known mass, ms, of the same element is usually performed. If the standard

matches the size and composition of the unknown sample, the ratio of counts Nc, x /Nc, s

can be used for the calculation of the unknown mass. Applying Eq. (10) one obtains:

x

s

xx

ss

xscsc

sxcxc
sx SDC

SDC

MPtN

MPtN
mm

)(

)(

)/)(/(

)/)(/(

,,

,,







   (11)
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If the conditions for both irradiation and counting are identical, all parameters cancel, one

obtains:

)/(

)/(

,,

,,

scsc

xcxc
sx tN

tN
mm   ,                                           (12)

Equation 12 is the basis of relative standardization method in NAA. If the counting and

cooling times of both standard and sample are different, the above equation can be

rewritten in terms of concentrations as:

scc

xcc
sx SDCWtN

SDCWtN
CC

)/(

)/(
   ,                                                     (13)

where W is the weight of the sample.

The relative method is precise and accurate as long as the standard materials are

available and similar to the sample composition. In addition, the knowledge of the absolute

efficiency curve for the used gamma ray detector is not needed. However, the application

of this method for multi-element analysis has some disadvantages: 1) the preparation of

such standards is rather time consuming, tedious and expensive, 2) a previous qualitative

NAA is necessary, and 3) unexpected elements – not being present or not certified in the

standard – which may appear in the spectrum of the sample cannot be determined. The

application of so – called multi-element standard materials has been recommended. These

multi-element standards are prepared by spiking with known amount of elements a suitable

carrier material. The carrier material should be carefully chosen. It can be either a natural

matrix, which originally contains only negligible or well known amounts of the doping

elements, and preferably of a similar chemical nature as the sample to be analyzed.

However this method of preparing standards is tedious, time consuming, expensive and not

practical. The use of certified standard reference materials (CRMs) as standards seems a

good choice. Although a lot of CRM is available, difficulties may arise when one analyzes

a new type of material whose elemental composition is different or looking for elements in

the sample for which no certified values are existing in the CRMs. Moreover, not all

concentrations of elements are certified in CRMs. Nevertheless, the comparator method
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(relative method) [20-23] is still presently the most widely as well as accurate method since

it can be used under various experimental conditions and without any knowledge about the

parameters of the irradiation site.

1.5.2. The k0 standardization method

The possibility of using a single element as a comparator for multi-element NAA is

very attractive since every radioisotope observed in the gamma-ray spectrum can be

related to a quantity of the parent element in the sample. A number of schemes have been

devised to accomplish this; the one that is most widely accepted is called the k0 method.

Before 1970, several researchers had devised standardization techniques, where

calibration factors, sometimes called k-factors, were measured for the gamma rays of the

desired elements for specific irradiation and counting conditions. It was very convenient

to continue using these k-factors as long as the conditions did not change. These

procedures have been used in many applications where one or several element standards

provided an experimental calibration function for an irradiation facility and counting

efficiencies for multi-element analysis. Usually counting rates of elements were measured

and tabulated in spreadsheets as ratios to the counting rate of the monitor element(s).

Examples can be found in air particulate monitoring with several elements evaluated

against a cobalt monitor [24], and in PGAA analysis where elements in biological

materials are assayed against titanium monitor [25].

        The so-called k0-standardization in neutron activation analysis (k0-NAA) method is

based on the recognition that the ratio of nuclear constants for analyte x and a chosen

standard s in Eq. (11) can be combined into a single constant [26]:

s

x
x MP

MP
k

)/(

)/(

0

0
,0 


                                                 (14)

This constant can either be calculated or measured accurately with respect to an adopted

standard, which practically serves as the flounce monitor. In practice, the k0 factor is not

determined using Eq. (14), because the nuclear data are often not known with sufficient

accuracy; instead the k0 factor is measured experimentally. It is expressed relative to

comparator ‘‘s’’ which is usually gold (k0 value for the 198Au (411.8 keV ) =1). The Au
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activation cross section is 98.7 barns and the 411.8 keV gamma-ray abundance is 95.5%.

All other published k0 values have been measured relative to 198Au. Over the years,

accurate k0 values have been measured for more than 500 gamma rays emitted by more

than 144 nuclides, which are essentially all the gamma rays used in NAA. As an aid to

understanding the concept, a k0 value can be thought of as the number of gamma rays

emitted per unit mass of the element and unit thermal neutron flounce.

The elemental concentration of an (unknown) analyte x in a sample, Cx ,can be

determined using the xk ,0  factor. This is performed by co-irradiation of the sample and a

comparator C or a standard S usually (Au) in any irradiation position.The concentration

Cx in ppm (μg/g) in the unknown is given by [26]:

  , (15)

where f is the ratio of thermal flux to epithermal flux, and Q0 is the ratio of the resonance

integral to the thermal neutron cross section (Q0=I0/0),  is a correction factor for the

deviation of the epithermal neutrons from the pure 1/E law. f and  are called the neutron

spectrum parameters – they are the input parameters for k0-NAA.

 Derivation of the above equation is based on the so-called Hgdahl convention [27]

that is used to calculate reaction rates in a mixed thermal–epithermal neutron spectrum.

According to the convention, it is assumed that in the thermal neutron region the

activation cross section is inversely proportional with neutron velocity v (the 1/v- law). It

also assumes that the neutron spectrum varies with energy as 1/E in the epithermal

neutron region. To account for deviation of epithermal neutrons from the 1/E –behavior,

they assumed to follow the approximation . The shape parameter, , is usually

measured at the same time as the thermal to epithermal flux ratio, f.

It so happened that the values of 0Q  (see Fig. 1.3) for many isotopes of interest in

NAA are so small that they can be neglected with respect to f -assuming the irradiation

site is well thermalized. As a result equation 15 reads
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 ,       (15a)

Consequently determining the irradiation parameters f  and   is not needed. All what is

needed to determine the concentration of an analyt in a sample is to irradiate it together

with a reference standard monitor- for example Au- for which the 0k  factors are

tabulated. Such simplified 0k - method (Eq. 15a) has been validated experimentally [28].

Fig. (1-3). the 0Q Values of Most Isotope of Interest in NAA.

The  value, varies with . In the Hogdahl convention, the calculation of ( )

is simplified by using the concept of mean resonance energy, where the contribution to

the resonance integral of all the resonances is approximated by one resonance situated at

the effective mean resonance energy . Once  is known, ( ) can be calculated

using a simple formula:
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                    (16)

The mean resonance energies were calculated by integrating over all the resonances for

all the (n, ) reactions used in neutron activation analysis [29].

1.5.2.1. Limitations of k0 standardization method.

Resonance peaks are distributed in the epithermal neutron range. These peaks may

approach and /or lie in the thermal neutron energy range for some nuclides and called non

1/v nuclides - Fig. 1.4 shows an example for such nuclides. Resonance peaks for the non-

1/v nuclides contribute to the activation rate by thermal neutrons. As the temperature of

the moderator of reactors exceeds 20 0C, the energy range of thermal neutrons is shifted

to a higher energy range. In such case, the HØgdal convention cannot be used to describe

the reaction rates of these non-1/v nuclides.

Westcott [30, 31] developed an alternative convention to describe neutron reaction

rates for the non-1/v nuclides. It is based on converting the cross-section, 0 which is

tabulated at the temperature of 20 oC to the effective cross-section at the actual

temperature of the reactor. In this convention , it is assumed  that the neutron spectrum as

a combination of a Maxwelliam-Boltzmann velocity distribution function which is

characterized by a temperature T, and a component of epithermal energy neutrons, whose

neutron flux distribution is proportional to the reciprocal of the neutron energy, i.e. dE/E.

It can be shown that, the concentration of analyt a, a is given by 0k standardization

method of neutron activation analysis ( NAAk 0 ) in terms of the Westcott's convention

[32, 33].

The elemental concentration of an analyte x (unknown) in a sample, can be

determined using the )(,0 xk s  factor in terms of the Westcott as:
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where 0T = 293 K, g(T) is a parameter which represents the departure of the cross section

from the 1/v-law in the thermal region at the actual temperature, T (g(T)=1 if the nuclide

obeys the 1/v law in this energy region), 0T/T)(r   is the epithermal flux index which

denotes the strength of the epithermal flux; it is zero for a pure thermal flux and s0( ) is a

parameter which represents the ratio of the reduced resonance integral and thermal cross

section. Using ‘‘Au’’ as a comparator or standard, the subscript Au replaces s in

equations 14 and 16.

The number of strong non 1/v nuclides in NAA is limited, so the more popular

convention of HØgdal is used in most of research work in NAA. Namely, equation 15 is

used.

Fig (1.4) Strong Resonance Peak Lies in the Thermal Neutron Energy Range for the
176Lu(n, ) 177Lu reaction [34].
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1.5.2.2. Measuring f and .
        Several methods have been developed to measure f and . They all involve the

activation and counting of a number of nuclides having a range of Q0 values and mean

resonance energies.

