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 An overview is given on research towards the Prompt Gamma-rays Neutron 
Activation Analysis (PGNAA) of Bulk-Samples. Some aspects in bulk samples PGNAA are 
discussed, where irradiation by isotopic neutron sources, which are used mostly for in-situ or 
on line analysis. The research was carried out in a comparative and / or qualitative way or by 
using a prior knowledge about the sample material. Sometimes we need to use the assumption 
that the mass fractions of all determined elements add up to 1. The sensitivity curves are also 
used for some elements in such complex samples, just to estimate the exact concentration 
values. Comments on the results of using 252Cf, 241Am/Be and 239Pu/Be isotopic neutron 
sources for elemental investigation of Hematite, Limonite, Coal, Petroleum, Edible oils, Gold 
ore  pollutant lake water and Tap-water samples are presented. The problems faced the 
research workers have been raised up. Some suggestions for finding solutions of such 
problems are given.       

 
 

INTRODUCTION 
 

 Neutron interaction techniques already have an established role in estimating 
the trace minor and major elements of the complex samples.  The following famous 
lay-out of an incident neutron impinging on a target nucleus yielding a radioactive 
nucleus (Figs. 1,2) can help in understanding the principals of the Neutron Activation 
Analysis Techniques and its categories. 
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Fig. (2). A Sketch Showing the Capture and Decay Gamma-Rays and Stable Nucleus 
Following the Thermal Neutron Capture by a Target Nucleus.   
  
Actually, there are several forms of the NAA Techniques which applied as multi-
elemental methods where by gamma-ray spectroscopy techniques are used for 
radioactivity measurements. Such forms could be summarized as follows:- 

The first one is: the Instrumental Neutron Activation Analysis (INAA) which 
promises reliable analytical results and capable of analyzing relatively large samples 
from a several grams to several kilograms (1-5) which is often referred to non-
destructive NAA without post irradiation radiochemical separation. 
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Second method is the radiochemical activation analysis (RNAA), which 
involves a post-irradiation radiochemical separation procedure to isolate one or group 
of elements, or eliminate interfering nuclides. 

The third method is the Epithermal Neutron Activation Analysis (ENAA), 
where the samples irradiated in an epithermal neutron flux by covering it with 
cadmium foil or putting it in a borated capsule. 

The fourth method, is the Cyclic Neutron Activation Analysis (CNAA) in 
which the sample is repeatedly activated and the gamma-ray spectra after each 
irradiation are summed (6). The repetition can continue till the accumulated activity 
from long lived nuclides is too high. The (CNAA) is used to improve the counting 
statistics of the peak-area of short lived nuclides.       
  The fifth method is the Prompt Gamma Rays Neutron Activation Analysis 
(PGNAA). In this method, the prompt gamma-rays emitted during the nuclear 
reaction are measured. It is a non-destructive method and multi-elemental one (7-18). 
The elements determined by this method cannot detect easily by the above methods. 
 Each method mentioned above has a detection limit which depends on many 
parameters such as: the amount of material to be irradiated, the neutron flux used, the 
duration of the irradiation time, the total induced radioactivity, the duration of 
counting time, the detector size, counting geometry and background shielding. 
 In this work: a fruitful discussion on the results and systems design mentioned 
in several papers published by many authors in the last thirty years is given. The 
papers dealing with the bulk materials analysis are locally realized in our laboratories, 
which some of them are internationally applied. The problems faced the research 
workers have been raised up, such as self absorption due to bulk materials and 
gamma-ray absorption and scattering. Some suggestions for finding solutions of such 
problems are given as well. 
 

EXPERIMENTAL 
 

 On the following one can find the design of some local and international 
systems used for elemental investigation of several geological materials such as 
limonite, hematite, petroleum, coal, phosphates and tap-water, pollutant –lake water, 
edible oils and some other industrial materials. 

