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Abstract 

 

Prompt Gamma Neutron Activation Analysis, PGNAA is known as a very powerful nuclear 

instrument in elemental analysis. The combination of volumetric measurement, range of 

elemental that can be detected and non-destructive nature of this technique, makes it very 

useful in analyzing various samples. In order to elevate the PGNAA system, it demand high 

thermal neutron flux to ensure the neutron activation and intensity of the produced prompt 

gamma is satisfactory.  In the aim to develop reactor based PGNAA system, computer software, 

MCNPX is used as a tool to simulate the best production of thermal neutron. Hence, provide 

valuable information for optimizing collimator designs of the PGNAA system. Therefore in this 

study, different arrangement of bismuth and sapphire filter were made to evaluate its effect on 

the production of thermal neutron flux. The result shows, different filters arrangement in the 

collimator influenced the production of neutron flux. Ultimately the result of this study will be a 

significant contribution to the knowledge and a great assist in designing collimator for TRIGA 

reactor based PGNAA system. 
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Abstrak 

“Prompt Gamma Neutron Activation Analysis (PGNAA)” dikenali sebagai instrumen nuklear 

yang terkenal dalam analisis unsur. Rangkuman dari pengukuran isipadu menyeluruh, 

kebolehan mengesan pelbagai unsur dan sifat tidak memusnahkan teknik ini, menjadikan ia 

sangat berguna dalam menganalisis pelbagai sampel. Dalam usaha untuk meningkatkan 

keupayaan sistem PGNAA, ia memerlukan fluks neutron terma yang tinggi untuk memastikan 

pengaktifan neutron dan keamatan sinar “prompt-gamma” yang  terhasil adalah memuaskan. 

Selaras dengan usaha untuk membangunkan sistem PGNAA berdasarkan reaktor, perisian 

computer, MCNPX digunakan sebagai alat untuk meransang pengeluaran neutron terma 

terbaik. Simulasi ini seterusnya memberikan maklumat yang berharga untuk mengoptimumkan 

reka bentuk pengkolimat bagi sistem PGNAA tersebut. Dalam kajian ini, susunan yang berbeza 

bagi penapis bismut dan nilam telah dibuat untuk menilai kesannya kepada pengeluaran fluks 

neutron terma. Hasil kajian menunjukkan bahawa susunan penapis yang berbeza bagi 

pengkolimat akan mempengaruhi jumlah pengeluaran neutron terma. Hasil kajian ini dijangka 

akan menjadi satu sumbangan yang besar kepada pengetahuan dan membantu dalam mereka 

bentuk pengkolimat untuk sistem PGNAA berdasarkan reaktor TRIGA. 

 



1.0 Introduction 

Prompt gamma neutron activation analysis (PGNAA) is known as a very powerful volumetric 
non-destructive method in multi-elemental analysis. This method is based on bombarding a 
sample of interest with thermal or fast neutrons. Neutrons are not affected by the Coulomb field 
of the nucleus and it interacts directly with the nucleus of an atom rather than the electron 
around the atom. There are two vital neutron-matter interaction mechanisms that contribute to 
the overall signal in PGNAA which is neutron inelastic scattering, (n,n`γ) reaction and absorption 
of thermal neutron or thermal neutron capture (n,γ) event. The second neutron-matter 
interaction contributes the most to the prompt gamma-ray production. In order to enhance the 
probability of this interaction to occur, the fast neutrons (with energy of the order of few MeV) 
from the reactor need to slowed down to thermal energies (with energy of the order of 0.025 eV) 
by suffering a sufficient number of elastic and inelastic scattering events. A highly unstable 
compound nucleus is formed when the incident neutron is absorbed by the target nucleus. The 
compound nucleus will then de-excite back to its ground state through the emission of prompt 
gamma-rays. These gamma rays are referred to as prompt since the decay time, which is of the 
order of 10 −9 -10 −12 s [1]. 
 