1.5.2.2.1. Determination of the epithermal neutron flux index ( )

     Alpha () can be determined experimentally by the three methods:  1) Cd covered –

multi – monitor – method, 2) Cd – ratio for multi – monitor method and 3) bare multi –

monitor – method. The first and second methods are used when epicadmium neutron

activation analysis is used [35 - 37] and when the reactor  neutron flux characteristics are

known to be stable as a function of time [35]. The third method is essential for in situ  -

determination in NAA [38, 39]. A set of N- monitors, together with a reference monitor

isotope, are irradiated without cd- cover, where the induced activities are measured on a

Ge- detector with known detection efficiency curve. The used monitors should have 1/v

dependence up to ~1.5 eV and in such case   can be calculated from the slope (-) of

the straight line when plotting:

 ,                                     (18)
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N thG and eG are  the thermal and epithermal neutrons self shielding correction factors,

respectively  and the index ref refers to the reference monitor isotope. In addition,    can

be determined using the so-called the bare triple –monitor method. This method is a simple

version of the bare multi – monitor – method.  In such case, three monitors are used (N=2,

plus one reference monitor) and after simplification [38, 39], it can be shown that    is

g i v e n  b y

0)()()()( 3,02,01,0   QbQaQba ,                                           (19)
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1.5.2.2.2. Determination of thermal to epithermal flux ratio (f)

        With the knowledge of the parameter the flux ratio f, can be determined using

either the Cd ratio method or the bare bi- isotopic flux ratio monitor method. The first

method is more accurate than the second [35, 36, 40] in determining not only f but also.

In addition, the detector efficiency calibrations are not needed assuming that the same

activated isotope is measured following both irradiations at the same distance from the

(HPGe) window. On the other hand, the Cd-ratio measurements have some

disadvantages: the irradiation with Cd filters is often not allowed in some reactors or in

certain irradiation channels and the Cd – ratio measurement cannot be carried out

simultaneously with the sample irradiation due to the high flux depression around the Cd

filter. So, to determine the flux ratio f using this method, its constancy should be assumed

and the standard should be irradiated two times, with and without Cd; and at the same

conditions. This is economically expensive and time consuming. Therefore, the second

method - the bare bi- isotopic flux ratio monitor method - is preferred. This method is

based on neutron irradiation of two different standards (monitors) at the position one

would like to determine its flux ratio [35]. Applying the activation formula for two

activated standards isotopes, (indicates 1and 2) and combining these equations, so we can

get:
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1.5.2.2.3. Determination of  and f simultaneously.

The bare bi-isotopic monitor method based on equation 20, can be used to determine

the parameters  and f simultaneously [41, 42]. It (equation 20) can be rewritten as:
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          (21)

where i=1, 2, 3…N, ref refers to any activated isotope.  and f are determined as follow:

1) co-irradiation of at least three monitors, 2) counting the irradiated isotopes using HPGe

detector of well known absolute detection efficiency, 3) determining their specific

activities, ispA ,  4) calculating )(,0 iQ  (
0,0 )()(  IQ i  )  for every activated isotope as

a function of , 5) choosing any activated isotope as a reference (ref), and 6)  substituting

into equation 21 . Plotting f versus  for the activated isotopes yields curves intersecting

at a unique point. This point is the solution of equation (21).

Zr and Au are well known standard samples for  and f determination. When Zr is

activated by thermal and epithermal neutrons, two isotopes are produced, Zr95 and Zr97

from the reactions ZrnZr 9594 ),(   and ZrnZr 9796 ),(  , respectively. Au198  is produced via

the reaction AunAu 198197 ),(  .

The flux ratio can be determined using the so-called Cd-ratio , dcR method. The

Cd- ratio is defined as the ratio of specific activity resulting from neutron irradiation of  a

bare isotope (without Cd) to the specific activity due irradiation under Cd. It can be

shown that [41, 42]:

)(Q
)(Qf

R
0

0
dc 
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1.5.2.3. Accuracy of the k0 -NAA method

The uncertainty of analytical results using the k0 method was estimated to be 3.8%

included 1% from k0 values, 1% from Q0 values, 2.5% from f and , and 2.5% from

detection efficiencies, all combined in quadrature [43]. A considerable effort was

achieved to reduce uncertainty to 2% under favorable conditions, such as counting the

samples far from the detector and using an irradiation channel with high f value.

However, for new laboratories adopting the method, a large number of papers comparing

results with the accurately known mass fractions in certified reference materials show

many deviations between 5% and 10%. These papers did not identify the likely causes of

these deviations, and they were not able to resolve them. Thus, it may be concluded that
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new laboratories adopting the method should expect accuracies between 2% and 5%,

depending on the resources available to fully develop the method.

An important step toward improved quality assurance is the development of the

synthetic multi-element standards (SMELS) material [44] such as SMELS I, SMELS II,

and SMELS III.  These stable, homogeneous materials with well-known mass fractions of

all the elements are very useful in verifying the method. The intended use of these

materials is to verify that the k0 method is being correctly used. If discrepancies with the

expected mass fractions are observed, the user determines the reason and makes

corrections.

There is a continues effort to improve the nuclear database [32] that contains the

recommended k0 values, Q0 values, mean resonance energies, and half-lives for 144

nuclides. This will make a difference for a few nuclides for which the currently used k0

and Q0 values may be in error by as much as 10% [45]. The international committee

updating the database hopes to identify all the nuclides for which the current k0 values

may be in error by more than 2% and to publish new recommended values.

1.6. Gamma ray spectroscopy with HPGe detectors

        Gamma-spectroscopy systems are important tools in radioanalysis. Radioactive

samples produce gamma rays of different energies. These gamma rays are recorded by

the detector element via photo-electric, Compton and pair production interactions to

generate spectra. Photoelectric absorption arises by interaction of the gamma-ray photon

with one of the bound electrons in an atom. The electron is ejected from its shell with a

kinetic energy,  given by [46]:

,                      (22)

where  is the gamma-ray energy and  the binding energy of the electron in its shell.

The atom is left in an excited state and recovers its equilibrium in one of two ways. The

atom may de-excite by redistribution of the excitation energy between the remaining

electrons in the atom. This can result in the release of further electrons from the atom (an

Auger cascade) which transfers a further fraction of the total gamma-ray energy to the

detector. Alternatively, the vacancy left by the ejection of the photoelectron may be filled

by a higher-energy electron falling into it with the emission of a characteristic X-ray
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which is called X-ray fluorescence. This X-ray may then in turn undergo photoelectric

absorption, perhaps emitting further X-rays which are absorbed, in turn, until ultimately

all of the energy of the gamma-ray is absorbed. The energy level from which the electron

is ejected depends upon the energy of the gamma-ray. The most likely to be ejected is a K

electron. If sufficient energy is not available to eject a K electron, then L or M electrons

will be ejected instead. The probability , that a photon will undergo photoelectric

absorption can be expressed as a cross section. This measure of the degree of absorption

and attenuation varies with the atomic number, Z of the absorber and the gamma-ray

energy, in a complicated manner:

     ,                                        (23)

where n and m are within the range 3 to 5, depending upon energy -for example,

functions such as /  and /   has been quoted. The significance of this

equation is that heavier atoms absorb gamma radiation, at least as far as the photoelectric

effect is concerned, more effectively than lighter atoms. It follows that ideal detector

materials would be of high Z, given that their charge collection characteristics were

satisfactory. It is normally assumed that photoelectric absorption results in the complete

absorption of   gamma-ray. However, for those events near to the surface of the detector

there is a reasonable probability that some fluorescent X-rays, most likely the K X-rays,

might escape from the detector. The net energy absorbed in the detector would then be:

  , (23)

where  is the energy of the  X-ray of the detector material. This process is known

as X-ray escape. Since a precise amount of energy is lost, this gives rise to a definite peak

at the low-energy side of the full energy peak. In a germanium detector, it would be

called a germanium escape peak and in a sodium iodide detector iodine escape peak.

Compton scattering is a direct interaction of the gamma-ray with an electron,

transferring part of the gamma-ray energy. The energy imparted to the recoil electron,

is given by the following equation:
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                                                                  (24)

Or:

     ,                                           (25)

where  is the energy of scattered gamma ray and  is the scattering angle. Different

values of   into this equation show how the energy absorbed varies with the scattering

angle. Thus, with  = 0, i.e. scattering directly forward from the interaction point,   is

found to be 0 and no energy is transferred to the detector. At the other extreme when the

gamma-ray is backscattered and  =1800 , the term within brackets in the equation above

is still less than 1 and so only a proportion of the gamma-ray energy will be transferred to

the recoil electron. At intermediate scattering angles, the amount of energy transferred to

the electron must be between those two extremes. At all scattering angles, less than 100%

of the gamma-ray energy is absorbed within the detector. Most interactions will involve

outer, less tightly bound, electrons and in many cases the binding energy will be

insignificant compared to the energy of the gamma-ray. The probability of Compton

scattering at a given gamma-ray energy is almost independent of atomic number but

depends strongly on the density of the material.

        Unlike photoelectric absorption and Compton scattering, pair production results

from the interaction of the gamma rays with the atom as a whole. The process takes place

within the Coulomb field of the nucleus, resulting in the conversion of a gamma-ray into

an electron–positron pair. For this process to take place at all, the gamma-ray must carry

energy at least equivalent to the combined rest mass of the two particles – 511 keV each,

making 1022 keV in all. In practice, evidence of pair production is only seen within a

gamma-ray spectrum when the energy is more than 1022 keV. The electron and positron

created share the excess gamma-ray energy (i.e. the energy in excess of the combined

electron–positron rest mass) equally, losing it to the detector medium as they are slowed

down. The net energy absorbed within the detector by the immediate consequences of the

pair production event is

                                                             (26)
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The cross-section for the interaction depends upon  and Z in a complicated manner

[46].