 
                     Fig. (3). A Sketch of the Sample Container 
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In Egypt (at our laboratories of Inshass), and in earlier 1980's, a system was 
designed and installed to measure the prompt gamma-rays produced by the interaction 
of thermal neutrons emitted from an isotopic neutron sources for possible applications 
to ore prospecting and for possible bore-hole logging. 
 A wooden box of about 0.5m3 was used as a sample container. At the center of 
this box, a neutron source-detector shield tube was poisoned containing a 2.5 Ci 
and/or 5 Ci Pu/Be neutron source, (which can be replaced by 241Am/Be or 252Cf 
source), a shadow shielding a Ge(Li) or HPGe detector figs. (3,4 and5). A domestic 
limonite sample has been elementally investigated using the 2.5 Ci Pu/Be source. 
More than 160 gamma-ray lines were identified and used for calculate the major 
elements concentration values. Also the percentage concentration values of the 
constituent elements of one of the Egyptian hematite ore samples were evaluated 
using the same facility. The concentration of Fe, Al, Si, Cl, Ti, Mn, Mg, Na, V, Cr, P, 
K, Ni, Mo, Zn, S and Cu could be estimated. 

 

 
A laboratory model to function as a bore-hole probe for elemental analysis by neutron 
capture gamma-ray technique was designed as well to work in both laboratory and in-
situ. The depth investigations were done by progressively measuring the neutron 
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capture gamma-spectrum from domestic hematite ore sample at various diameters as 
shown in fig. (6). 
 
 
 

 
Fig. (6). A portion of the neutron capture gamma-ray spectrum of Hematite ore 
sample using a 2.5 Ci Pu-Be isotopic neutron source and 87.2 cm3 Ge/Li/ detector. 
 
 At Harwell (AERE-UK), when I joined a group of applied nuclear 
Geophysics, we published an article dealing with a multi-element analysis of Coal 
during bore-hole logging by measurements of prompt gamma-rays from thermal 
neutron capture. This article presents the performance of bore-hole logging equipment 
description which was based on a 252Cf neutron source and measurement of the 
spectra of thermal neutron capture gamma-rays from most of the important elements 
in Coal Fig. (7). 
 
 A Neutron Capture Gamma-ray Spectroscopy facility has been set-up for 
analysis of industrial materials using 5 Ci 241Am/Be neutron source at physics 
department of King Abdelaziz  university in Saudi-Arabia. The facility is principally 
designed and calibrated for measurements of the prompt gamma-ray spectra obtained 
due to thermal neutron capture which is recorded by means of a hyper pure 
germanium detection system as shown in figs. (8),[9,10]. 
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Fig. (7). General arrangement of neutron source-Gamma-ray detector and shadow 

shields in the simulated borehole probe used in Harwell. 
 
 The qualitative and quantitative analysis of corn oil, soyabean oil and nakheel 
oil used in Saudi-Arabia have been investigated. Also phosphate ore sample and 
petroleum oil sample have been achieved using this system [11,12]. 

 
Fig. (8). Some Portions of the Prompt Gamma-ray Spectrum due to thermal neutron 
capture in corn oil sample and heavy petroleum ore sample. 
 
 For environmental pollution measurements, a neutron capture gamma-ray 
system using 500 µg 252Cf isotopic neutron source installed at the hot laboratory 
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centre of the Egyptian Atomic Energy Authority the polluted lake water (El-Manzala 
lake) was elementally investigated using this system. The evaluation of Cd, Hg and 
Pb was the most important heavy elements causes this pollution [14], figs. (9). 
 

 
Fig. (9). Prompt gamma-ray spectrum of a sample taken from Bahr-El-Bakar site at 
El-Manzla lake. 
  

BASIS of CALCULATIONS and BASIC CONCEPTS 
 

 In neutron capture gamma-ray activation analysis, the sample under 
investigation is irradiated by a thermal beam of neutrons and the number of reactions 
per second (dN/dt) for a given element could be expressed as: 

   1.................1 di tt eeN
dt
dN    

where: 
            is the thermal neutron flux 
            is the microscopic cross-section 
           N is the number of target atoms of the element in question, 
            is the radioactive decay for the radio-isotope produced, 
           ti is the irradiation time and 
           td is the decay time. 

Using the prompt capture gamma-ray technique, the gamma radiation from the 
nuclear state excited by the neutron capture is analyzed while the target is being 
irradiated and the typical half lives for capture gamma-ray emission are of the order of 
10-14 seconds as mentioned above, so the decay factor   di tt ee  1  is  1 can be 
written as:- 
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)2(N
dt
dN   

The number of prompt -ray events measured per second is given by A(i) for 
the selected -ray line (i) as follows: 

)3()()()( iii INA   
where I(i) is the absolute intensity and (i) is the efficiency of the detector at energy of 
the -ray selected line (i). 