The main component in PGNAA facility includes neutron collimator; mainly consist by cold or 
thermal neutrons, which needed to be properly collimated. A sample chamber, protected by a 
shutter which turns the beam on and off so as to facilitate the exchange of sample. A gamma-
ray detector provided of a shield for neutrons is located perpendicularly to the beam axis; 
moreover a beam catcher is required to stop the beam crossing the sample. This study covers 
only to the extent of simulation using MCNPX [2] for collimator part of PGNAA system. 
Collimator including the filters is a vital part of PGNAA system since it function as to collimated 
and filter neutron beam from TRIGA reactor core. 
 
The main target for PGNAA neutron beam are to be bright and clean, that is, with a high thermal 
neutron flux in order to get a high neutron capture reaction probability, with low epithermal and 
fast components and low reactor gamma radiation, in order to minimize the background [3]. The 
neutron fluxes need to be stable over time and spatially uniform. The neutrons produced in the 
TRIGA reactor core are slowed-down by the moderator, i.e. water in the reactor core. Even if 
the neutrons are moderated, a further optimization is necessary in order to ensure an optimum 
performance of the PGNAA facility. This can be achieved introducing bismuth and sapphire 
filters that partially absorb the unwanted components, although this will reduce the desired 
intensity. The theoretical and experimental total cross sections for some of the most important 
single crystal filter, i.e sapphire, bismuth and silicon, are collected in [4]. The flux of the nuclear 
reactor neutron beams for prompt gamma found in literature range from 105 − 1010 n/(cm2s) 
although the most used are among 107 −108 n/(cm2s) [5].  
 
This paper presents a model and simulation of PGNAA collimator system for TRIGA reactor with 

different arrangement of bismuth and sapphire filter to measure their effect on neutron flux 

produce at the end of the collimator.  

 

 

 

 



2.0 Methodology 

The collimator for the PGNAA facility was designed in MCNPX with the following objectives; 
reduce the fast neutron and photon components of the beam in collimator, while still maintaining 
a high thermal neutron flux, and to collimate the neutron beam to 2 cm diameter 1 meter out 
from the end of the collimator. The outer design and dimension of the collimator is according to 
the dimension of beam port in TRIGA reactor. 
 
The shell of the collimator was made of an aluminum pipe with aluminum thin-windows on both 
ends, assumed to be filled with helium to reduce production of gammas and attenuation of the 
thermal neutrons due to interactions with air. Large-grain poly-crystalline bismuth and single-
crystal sapphire are the primary components within the collimator which reduce the fast neutron 
and gamma components of the beam. The beam is collimated through a series of lead and 
Boral disks with tapered apertures to remove the photons and thermal neutrons present outside 
the profile of the desired collimated beam. The collimator is illustrated as in Figure 1. 
 

 
 
Poly-crystalline bismuth was used because of its large absorption cross section for gammas and 
its relatively good transmittance of thermal neutrons. Bismuth in the collimator is 14 cm in 
diameter and 10 cm in length. A single-crystal sapphire filter is used to reduce the fast-neutron 
component of the beam. Fast-neutrons are strongly attenuated by the sapphire due to scattering 
collisions from the wavelength dependent cross section which is low for thermal neutrons but 
strongly increases for epithermal and fast neutrons, providing that the crystals is oriented with 
the correct axis parallel to the incoming neutron beam[6-7]. This filter is cylindrical shaped 
single-crystal sapphire pieces with 15 cm lengths and diameters of 14 cm. 
 
The disk source used to model the neutron entering the collimator is taken from the earlier work 
on flux of the core of the TRIGA reactor [8]. The spectrum of neutron source use in this study is 
plotted in Figure 2.  
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Figure 1: Design of Collimator of PGNAA System for TRIGA reactor using MCNPX 



 
 
 
 
 
The MCNPX model of the collimator runs completed with and without the sapphire and bismuth 
filter in order to quantify their effects. However for fast neutrons and photons, the effects of the 
sapphire and bismuth filter are independent of the crystal structure in MCNPX. Aside from the 
materials in the collimator for beam shaping and filtering, it was assumed that the collimator 
would be filled with helium to reduce attenuation and gamma production with constituents of the 
air. Thus, all empty space within the collimator was modeled as helium. It was also assumed 
that the space surrounding the collimator was filled with water. This assumption is made since 
the first foot of the collimator next to the core is surrounded by water and the rest is surrounded 
by concrete. Also, neutrons which scatter back from the outside region are far enough outside 
the line of collimation that they will not contribute significantly to the flux exiting the collimator. 
 