                            (27)

The gamma spectroscopy system usually consists of a detector, electronics to

collect and process the signals produced by the detector, and a computer coupled with

processing software to generate, display, and analyze the spectrum-qualitative and

quantitative analysis [46, 47]. After absorption of the gamma ray by the detector material,

a current pulse is produced which its integral is proportional to the absorbed energy. The

integrated pulse is converted to a voltage pulse, and shaped by a preamplifier. Additional

amplification and pulse shaping is provided by the spectroscopy amplifier. Output pulses

from this amplifier are transmitted to a multi-channel analyzer (MCA). Within the MCA,

the input signal is fed directly to an analog – to- digital converter (ADC). The ADC

measures the amplitude of each incoming pulse and generates a digital signal

proportional to the pulse height. This digital signal is routed to the analyzer front- end-

processor, which adds a count to the unique memory address which represents the

appropriate channel number. The channel number in which a given pulse is counted

corresponds to the height of the incoming pulse within the narrow channel width. The

measured spectrum is the number of counts per channel as a function of the pulse height

or energy. The multi-channel analyzer output is sent to a computer, which stores,

displays, and analyzes the data. A software package generally includes spectrum analysis

tools such as energy and efficiency calibration, resolution calculation and net peak area

determination.

Gamma spectroscopy systems are selected to take advantage of several

performance characteristics such as detector resolution and efficiency. Gamma rays

detected in a spectroscopic system produce peaks in the spectrum. The width of the peaks

is determined by the resolution of the detector. The most common figure used to express

detector resolution is full width at half maximum (FWHM). This is the width of the

gamma ray peak at half of the highest point on the peak distribution. High resolution

enables spectroscopist to separate two gamma lines that are close in energy to each other.

Hyper pure germanium detectors (HPGe), which operate at liquid nitrogen temperature,
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are mostly used in NAA. They have the highest resolution among other types of detectors

and are available with high relative efficiencies and with different shapes, i.e. coaxial and

well types [46, 47].

1.7. Elemental analysis using X-ray fluorescence methods

When matter is irradiated with radiations (electrons, X and/or gamma rays) of a

sufficiently high energy, this may lead to ejection of an electron from an inner shell

(usually K or L) of the present atoms, producing an electronically excited ion [48]. The

ejected electron leaves behind a vacancy which is almost immediately filled by an

electron from a higher energy level. The difference in energy between the two levels is

generally released in the form of an X-ray photon. These photons have a narrow energy

bandwidth, and are specific for the particular electron transition and characteristic of the

ionized element. They are called characteristic X-ray lines.  They arise from electron

transition from high to low energy states. The difference between the two states

determines the energy of the emitted X-ray photons. Every atom thus has several

transitions that can occur and produce X-rays of a unique energy. If the transition is to a

K shell, the X-ray is a K X-Ray, if to an L shell it is a L X-ray each X-ray is further

identify by a subscript α1, α2…. β1, β2…. γ1, γ2, which identify the X-ray as originating

from an electron transition between a specific energy level within the initial shell and a

specific energy level within the final state.

The X-rays emitted by the sample must be separated into a spectrum so that the

characteristic X-ray of each element can be measured separately. Use can be made of

wavelength and of energy dispersion. In wavelength dispersive X-ray fluorescence

spectrometry (WDXRF), the X-rays emitted by the sample are dispersed spatially on the

basis of their wavelengths by crystal diffraction (on the basis of Bragg’s law) before

detection. In energy dispersive X-ray fluorescence (EDXF) spectrometer the detector

receives all X-ray lines from the sample at once. For each incident X-ray photon the

detector generates a pulse of electric current with amplitude proportional to the photon

energy. The output is amplified and analyzed by a multichannel analyzer (MCA). The

finally obtained data are spectra characterizing the investigated sample.  Qualitative and
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quantitative analysis are carried out using these spectra.  Quantitative analysis can be

carried out using standards of well-known composition [48].

1.8. Applications on NAA and XRF methods.

1.8.1. Aluminum-Cupper alloys.

Aluminum-Cupper (Al- Cu) alloys are important material since they are used in a

lot of industrial applications. For example, they are used as a cladding material in nuclear

reactors. Al- Cu alloys are prepared mainly by adding Cu (~5% ) to Al and then applying

heat treatment (cooling from 500 0C to the room temperature). The Al and Cu atoms are

randomly mixed forming homogenous solid solution. The advantage of Al-Cu alloys are

characterized with : 1) a relative low melting point, 2)  the solubility of gases in the alloy

is very low and neglected except hydrogen, 3) the Al alloy composition can be controlled

to give suitable  solidification and  4) a good surface finishing can be obtained. In

addition, the finally obtained alloy is characterized with a high corrosion- resistance

property and age hardening [49].

1.8.2 Iron ore samples.

        Metallic iron occurs in the Free State in only a few locations. It is found in

meteorites, usually alloyed with nickel.  In chemical compounds the metal is widely

distributed and ranks fourth in abundance among all the elements in the earth's crust; next

to the aluminum it is the most abundant of all metals. The principle ore of iron is

hematite. Other important ores are goethite, magnetite, siderite, and bog iron (limonite).

Pyrite, the sulfide ore of iron, is not processed as an iron is because it is too difficult to

remove the sulfur, small amounts of iron occur in natural waters, in  plants, and as a

constituent of blood.

         The presence of iron ores in the eastern desert of Egypt 10 km of wadi kareim

sediments was reported in 1907 for the first time. By the end of year 1948 economic

study on wadi koreim iron ore was done where 2.6 million tons of this ore was estimated

as a reserve above the valley surface. The geological survey mission had confirmed of 15
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sites of iron sediments between the latitudes 25-270 nearby the red sea. From the

chemical composition of the ore [50-55] the iron content of the ore from the main seam,

despite its inhomogeneous composition, remain uniform, ranging from 44% - 42% the

Fe-content of the other seams is somewhat less (44% - 42%) [51] than that of the main

stream. Generally the Fe-content of the streams in the outcrop is somewhat higher than at

depth, due to weathering activities.

       The Umm Nar deposit is situated at an elevation of 555 m above the sea level some

90 km away from Sharm El Quibli, the proposed ore terminal on the red sea.The Umm

Nar iron ore seams occur in a fold structure some 7 km in length having a normal, steeply

dipping western limb. The Fe-content of Umm Nar ore decreases from east to west

(45.5% - 40.51%) and the surface ore at Umm Nar was likewise found to have a higher

Fe-content  ore from depth, namely, 45.64% and 41.59% respectively [51].

In this Thesis, NAA, k0-NAA and XRF methods was used to investigate elemental

concentrations of some Al- Cu alloys.  The k0-NAA was used to determine elemental

concentrations in some iron ore samples.
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CHAPTER TWO

Experimental Set Up

2.1 Neutron Irradiation Facilities.

2.1.1 The Second Egyptian Research Reactor (ET-RR-2)

The Second Egyptian Research Reactor (ET-RR-2) is a Multi-purpose Reactor, open

pool type, 22 MW powers, light water cooled and moderated, with an average thermal

flux of (~ 1014 n/cm2.s). The reactor can be used for radioisotope production for medical

and industrial applications, basic and applied research in physics and engineering,

neutron beam experiments, fuel and material test radiography, radiotherapy, and training

of scientific and technical personnel. (ET-RR-2) went critical for the first time on 27,

November 1997. The maximum power of the reactor has been achieved on 11, March

1998. (ET-RR-2) uses (MTR) type Fuel Element of a square section of (80x80 mm).

Each fuel element consists of 19 fuel plates separated between each other by a (2.7 mm)

coolant channel. Fuel plates active zone dimensions are 800 mm width, and (1.5 mm)

thickness. The cladding is made of (A16016) alloy of (0.4 mm) thickness. Fuel pleats

meat is made by a fine and homogeneous dispersion of U3O8 particles with an enrichment

of (19.75%) in weight 235U, in a continuous matrix of pure commercially aluminum. The

core of ET-RR-2 consists of 29 units of fuel-elements, each of them, except one,

containing 19 fuel plates. The core is surrounded by a beryllium reflector, six vertically

movable Cd-In-Ag alloys to control the reactor. The whole is immersed in a large light-

water open tank. The reactor core is cooled by upward forced circulation of light water

[56].

2.1.2. Pneumatic Irradiation Rabbit Transfer System (PIRS)

Short time neutron activation analysis is carried out using pneumatic irradiation

rabbit system (PIRS) installed at the (ET-RR-2). There are two pneumatic transport

systems as reactor irradiation facilities. These provide a means of communication with

the reactor core during its operation. Thus it's enabling fast and safe transportation of the

capsules between the irradiation positions and the end station at the chemical hood.  The
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(PIRS) can be considered as a pipe loop one of its ends is in the core of the reactor the

other one is at the start and receiving station in the laboratory.

        The main parts of the (PIRS) are constructed from, 1) the vacuum, which is

necessary to forward the sample , 2) the compressor provides a compressed air which can

be used for operating the electro-pneumatic valves controlling the direction of air current

flow from vacuum, 3) the starter receiver station, 4) full IC electronic units which control

the operation of the valves and selecting irradiation time and this IC electronics unit

controlled by software enable to send and receive capsules, 5) dosimeter, to measure the

dose rate around the system by Germanium detector system, to a light, and 6) high pure

polyethylene capsules which are used as a carrier for the samples rabbits carrying the

sample[56].