Since the sensitivity factor is defined as  
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where M is the atomic mass of the element. Then equation (3) can be written as: 
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Where C(n) is the concentration of the element and R Avogadro's number. From 
equation (4): 

)5(
)()(

)(
)(

ii

i
n RS

A
C


  

If the matrix is composed of several elements 1, 2… N; then the sum of the 
masses of the constituent expressed in any unit is given by: 

 
 

     
)6(

....21 Nnnn

in
in CCC

C
C


  

Then the weight percent of the constituent (1) is given by: 
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or in a simple form 
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According to equations (8) or (9) could be used to determine the concentration 
ratio of the elements in complex samples. Equation (10) depends on the net peak area 
of the -ray line (i), the sensitivity S(i) and the detection efficiency of the system (i). 
also, it does not depend on the neutron flux , time of irradiation, geometry and 
weight of the sample. 
 In addition the authors use the following formula to calculate the 
concentration values in percent by weight for the elemental constituents of different 
complex samples (10, 12, 13, and 15) as: 

 
 
 
 

where: 
          C(j) is the mass concentration of element (j) 
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  K is the normalizing factor (constant) taking into consideration the   
summation over the elements measuring in each sample and corrected for 
background. 

 Ai is the atomic mass of the element (j). 
  Rij is the detector response (counts in the gamma-ray peak due to  gamma-

rays  within a gamma-ray group (i) from the element (j). 
 ),()( jiE  is the relative efficiency of the detection system for -rays of   jiE ,

  
Ii,j is the number of -rays in the energy group i per (100) neutron capture. 

 (i) is the neutron capture cross-section for element (i). 
 
 In the year 2004 a thesis on: "towards a methodology for large-sample prompt 
– gamma neutron activation analysis" by: Ingebory Heleen Degenear, was printed in 
Netherlands [16]. The thesis dealt with many aspects of the bulk materials. 
     

PROBLEMS ARISED and DISCUSSION 
 

 Gamma-ray spectra were taken up to 11 MeV from a wide range of samples 
and elemental standards while neutron irradiation to determine the elements whose 
prompt gamma-rays are observed and can be used for analytical measurements.  
 In this field (PGNAA) the bulk samples, the isotopic neutron sources as 
252Cf, 239Pu/Be and 241Am/Be and neutron generators are used. However most of 
these sources yield a lower neutron flux than neutron beams of research reactors. 
 To obtain useful information from a PGNAA spectrum with a lower flux of 
neutrons, the sample to analyze should be large and/or the concentration of the 
elements to analyze not too low. 
 The average neutron energy of sources for bulk sample analysis is usually 
higher than the (thermal) neutron energy of a neutron beam. To have a significant 
activation in (bulk) samples irradiated with isotopic neutron sources or neutron 
generators. The neutrons have to thermalized. The neutrons can be thermalized using 
for instance graphite or water between the neutron source and the bulk sample. This 
will be of course reduce the neutron flux at the spot of the elements to analyze. 
Another solution is to have the neutrons thermalised in the bulk-sample material 
itself. 
 When a quantitative determination is carried out in bulk-samples (PGNAA) 
the results are compared with a calibration curve. For this calibration curve, prompt 
gamma spectra are recorded of calibration samples with known amounts of specific 
elements that will be analyzed in sample materials. The shape of the sample to be 
analyzed, and implicitly the matrix of the sample material to be analyzed, has to be 
the same as the shape and the matrix of the sample material used to determine the 
calibration curve to be able to circumvent the problems of neutron self shielding and 
gamma attenuation. Information about the sample material to be analyzed has to be 
known in this method. 
 When large samples are analyzed with PGNAA technique, attenuation has to 
be paid to neutron self-shielding and gamma attenuation which studied by Monte-
Carlo methods [16,17]. A sample test together with a short description of the Monte-
Carlo codes used in either neutron or gamma transport are given in these references. 
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CONCLUSION 
 By all means, for PGNAA using isotopic neutron sources and bulk-samples, 
the following aspects should be considered: 

1. Develop the internal standardization method which necessitates the use of prior 
information about the sample material. 

2. Neutron self-shielding and Gamma attenuation, using Monte-Carlo methods for 
studies of such problems. 

3. Studies on the neutron density distribution in large samples with measured by 
Monte-Carlo method as well. 

No need to say; of all the techniques available for trace element analysis, only the 
NAA has the potential of analyzing large samples, because of the penetrating power 
of the in-going neutrons and gamma-rays to be detected. 
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