Within the problem, there are user defined tallies where information about the particles which 
reach a specified location within the problem is tallied. In this study flux tally is used to tally the 
number of flux across the cell at the end of the collimator, cell after bismuth filter and cell after 
sapphire filter. There is three arrangement made in this study, which is the collimator without 
filter as control, arrangement 1 is bismuth filter then sapphire filter and arrangement 2 is 
sapphire then bismuth filter.  

 

 

3.0 Result 

Collimator for PGNAA system has been design and neutron beam simulation has been run for 

all three arrangement using MCNPX package. For the control arrangement with no filter, the 

result shows neutron transmission is constant as plotted in Figure 3. The results plotted (red 

lines) are purely cause by geometric attenuation since there is very little interaction within the 

helium. For the other two arrangements the neutron flux spectrum were plotted from data at a 

cell after the first filter (bismuth/sapphire) and after second filter (sapphire/bismuth) in order to 

probe the filter influence towards the incoming neutron source.  

Figure 2: Neutron source spectrum from TRIGA reactor core calculation using MCNPX 



 

In achieving the objectives of this study, the results from arrangement 1 and 2 are compared. As 

shown in the graph Figure 3. Both sets of arrangements produce a same transmission trend 

which is minimizing the fast neutron spectrum while increasing the thermal spectrum. After the 

neutron from source move through the first sets of filter, the plots (green and purple lines) in 

Figure 3 clearly in agreement with the theory that sapphire as fast neutron filter moderated more 

neutron than bismuth as gamma filter.  

Next, after neutron going through the second sets of filters, the results (blue and cyan lines) 

shows little difference from the plot at fast neutron region. The comparison of the total thermal 

and fast neutron flux that were tallied can be referred on Table 1. The results shows thermal 

neutron flux in arrangement 2 is slightly higher than in arrangement 1, while in the fast neutron 

flux is less for arrangement 2 than arrangement 1. This means filters arrangement 2 is better 

than arrangement 1 for the PGNAA system which needs high thermal neutron and very number 

low fast neutron. 

 

 

Filters Arrangement Neutron Flux (Thermal) Neutron Flux (Fast) Gamma Flux 

No Filter 1.1109 x10-4 1.4732 x10-5 5.5348 x10-7 

1-Bismuth-Sapphire 2.3261 x10-4 1.2962 x10-4 1.9504 x10-8 

2-Sapphire-Bismuth 2.4459 x10-4 9.4855 x10-5 6.0491 x10-9 

 

Other than high thermal neutron flux and low fast neutron flux,  low gamma flux are also 

required for PGNAA system to operate as gamma from beam port will contribute to noise during 

the detection of prompt gamma from sample. Result in table 1 shows with no filter the gamma 

Figure 3: Simulated neutron transmission from TRIGA reactor core calculation using 

MCNPX. Arrangement 1-Bismuth-Sapphire(green/blue) and 2- Sapphire-Bismuth 

(purple/cyan) 

Table 1: Fast Neutron, Thermal Neutron and Gamma-rays Flux tallied from MCNPX with different 

filter arrangement. 



rays produce at the end of the collimator is the highest. Comparing the two sets of filter 

arrangement, it is clear that arrangement 2 is producing less gamma ray than arrangement 1. 

This ultimately confirms that from this simulation study, collimator arrangement number 2 with 

sapphire than bismuth filter is better for setting up the PGNAA system. 

 

4.0 Conclusion 

In optimizing a PGNAA system, neutron beam for the system need to have high thermal neutron 

flux in order to get high capture reaction probability and low gamma to reduce the noise during 

detection of prompt gamma. This means from reactor core, the fast neutron produce has to be 

slowed down before it hits the sample and gamma ray need to be filtered. In this study we have 

made two sets of arrangement for filter in the collimator which is bismuth-sapphire in 

arrangement 1 and sapphire-bismuth in arrangement 2. Neutron and gamma flux has been 

tallied and the spectrums are plotted from the MCNPX simulation. From the result it is 

concluded that to get the high thermal neutron flux and low fast neutron flux while minimizing 

gamma ray, arrangement 2 is better for developing collimator for PGNAA system. 
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