2.2. HPGe gamma-Ray spectrometers

In this Thesis, two Hyper Pure Germanium (HPGe ) Gamma ray spectrometers were

used. The spectrometer consists of a Ge detector, a preamplifier, a high-voltage power

supply, a spectroscopy linear amplifier and a pulse height analyzer built in a Personal

Computer Analyzer device (PCA) as shown in Fig. 2.1. The characteristics of the

Germanium detectors are listed in Table 3.1. The Germanium detector is housed in a low

background chamber made of lead (Fig.2.2) to minimize background counts from the

surrounding environment.

Fig (2.1). The Electronics Block Diagram of HPGe Gamma – Ray Spectrometer.
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Table (2.1): Characterization of the HPGe Detectors.

Fig (2.2): Counting Gamma-Ray Arrangement With Low Background Chamber:  H is
                  Sample's Holder, L is Lead Shield, D is the Detector, P is the Preamplifier, S is a
                Stand, SP is the Sample Position.
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2.2.1 Energy calibration

     Energy calibration was performed using the standard Gamma ray point sources of
152Eu, 133Ba, 60Co, 136Cs and 137Cs. Energy calibration was performed every time before

measuring the irradiated samples. The Gamma ray energies and intensities of these

sources are shown in Table (2.2). Energy calibration was carried out using an option of

Genie software.

Table (2.2). Specifications of Gamma Ray Point Sources Used in Energy and Efficiency

Calibrations [57, 60]

Source Energy
(keV)

Intensity
 (%)

Half life
time

Source Energy
(keV)

Intensity
(%)

Half life time

152Eu 121.7824 0.2837 13.537 yrs  60Co 1173.228 9985 1925.23 day

244.6989 0.0753 1332.492 99.98

344.2811 0.2657 137Cs 661.657 84.99 1.099 ×104 day

443.965 0.03125 133Ba 81 32.75 10.7 yrs

778.903 0.1297 276.28 7.3 10.7 yrs

867.390 0.04214 302.76 18.62 10.7 yrs

964.055 0.1463 355.86 62.72 10.7 yrs

1112.087 0.1354 383.7 8.84

1408.022 0.208 22Na 1274.54 99.94 2.6 yrs
155Eu 86.45 32.74 4.96 yrs 57Co 122.07 85.6 270 day

105.31 21.8 136.43 10.6
54Mn 834.8 99.97 312.2 day
65Zn 1115.2 50.75 243.8 day

2.2.2. Absolute efficiency calibration.

        The standard Gamma ray point sources 152Eu, 133Ba, 60Co, 136Cs were used to

establish the absolute efficiency curve of the first (100 % relative efficiency) at the

vertical distance 7 cm away from the detector window using the formula [33].
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dt

mp
p eA

tN



0

 , (2.1)

where p is the absolute efficiency,   is the gamma ray intensity , pN  is the net peak

area , mt  is the measuring time, 0A is the initial activity of the standard point source used

,
2/1t
2ln

 is the decay constant , 2/1t  is the half life time and dt is the decay time from the

date of production the gamma ray point source to date of measurement. The results are

shown in Fig (2.3).
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Fig. (2.3). Absolute Efficiency Curve for the 100 % Relative Efficiency HPGe Detector.

This efficiency curve was used to calculate the elemental concentrations in (Al-Cu)

alloy using the PIRS installed at the (ET-RR-2). For calculating the elemental
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concentration for the iron ore samples, the (40%) relative efficiency (HPGe) detector was

used. For this detector system, the absolute efficiency curve was established using the

standard gamma ray point sources consisting of 54Mn, 65Zn, 60Co, 57Co, 22Na,133Ba 155Eu

and 137Cs at 20 cm from the detector head. The result is shown in Fig (2.4).

2.3. Samples preparation, irradiation and measurements
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Fig. 2.4.  Absolute efficiency curve for the 40%relative efficiency HPGe detector.

Three (Al-Cu) alloys investigated are characterized with different concentrations of Cu

(2, 3.5 and 5%). Three samples from each alloy were prepared in thin sheets. The weight

of the samples ranged from 4 to 12 mg. Gold standard samples covered with Cd and

without Cd (bare) was prepared. The (Al-Cu) alloy samples and the Au standard samples

were irradiated by neutrons using the PIRS at the (ET-RR-2). The neutron irradiation
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position at which the samples were irradiated by high thermal neutrons. The purpose of

irradiating Au standard samples (with and without Cd) is to determine the thermal and

epithermal neutron flux.  Irradiation times were range in few seconds to several minutes.

After neutron irradiation, the samples were cooled for some time (240 sec to 1622 sec)

and subjected to gamma ray measurements using the 100% relative efficiency HPGe

detector. The measuring times varied from seconds to minutes.

The Egyptian geological survey and mining Authority (EGSMA) had provided us

the iron ore samples. These samples were collected from Wadi Kareim and Umm Nar in

the Eastern desert of Egypt. EGSMA prepared the samples in the form of powders. Six

and two samples representing iron ores of  Wadi Kareim and Umm Nar sites, respectively

were enveloped in thin aluminum foils (from rolls used in cooking). These samples

altogether with the standard samples consisting of Fe, Au, Zr and W and the certified

reference sample IAEA Soil-7 were placed in the same can.  The can was irradiated in

one of the irradiated boxes of the (ET-RR-2) reactor for 36 hours at (20.0 MW) power.

The purpose of irradiating standard samples is to determine the neutron spectrum

parameters andf . While the IAEA Soil-7 was used to check up accuracy of the

method.  After neutron irradiation, the samples were cooled for some time (few days).

The aluminum foils surrounding the irradiated samples were removed then they were

transferred into clean plastic vials and subjected to gamma ray measurements. The

gamma ray measurements were carried out using the (40%) relative efficiency HPGe

detector. The samples were measured several times at different cooling times for periods

of (3600 to 5000 sec). Figs 2.5 &2.6 show two spectra for of a (Al-Cu) alloy and an iron

ore samples, respectively.

2.4. X-ray fluorescence (XRF)

        X-ray fluorescence X-ray fluorescence (EXF) was used to analyze the Al-Cu alloys

samples. Small samples from these alloys (few milligrams) were prepared from every

alloy and sent to the Center Laboratory for elemental and isotope analysis at the Nuclear

Research Center, Egyptian Atomic Energy Authority. This laboratory is equipped with

various non-destructive methods for elemental analysis [48].
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Fig (2.6). Gamma ray spectrum for one of the investigated iron ore samples.  Collection

time is (8500) seconds.
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CHAPTER 3

EXPERIMENTAL RESULTS AND

DISCUSSION
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Chapter 3

Experimental Results and Discussion

3.1. Determination of neutron spectrum parameters α and f.

The flux ratio, (f) and epithermal neutron flux index,  ,were determined

experimentally using equation 21 (Chapter 1) using the activation products Zr97 / Nbm97  ,

Zr95 / Nb95 ,1 W187 ,59Fe and Au198 resulting from the 94Zr(n,)95Zr , 96Zr(n,)97Zr, 186W(n,)
187W, Fe),n(Fe 5958  and Au),n(Au 198197  reactions, respectively.  For determining f and

, net peak areas (determined from the collected gamma rays spectra), irradiation,

cooling and measuring times, weight of the samples and detector efficiencies were used.

In addition, the nuclear data used in these calculations are listed in Tables 3.1. The

calculated f for some selected pairs as a function of () are listed in Table 3.2 and shown

in Fig. 3.1. As one can see, all the plots intersect in a unique point representing the

solution of equation 1.21 for the two unknown parameters f and (). From these plots, 

and f were determined as  =- 0.048 ±0.002 and f = 38±2.

Thermal and epithermal neutron self shielding corrections, thG and
epG [38,61]

are neglected and conceders as
epth GG   1  for

Au),n(Au 198197  , Zr),n(Zr 9594  , Zr),n(Zr 9796  , Fe),n(Fe 5958  , W),n(W 187186  reactions.

This is due to the used Au standard is diluted in Aluminum in a special Al/Au alloy (Au

percentage is 0.1%), while Zr, Fe and W standard samples are very thin foils such that self

shielding corrections can be ignored [33]. Zr and Au standards are usually chosen for f and

 determination because the nuclear data of

the Au),n(Au 198197  , Zr),n(Zr 9594  , Zr),n(Zr 9796   reactions are well-known and the values

of Q0 and Er fulfill the requirements of the error propagation theory [32] to achieve the

lowest uncertainties of the finally determined f and . The obtained results show that not

only Zr-Au set but also Fe-Zr- W and Fe-Au-W sets can be used to determine  and f.
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Table (3.1).  Nuclear Data Used in Calculating Both the Neutron Spectrum Parameters and the
                      Elemental Concentrations Using k0-NAA. Data Were Taken From Reference [62].

Measured k0,au (℅)E  (keV)T1/2
Formed
Isotope

eV,ErQ0Target
IsotopeElement

1.75E-02

1.22
1.22

1778.9

889.3
1120.5

2.24 min

83.83d

27Al

46Sc

11800

5130

0.71

0. 43

27Al

45Sc

Al

Sc

2.62E-3320.127.70d
51Cr

75300.5350Cr
Cr

3.78E-6
7.77E-5
5.93E-5

192.3
1099.3
1291.6

44.50d
59Fe

6370.97558Fe

Fe

1.51E-2
1.75E-3

1.32
1.32

58.6
1332.5

1173.2
1332.5

10.47min

5.271 y

60mCo

F2 
60Co

136

136

2.0

1.993

Co59

Co

1.86E-31039.2
15.2  min

66Cu
7661.0665Cu

Cu

5.72E-3

3.98E-4

1.09E-7
1.55E-6

1115.5

438.6

121.5
511.6

244.3day

13.76h

2.45min

65Zn

69mZn

71Zn

2560

590

17

1.908

3.19

7.9

64Zn

68Zn

70Zn

Zn

7.65E-4

1.01E-1
1.57E-4
1.47E-5

1077.0

898.0
1836.0
2677.9

18.63d

17.78min

86Rb

88Rb

839

364

14.8

23.3

85Rb

87Rb

Rb

6.92E-5

9.15E-5

1.49E-3

231.9

514.0

388.5

67.63min

64.84d

2.803h

85mSr

F2


85Sr

87mSr

469

469

795

14.5

13.2

4.11

84Sr

86Sr

Sr
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8.90E-5
1.10E-5

2.00E-4  k0 for sum

2.17E- 6
[F24/ F2 F3 = 94.38]

724.2
756.7
724.2

+756.7

765.8

60.02 d

86.6 h

34.97 d

95Zr

↓           ↓ F2

F24 Nbm95

↓
↓ F3

Nb95

62605.3194Zr

Zr

1.82E-7
2.92E-7
6.79E-7
7.90E-7
1.36E-7
3.41E-7
1.24E-5

1.24E-5

254.2
355.4
507.6
602.4
703.8

1148.0
743.4

657.9

16.74 h

52.7 s

72.1 min

Zr97

↓ F2

↓
F24 Nbm97

↓
↓ F3

Nb97

338251.696ZrZr

6.37E-2
1.34E-1

2.29

487.0
1596.2

1293.5

1.678 d

54.41 min

140La

116mIn

76.0

1.56

1.24

16.8

139 La

115In

La

In

3.66E-3145.432.51d141Ce72000.83140CeCe

7.67E-5
4.56E-4

319.4
531.0

10.98 d147Nd8742.00146NdNd

1.27E-2
8.25E-2
9.42E-2
4.71E-2
2.35E-2

215.6
298.6
879.4

1178.0
1271.9

72.3 d160Tb18.117.9

159Tb

Tb

4.56 E-2
482.2

42.39 d181Hf1152.52180HfHf

8.27E-2
3.88E-2
6.45E-2
2.72E-2

1121.3
1189.1
1221.4
1231.0

114.4 d

182Ta10.433181Ta
Ta

1411.82.695 d
198Au

5.6515.71197Au
Au
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4.37E-3
2.52E-2

300.1
311.9

22.3 min

26.97 d

233Th


233Pa

54.411.5232ThTh

Special programs and/or commercial software are usually used for calculating f and .

However, in the present Thesis Excel spread sheets were used to simplify the calculation

procedures not only for f and   but also for elemental concentrations.
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Table 3.2. The Dependence of the Flux Ratio (f) on Alpha (α)

Flux ratio (f)
Alpha (α)

×10-1
Zr-W
×102

Au-Fe
×102

Fe-Zr
×102

Zr-Au
×102

W-Fe
×102

-0.1400 0.4252 0.3712 0.2836 0.4522 0.3531
-0.1600 0.4238 0.3723 0.2889 0.4494 0.3551
-0.1800 0.4223 0.3734 0.2942 0.4465 0.3571
-0.2000 0.4207 0.3745 0.2997 0.4436 0.3591
-0.2200 0.4191 0.3755 0.3053 0.4405 0.3612
-0.2400 0.4171 0.3766 0.3109 0.4374 0.3632
-0.2600 0.4156 0.3777 0.3167 0.4341 0.3652
-0.2800 0.4137 0.3788 0.3226 0.4308 0.3672
-0.3000 0.4117 0.3799 0.3286 0.4274 0.3694
-0.3200 0.4096 0.3810 0.3346 0.4239 0.3715
-0.3400 0.4074 0.3812 0.3408 0.4203 0.3735
-0.3600 0.4052 0.3832 0.3472 0.4165 0.3756
-0.3800 0.4028 0.3843 0.3536 0.4127 0.3777
-0.4000 0.4003 0.3854 0.3601 0.4088 0.3799
-0.4200 0.3978 0.3865 0.3668 0.4047 0.3820
-0.4400 0.3951 0.3876 0.3736 0.4006 0.3841
-0.4600 0.3923 0.3887 0.3805 0.3963 0.3863
-0.4800 0.3895 0.3898 0.3875 0.3919 0.3885
-0.5000 0.3865 0.3909 0.3946 0.3874 0.3906
-0.5200 0.3834 0.3920 0.4019 0.3828 0.3928
-0.5400 0.3801 0.3931 0.4093 0.3781 0.3950
-0.5600 0.3768 0.3942 0.4169 0.3732 0.3972
-0.5800 0.3733 0.3953 0.4246 0.3683 0.3994
-0.6000 0.3698 0.3964 0.4324 0.3631 0.4016
-0.6200 0.3660 0.3975 0.4404 0.3579 0.4039
-0.6400 0.3622 0.3986 0.4485 0.3525 0.4061
-0.6600 0.3583 0.3997 0.4568 0.3470 0.4084
-0.6800 0.3542 0.4008 0.4652 0.3414 0.4107
-0.7000 0.3499 0.4019 0.4737 0.3356 0.4129
-0.7200 0.3455 0.4030 0.4824 0.3296 0.4152
-0.7400 0.3410 0.4041 0.4913 0.3235 0.4175
-0.7600 0.3364 0.4053 0.5004 0.3173 0.4198
-0.7800 0.3316 0.4064 0.5096 0.3109 0.4222
-0.8000 0.3266 0.4075 0.5189 0.3044 0.4245
-0.8200 0.3215 0.4086 0.5285 0.2977 0.4268
-0.8400 0.3163 0.409 0.5382 0.2909 0.4229
-0.8600 0.3108 0.4108 0.5480 0.2838 0.4316
-0.8800 0.3052 0.4119 0.5581 0.2767 0.4339
-0.9000 0.2995 0.4130 0.5684 0.2693 0.4363
-0.9200 0.2936 0.4141 0.5788 0.2618 0.4387
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Fig. (3.1). Flux Ratio as a Function of Alpha
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3.2. Application of k0-NAA for elemental investigation of iron ore samples

The k0-NAA method was applied to determine the elemental concentrations of

iron ore samples (using equation 15 – Chapter 1). This has been achieved using the

values of the neutron spectrum parameter  and f ( =- 0.048 ±0.002 and f = 38±2), net

peak areas, irradiation; cooling and measuring times, weight of the samples and detector

efficiencies. The nuclear data used in these calculations are listed in Table 3.1. The

finally obtained concentrations with their standard deviations in the iron ore samples of

Wadi Kareim and Umm Nar are shown in Tables 3.3 ,3.4 and 3.5, respectively.  For Wadi

Kareim ore samples, the Fe content ranges from 23.14±4.18 (sample code WK -5) to

51.53±4.16  % (WK-4). These values are higher than the corresponding values for Umm

Nar ore samples which ranges from (25.05± 4.88) to  (34.678±1.36)%. This means that

these ore samples are so rich in iron especially for the sample number four (coded WK-

4). In other words, iron is the major element existing in these samples. Sroor et al., [63]

determined iron concentrations in two iron ore samples collected from Baharia Oasis

(BIO,  west desert of Egypt and from Aswan area (AIO), south of Egypt by NAA. They

found that the values of the Fe-content 57.07% and 55.33 % for BIO and AIO,

respectively. These values for Fe- contents are higher than the corresponding values for

Wadi Kareim and Umm Nar ore samples.

Zinc-contents in the investigated samples (Wadi Kareim and Umm Nar ore

samples) are the second major element.  Zn-contents vary erratically from one sample to

another. Zn-content ranges from 1180.16 g/g  ( 1.2 mg/g) to 1515.316g/g ( 1.5 mg/g)

and from 335.00 g/g  ( 0.34 mg/g) to 1511.11g/gm  ( 1.5 mg/g) in Wadi Kareim

and Umm Nar ore samples, respectively. Trace elements are found in the investigated

samples. These are Sc, Cr, Co, La , Ce , Nd, Sm, Yb, Hf, Au, Th, Sb,  and Tb. Their

concentration values differ from one sample to another; however they do not exceed 100

g/g. Other traces of Eu and Lu were observed in some of the investigated samples. Since

the k0-NAA method is based on: thermal neutron cross sections for (n,) reactions should

follow the 1/v law, it cannot applied to determine the concentration of  of Eu and Lu

(they are strong non-1/v nuclides).
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The obtained results show that k0-NAA method has the multi-element character,

since major and trace elements could be determined in the iron ore samples. In addition,

the method successfully can discriminate between samples representing the same ore.

Table (3.3) Elemental Concentration of Iron Ore Samples (WK-1,WK-2,WK-3)
in g/gm   for Wadi Karim

ConcentrationElement Target
isotope

Formed
isotope

WK-1 WK-2 WK-3

Sc 45SC 46Sc 3.49±0.17 0.48±0.07 11.14±.018

Cr 50Cr 51Cr 59.35±1.27 27.45±1.37 73.58±3.67

Fe 58Fe 59Fe (%) 25.46±12.46 10.524±2.38 35.77±6.26

Co 59Co 60Co 19.43±0.33 49.079±8.98 20.19±1.38

Zn 64Zn 65Zn 1340.61±67 833.46±41.7 1515.32±76

La 139La 140La ND ND ND

Ce 140Ce 141Ce 7.011±0.35 ND 18.70±0.94

Nd 146Nd 147Nd ND ND 31.36±1.57

Sm 152Sm 153Sm ND ND 18.47±0.92

Yb 168Yb 169Yb 0.477±0.02 ND 4.094±1.76

Hf 180Hf 181Hf 2.329±0.35 1.82±0.25 4.64±0.18

Au 198Au 198Au 0.821±0.04 ND 2.20±0.11

Th 232Th 233Pa 2.843±0.14 0.783±0.039 2.07±0.1

Sb 123Sb 124Sb ND 19.32±13.29 ND

Tb 159Tb 160Tb ND ND 0.99±0.05



59

Table (3.4) ElementalConcentration of Iron Ore Samples (WK-4, WK-5, WK-6)
in g/gm   for Wadi Karim

ConcentrationElement Target
isotope

Formed
isotope

WK-4 WK -5 WK-6

Sc 45SC 46Sc 10.25±0.53 4.529±0.18 5.52±0.19

Cr 50Cr 51Cr 5.912±0.29 1.39±0.07 ND

Fe 58Fe 59Fe (%) 51.53±4.16 23.14±4.18 29.17±3.7

Co 59Co 60Co 18.68±1.72 11.356±0.91 12.20±0.6028

Zn 64Zn 65Zn 1483.03±74 1180.16±59 ND

La 139La 140La ND ND 83.71±4.2

Ce 140Ce 141Ce 24.98±1.25 11.103±0.56 10.091±0.5

Nd 146Nd 147Nd ND ND ND

Sm 152Sm 153Sm ND ND ND

Yb 168Yb 169Yb 3.302±0.22 0.896±0.487 1.046±0.22

Hf 180Hf 181Hf 4.402±1.2 3.095±0.211 2.354±0.055

Au 198Au 198Au 1.77±0.09 0.729±0.04 ND

Th 232Th 233Pa 2.12±0.11 ND 1.3223±0.066

Sb 123Sb 124Sb ND ND ND

Tb 159Tb 160Tb 0.34±0.02 ND ND
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Table (3. 5) Elemental Concentration of Iron Ore Samples (in g/g unless % is
           Indicated for Umm Nar.

ConcentrationElement Target

isotope

Formed

isotope Umm Nar-1 Umm Nar-2

Sc 45SC 46SC 3.35±0.2 1.62±0.03

Cr 50Cr 51Cr 46.85±2.3 13.66±

Fe (%) 58Fe 59Fe 34.68±1.4 25.05± 4.88

Co 59Co 60Co 12.54±0.7 3.905±0.62

Zn 64Zn 65Zn 1511.11±75.6 335±16.8

La 139La 140La ND 25.66±1.3

Ce 140Ce 141Ce 9.43±0.5 3.03±0.15

Nd 146Nd 147Nd 10.2±0.5 ND

Yb 168Yb 169Yb 0.97±0.7 ND

Hf 180Hf 181Hf 2.61±0.4 0.76±0.04

Au 197Au 198Au 0.42±0.02 ND

Th 232Th 233Pa 1.30±0.07 0.28±0.01

3.3. Validation of k0-NAA results of iron ore samples

It is necessary to check the accuracy of the applying the k0-NAA method for

determining the elemental concentrations in the iron ores samples. This can be achieved by

analyzing certified reference samples (CRMs) using the k0-NAA method. The certified

reference samples should be irradiated at the same position as the samples analyzed and

measured with the same gamma-ray detection system.  The agreement between the

elemental concentrations in these samples with the well-known elemental concentrations

(recommended values) is a direct evidence of accuracy of the method. In this Thesis, the

IAEA-Soil- 7 (Soil-7) certified reference sample was used. The obtained concentrations

with their standard deviations in Soil-7 sample are compared with the certified values. The
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results are listed in Table 3.6. The concentrations shown in the tables are averaged values

obtained from the analysis of the gamma ray spectra of three to four replicate samples.

Table 3.6.  k0-NAA results for the IAEA Soil-7 reference sample (in g/g  unless % is

indicated).

Concentration   S DElement Activated
isotope

This work Recommended
concentration

95 %
Confidence

Interval

Deviation
(%)

Sc
Cr
Fe (%)
Sb
Ba
La
Ce
Cs
Nd
Rb
Ta
Th
U
Tb
Hf
Co
Yb

 46Sc
         51Cr
         59Fe
       124Sb
      131Ba

140La
       141Ce
       134Cs

147Nd
86Rb

182Ta
233Pa
239Np
160Tb
181Hf

60Co
169Yb

9.1  0.4
74.4  0.7
2.73  0.1

1.55  0.05
159  4

29.2  0.9
62.0  2.5
5.34  0.2

32.5
54.7  2.5

0.76  0.06
8.81  0.1

2.52  0.16
0.61  0.03
5.26  0.1
9.10  0.2
2.51  0.4

8.3
60

2.57
1.7
159
28

61.0
5.4
30
51
0.8
8.2
2.6
0.6
5.1
8.9
2.4

6.9-9.0
49-74

2.52-2.63
1.4-1.8

131-196
2-29

50-53
4.9-6.4
22-34
47-56

0.6-1.0
6.5-8.7
2.2-2.3
0.5-0.9
4.8-5.5

8.4-10.1
1.9-2.6

9.6
24
6.2
-8.8
0.0
4.3
1.6
-1.1
7.3
-5.0
7.4
-3.1
1.7
-1.7
3.1
2.2
4.6

As one can see from the results shown in Table 3.6, relative deviations of the

determined concentrations from the recommended values, defined by R.E. (%) =

[(measured concentration-recommended value) /recommended value] x100, are less than

10% for most elements, except for Cr. The Chromium concentration deviates dramatically

(24%) from the recommended value. Chromium concentration was calculated from the

measurements of its  -activity in the samples due to 50Cr (n,)51Cr reaction. The only -ray

line at 320.1 keV was used for this purpose. The relatively high deviation determined for
51Cr is possibly due to additional contribution from 54Fe (n,)51Cr reaction. There is also a

possible interference from the 319.4 keV resulting from the reaction 146Nd (n,)147Nd..
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The agreement between the obtained results using k0-NAA method and recommended

values for the Soil-7 samples is a credit of the results of iron ore samples. Moreover, such

agreement indicates that the values of  and f determined are correct.

3.4. Investigation of the elemental concentrations of Al-Cu alloys by NAA and XRF

methods.

Short time neutron activation analysis was used to determine the major elements in the

Al-Cu alloys. This has been achieved using the PIRS installed at the second Egyptian

research reactor (ET-RR-2). The neutron flux ratio was determined for the irradiation

position by the Cd- ratio method. The determination of the Cd- ratio has been performed

from the double neutron irradiation of Au standard (with and without Cd– equation 21).

The neutron flux ratio was found 800. It means the thermal neutron flux is 800 times the

epithermal one. Namely, this position of irradiation is characterized with well-thermalized

neutrons. Equation 15.a (Chapter 1) was used to determine the elemental concentrations of

Al, Cu and In in the investigated Al-Cu alloy samples. It was not necessary to determine

both  and f for the irradiation sit at the PIRS, since the Q0 values for 27Al, 65Cu and 115In

isotopes for (n,) reactions are 0.71, 1.06 and 16.8, respectively. These values are very

small compared with the flux ratio value (800). The nuclear data used for calculating the

elemental concentrations are listed in Table 3.1. The final obtained concentrations for three

samples of each kind of the alloys [Al- Cu (2%), Al- Cu (3.5%) and Al- Cu (5%)] with

their averages are listed in Table 3.6. As one can see, the average values for Cu percentages

in the Al- Cu (2%) and Al- Cu (5%) are 1.98% and 4.9%, respectively. These values are in

good agreement with the known percentages. For Al- Cu (3.5%) samples, the average value

(4.3 %) deviate dramatically from the know value (3.5%). Such deviation may be attributed

to the inaccuracy of manufacturing process. It is observed that the Al percentage decreases

as the Cu percentage increases.



63

Table (3.7a):  Percentage of Element Concentrations (%) in Al-Cu (2%) Alloy  by NAA.

Al- Cu (2%)Target

isotope
#1 #2 #3 Average STDV

27Al 92.9 97.6 97.4 96 ±2.7

65Cu 1.76 2.3 1.88 1.98 ±0.3

Table (3.7b):  Percentage of Element Concentrations (%) in Al-Cu (3.5%) Alloy  by NAA.

Al- Cu (3.5%)Target

isotope
#1 #2 #3 Average STDV

27Al 95.0 91 93 93 ±1.15

65Cu 3.97 4.1 4.7 4.30 ±0.31

Table (3.7c):  Percentage of Element Concentrations (%) in Al-Cu (5%) Alloy  by NAA.

Al- Cu (5%)Target

isotope
#1 #2 #3 Average STDV

27Al 93 94 ND 93.5 ±0.35

65Cu 4.9 4.2 5.5 4.9 ±0.65

It has been shown that addition of Indium (In) to the Al-Cu alloys, have a marked

influence on the age hardening of the alloy, particularly at low Cu percentages. Indium

was observed in the recorded gamma rays spectra, of the investigated alloys. The

concentration of In decreases as the Cu percentage increases.

The obtained results show that short time neutron activation analysis by the k0-

NAA method and using the PIRS installed at the second Egyptian research reactor

(ETRR-2) is a powerful method: the method was able to determine elemental
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concentrations via the short lived isotopes 28Al (2.24 min), 66Cu (15.2 min) and 116mIn

(54.41 min) resulting from 27Al (n,)28Al, 65Cu (n,) 66Cu  and115In (n,)116mIn reactions,

respectively.

X-ray fluorescence (XRF) was used to analyze the Al-Cu Alloys samples with the

different concentrations of Cu. The obtained results are listed in Table 3.8. As one can see

Cu percentages are higher than both the known values (2, 3.5 and 5%) and the determined

ones by k0-NAA method. Deviations of the determined values of Cu from the known

values are 14.5, 22.9 and 35.4% for 2, 3.5 and 5% Cu in the Al-Cu alloy samples,

respectively. Contrary, Al percentages are lower than the values determined by k0-NAA

method. The deviation of the XRF results from known and determined values by k0-NAA

may be attributed to the inhomogeneous distribution of elements in the investigated

alloys: XRF results were obtained by analysis of a sample from each alloy. This can be

noticed from scatter of Cu percentages in the investigated alloys by k0-NAA method.

 The obtained XRF results are not validated. Namely, samples of known elemental

concentrations were not analyzed. To check the accuracy of the method, one cannot rely

on them. However, they can be considered as approximations for elemental contents in

the Al-Cu alloy samples. On the other hand, the obtained results using k0-NAA method is

previously validated in [28], thus one can rely on them.

Table (3.8): Percentage of Elements Concentration (%) in Al-Cu Alloys Samples using

(XRF) .

Al- Cu (5%)Al- Cu (3.5%)Al- Cu (2%)Element

89.0292.4192.95Al

6.774.32.92Cu

0.150.030.09Ca

0.120.040.33Cl

0.560.960.48Fe

3.382.263.23O

100%100%100%Total %
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The incident beam of electrons affects the sample and causes it to emit x-rays which

dependent on the composition of the sample will by unique.  The amount of x-rays

emitted is a direct reflection of the concentrations of elements in a sample.

Fig (3.2) x-ray spectra of albite.

The image above is an example of x-ray spectra of albite.  Each peak on the spectrum

represents a transition with a characteristic energy. Every element in albite has its own

"fingerprint" of peaks.  One can see the characteristic peaks for different elements and

the amplitude of the peaks indicates the concentration of the respective element.  For

example one can deduce from this spectra that not only is Silicon present in this sample

but it is the most abundant element as well.

After discussion the source of the electrons and the data they provide, it is necessary

to discuss the detector which makes it possible to view the data.  There are two forms of

detectors wavelength dispersive detectors and energy dispersive detectors. Energy

dispersive measures the energy of all wavelengths simultaneously, which causes poorer

spectral line resolution.  This makes energy dispersive detectors of limited use when

trying to determine quantitative information about a sample.  Wavelength dispersive

detectors on the other hand, are quite useful in this regard.

Electron Probe Microanalysis. The focused high-energy electron beam used to create

image in a scanning electron microscope (SEM). This can generate characteristics x-ray

in the part of the specimen exposed to it and can therefore be used as a microprobe for
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surface analysis. A (SEM) equipped with a suitable x-ray analyzer provides a non

destructive means of analyzing chemical variations x-ray (EDX) fitted to an electron

microprobe differs in design from x-ray fluorescence spectrometer. which is designed to

analyze parallel beam of x-ray of relatively high power emitted from a finite area of

sample (~10 cm2). The electron microprobe works within much lower total x-ray power

emitted from a point source on the sample area.An electron probe microanalysis consists

of two main parts

1- The electron optics (usually SEM) providing electron beam, imaging
     Facilities, specimen handling and vacuum system.
2- The x-ray spectrometer or analyzer.

The Scanning Electron Microscope.The basic structure of the scanning electron

microscope can be described in terms of figure (3.3).first, there is the electron-optical

column together with associated electronics. Secondly there is the vacuum system

including the specimen chamber and stage.the final group consists of the signal detection

and display systems.

Fig -section of an electron microprobe column
With the energy dispersive analyzer (EDX).
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CONCLUSION

1- The absolute efficiency curves of the two used HPGe detectors were determined

experimentally using gamma ray point sources of well-known activities.

2- The parameters  and f characterizing the neutron spectrum at the irradiation

positions were determined using the activation products of some (n,) reactions. The

obtained results show that not only Zr-Au set but also Fe-Zr- W and Fe-Au-W sets

can be used to determine flux parameters  and f.

3- The k0-neutron activation analysis method was applied for determining major and trace

elements in iron ore samples.  The Fe- content in some of the investigated samples

exceeds the 50% by weight. In addition, traces in the g/g range could be determined,

thus the multi-element character of the k0-NAA method was established.  In addition,

the method can discriminate between samples representing the same ore

4- Major and trace elements have been determined in two iron ore and Aluminum –

copper alloy (Al-Cu) samples using the k0-neutron activation analysis (k0-NAA)

method. XRF method was used to draw general conclusion on the investigated alloys.

5- The results of k0-NAA method was validated and checked by analyzing the IAEA Soil-

7 reference sample. Good agreements are found between the determined results and the

recommended values.

6- Short time neutron activation analysis using k0 method were carried out using the

PIRS installed at the second Egyptian research reactor (ET-RR-2) to determine the

major elements in the Al-Cu alloys. it was shown that the k0 method  can be applied

without the knowledge of the values of both α and f for the irradiation site at the

PIRS. It was noticed that the average values for Cu percentages in the Al- Cu alloys

are in good agreement with the known percentages except for Al- Cu (3.5% of Cu)

samples. It is observed that with the Al percentage decreases as the Cu percentage

increases.

7- X-ray fluorescence (XRF) was used to analyze the Al-Cu Alloys samples. Deviations

of the determined values of major elements from the known values were noticed. The

deviation of the XRF results from known and determined values by k0-NAA can be

attributed to the inhomogeneous distribution of elements in the investigated alloys.
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SUMMARY

Chapter 1

The Basic principal of neutron activation analysis (NNA) by thermal and epithermal

neutrons are presented in this chapter. In addition, notes on neutron sources, energies

and intensity of the neutron sources were given. Some light was shed on types of

neutron activation analysis based on energy of neutrons and/or half life of the produced

activation products.

We briefly discussed the standardization methods used in neutron activation

analysis. It was shown that k0 in NAA is the most important method. It is widely used

in many laboratories all over the world, since it is more accurate than other methods.

This method depends on several parameters: 1) the k0 factor is a composite nuclear data

constant and available in literature with recommended values, 2) the parameters  and f

describing the deviation of the epithermal neutron flux from the ideal behavior (1/E-

law) the thermal to epithermal neutron flux ratio, respectively. The experimental

methods used to determine both  and f were briefly presented.

Basic principles and types of the X-ray fluorescence (XRF) method for multi-

element analysis were presented.

Notes on Gamma-ray detection systems using HPGe detectors were presented.

These systems are used to record gamma ray spectra of radioactive samples.  Short

review on the samples investigated in this Thesis was presented.

Chapter 2

This chapter deals with sample preparation for neutron irradiation and

measurements of the resultant radioactivity using two HPGe detector systems. Hints

were given on the irradiation facilities at the second Egyptian Research Reactor. In

addition, notes on preparation the samples for  XRF measurements were given.
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Aluminum –cupper alloys with different percentages of Cu samples and two kinds

of iron ore samples collected from Wadi Kareim and Umm Nar sites at the eastern

desert –Egypt were irradiated by neutrons. The Al-Cu alloy samples were irradiated

with well-thermalized neutrons using the PIRS installed at ETRR-2. The iron ore

samples were irradiated altogether with standard samples consisting Fe, Au, Zr, W, and

IAEA-Soil-7 reference sample at one of vertical channel.   Energy and efficiency

calibrated HPGe detection systems were used to measure the induced activities.

Absolute efficiency calibrations have been established using some gamma ray point

sources of well-known activities.

Chapter 3

This chapter deals discussion of the results obtained in this Thesis as follow:

1- The parameters  describing the deviation of the epithermal neutron flux from the

1/E law and the thermal to epithermal neutron flux ratio (f) were experimentally

determined. The activation products of the reactions ZrnZr 9594 ),(  , Zr)γ,n(Zr 9796 ,

186W(n, )187W, 58Fe(n, )59Fe and Au)γ,n(Au 198197  were used to determine both

parameters. The parameter  and f were found 0.048  0.002 and 38  2,

respectively.

2- The elemental concentrations for the iron ore samples have determined using

neutron activation analysis using k0 standardization method (k0-NAA). The results

obtained were discussed and compared with other published results. The elemental

concentrations obtained are different from one sample to another for the same ore.

Moreover, they are different from an ore to the other and from one sample to

another. For example, Fe-content ranges from 10.524±2.38 % to 51.53±4.16 % and

from 25.05± 4.88 % to 34.68±1.36 % for Wadi Kareim and Umm Nar ore samples,

respectively. Trace elements were noticed in the investigated samples such as Sc,

Cr,  Co,  Zn,  La,  Th, etc (Tables 3.3 &3.4).
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3- The accuracy of k0-NAA results was checked. This was achieved by analysis of the

IAEA-soil-7 reference samples. God agreements were found between the

determined concentrations and recommended ones.

Aluminum, Copper and some trace elements in Al-Cu alloy samples were

determined by short time neutron activation analysis using the PIRS installed at the

ETRR-2. These measurements were carried out using the modified k0-NAA

method. This method is applied for neutron irradiation positions of well-

thermalized neutrons. It is not necessary to determine the neutron spectrum

parameters  and f since the flux ratio, determined by the Cd-ratio method, was

800.  The average concentration of Al are 96%, 93% , 94.5% for the Al-Cu alloy

samples with 2%,3.5% and  5 %  of copper, respectively. The average concentration

of Cu agrees well with the known values characterizing the alloy samples except for

the 3.5%. In addition, it was found that the average concentration of In decreases as

the Cu concentration increases.

4- X-ray fluorescence was used to analyze the Al-Cu alloy samples. Results obtained

deviate from those of the k0-NAA. Reasons behind these deviations are discussed.

.
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ملخص الرسالة

:الفصل األول

باستخدام النیوترونات الحراریة والفوق حراریة و طى تحلیل التنشیمبادىء الھذا الفصل من الرسالة یتتناول

وكذلك تم القاء الضوء علي. حسب طاقتھا ومصادرھا وكثافتھا النیوتروناتتم التطرق الي  تصنیف ھذه 

و بھما بواسطة النیوترونات الحراریة أو بالنیوترونات فوق الحراریة أالتنشیطى بالنیوترونات سواء أنواع التحلیل 

. والتحلیل النیوتروني باستخدام منظومة التشعیع السریعمعا 

. العیاریة k0طریقة والتي من أھمھا لتحلیل التنشیطى بالنیترونات لالطرق العیاریة تناول ھذا الفصل  أیضا 

ھذه تعتمد . تركیز العناصر في أي عینة الوذلك لتعیین)15(إستخدام المعادلة یاریة على العk0تبنى طریقة 

ھو معامل المعامل  .f و العاملین و،بقیم معتمدة وجود بالمراجع والمقاس المk0الثابت الطریقة علي 

النیوترونات  الحراریة فیضھوfو المعامل  ) (E/1نحراف فیض   النیوترونات  الفوق الحراریة عن القانون ا

.f و تم مناقشة طرق تعیین العاملین ھذا وقد.إلى فیض  النیوترونات  الفوق الحراریة 

)x (

).EDXF(او تشتت الطاقة ) WDXRF(الموجي

اء

) خام الحدید-سبائك االلومینیوم نحاس(لقد تم القاء الضوء بایجاز عن العینات قید الدراسة والتحلیل .بالنیوترونات

) .XRF(ي او التحلیل باستخدام تقانة النیترونبط  تنشیلابالتحلیل بكتطبیق علي طرق التحلیل سواء

:الفصل  الثانى 

) k0-NAA(اعداد وتجھیزیتناول ھذ الفصل 

)XRF . ( ھذا وقد تم اعطاء نبذه متخصرة عن المفاعل البحثي الثاني ونظام تشعیعھ السریع.

–اللقد تم 

.  للنحاس 

) PIRS(نحاس بجھاز التشعیع السریع –عینات سبائك االلومینیوم 

العیاریة SoilIAEA-7نجستین وعینة التوالذھب والزركونیوم الحدید ومن العینات العیاریة والتى تتكون من

.

. ستخدام مجموعة من المصادر الجامیة النقطیةإبالناتج من تشعیع العینات
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:الفصل الثالث

:كما یليصول علیھا ومناقشتھا النتائج التى تم الحتناول ھذا الفصل 

( ال)١(  (f

ZrnZr(واتج ) ( 9594 ),(  (

Zr)γ,n(Zrو Au)γ,n(Au(و ) 58Fe(n,)59Fe(و ) 186W(n,)187W(و) ( 9796 د ) 198197

0.0480.002-238و  =. f

) (k0k0-NAAطریقة تم تطبیق )٢(

. . من منطقتي ام النار ووادى كریم بالصحراء الشرقیةالحدید

عنصر تركیز علي سبیل المثال وجد أن مدي . منطقةالتركیزات تختلف من عینة الي اخري لنفس الخام من نفس ال

±25.05%و من  4.16±51.53%  الي  2.38±10.524%من  الحدید یتراوح 1.36±34.68الي4.88

% ..

التھا من واحات البحرین واسوانوتمت مقارنة ھذه النتائج بمثی

. و fقیم عاملي الطیف النیوتروني التأكد من صحة وكذلك ) خام الحدید(توكید النتائج للعینات التي تم تحلیلھا )٣(

IAEA Soil-7ةعن طریق إجراء عملیة تعیین التركیز العناصري لعینتم ذلك 

) موضع تشعیع خامات الحدید  والتي تم تشعیعھا بنفس(

k0 قیم عاملي الطیف النیوتروني باستخدامf و . مقبول ولقد وجد تطابق

. )المعتمدة(المعروفة 

)٤(–

)PIRS (

و k0-NAAf. الثاني

fلموضع التشعیع حیث اتضح أن قیمة  =800 )

% 94.5و % 93و % 96). وأخري غیر مغلفة

. % 5و % 3.5و % 2–

–

.كذلك وجد ان متوسط تركیز عنصر االندیوم یقل بزیادة تركیز النحاس. للنحاس% 3.5

. حاسن–لتحلیل سبائك االلومینیوم XRFتم استخدام طریقة 

.العیاریة المعدلة وتم مناقشة أسباب ھذا االختالف k0-NAAبھذه الطریقة والمعینة بطریقة 
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الموجز العربى

معروفة بالمراجع (k0-NAA)العیاریة k0طریقة ببالنیوترونات باستخدام التحلیل التنشیطى تقنیة ان
وكذلك عدید من العناصر لعینات فى مختلف المجاالتالاألكثر شیوعا  فى تحلیل العلمیة وتعتبر ھذه الطریقة 

.  k0-NAAمكمال لطریقة XRFیعتبر تحلیل العینات باستخدام طریقة 

جمیعة من منطقتي وادي في التحلیل العناصري لخامات الحدید الذي تم تk0-NAAلقد استخدمت طریقة 
االلومینیوم والنحاس واالندیوم  لتعیین تركیزاتالطریقةھذه إستخدمت كذلك .كریم وأم النار بالصحراء الشرقیة 

لتحلیل XRFكما تم أیضا استخدام طریقة . نحاس ذات التركیزات المختلفة للنحاس-في  سبائك  االلومینیوم 
.نحاس-سبائك  االلومینیوم 

العینات العیاریة والتى تتكون من الذھب والزركونیوم و الحدید بعضمع خام الحدید تشعیع عینات لقد تم
كذلك تم تشعیع . البحثي الثاني مفاعل  المصريللبأحد القنوات الداخلیة )IAEA Soil- 7(التنجستین و و و

خدام نظام التشعیع السریع الملحق باستنحاس ذات التركیزات المختلفة للنحاس- عینات سبائك  االلومینیوم 
يتم قیاس النشاط اإلشعاعى الجامى الناتج من تشعیع العینات بإستخدام  كاشف.  البحثي الثانيمفاعل  المصريبال

.المطلقة ماتھئالنقاوة والذي تم معایرة كفایاجرمانیوم عال

روریان  لتطبیق الضوفى موضع التشعیعصفان الطیف النیوترونى واللذین یfو المعاملین  تم تعیین 
تم . التنجستینووالحدیدبإستخدام نواتج التشعیع النیوتروني لعینات  الذھب والزركونیومk0-NAAطریقة 

لقد تم .fو لمعاملین  خام الحدید باستخدام قیم اعینات للتعیین التركیز العناصرى k0-NAA تطبیق طریقة 
بالعینات قد یتعدي نسبة ال مختلفةعنصر الحدیدوجد أن تركیزات . بعض الشوائب االخريتعیین تركیز الحدید و

ھذا وقد . النتائج المنشورة بعض تم مناقشة النتائج  المعینة في ضوءلقد . من وزن بعض العینات % ٥٠
تركیز أیضا تم تعیین . جرام/جرامالمیكروعلى تعیین تركیزات في مدي k0-NAAلوحظت قدرة طریقة 

نحاس باستخدام التحلیل التنشیطي –االلومنیوم والنحاس  وبعض الشوائب االخري لعینات  سبائك االلومینیوم 
لقد استخدمت . بالمفاعل المصري البحثي الثاني) PIRS(باستخدام النیوترونات بواسطة  جھاز التشعیع السریع 

لموضع التشعیع حیث و fلي الطیف النیوتروني العیاریة المعدلة والتي ال تحتاج قیم عامk0-NAAطریقة 
fاتضح أن قیمة  تمت ). تم تعیینھا باستخدام تشعیع عینة ذھب عیاریة مغلفة بالكادمیوم وأخري عاریة( 800=

.مناقشة ومقارنتھا بالقیم المعروفة للسبائك

تم حیث ، خام الحدید نات عیلتعیین التركیز العناصرى في k0-NAAطریقة ودقة لتأكد من صحة لقد تم ا
قد وجد تطابق مرضي بین ل. -IAEA-Soil 7عیاریة معلومة التركیز وھىةتعیین التركیز العناصري لعین

. %10ال تزید عنالتركیزات التى تم تعیینھا وتلك المعتمدة في حدود 

ھناك فروقا بین التركیزات بینت النتائج أن . نحاس–لتحلیل سبائك االلومینیوم XRFتم استخدام طریقة 
حیث اتضح . العیاریة المعدلة وتم مناقشة أسباب ھذا االختالف k0-NAAالمعینة بھذه الطریقة والمعینة بطریقة 

العطاء یمكن ان تستخدم XRFھذا باالضافة الي ان طریقة . k0-NAAلیست بدقة طریقة XRFأن طریقة 
.عناضر بالعینات قید الدراسةنظرة اولیة او قیم تقریبیة لتركیز بعض ال
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وبعض العینات ) نحاس- االلومینیوم (تحلیل عناصر سبائك 

).x(الجیولوجیة باستخدام تقنیات التنشیط بالنیوترونات واشعة 
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