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CHAPTER 1 PERSPECTIVES 

 

Since the discovery of the neutron in 1932 by Chadwick, neutron spectroscopy 

has advanced the development of nuclear physics and tools for nuclear technology 

(Firk, 1979; Brooks and Klein, 2002). The development of neutron generating 

sources, applications on detection and quantifying the presence of various elements in 

a variety of materials has improved as a result. The high penetrating ability of 

neutrons offers an effective way of probing elemental content of interrogated 

materials (Proctor et al., 1999; Blagus et al., 2004), leads to methods that are non-

destructive (Overley, 1985) and offers less/no sample preparation (Kasztovszky et al., 

2000) even in bulk materials. Despite the high penetrating power, neutrons do interact 

(more section 2.3.1) mainly with the nucleus of the target material (Knoll, 2000) and 

the reaction products reveal information not only about the elemental content of the 

material but also about its isotopic composition.  

The technique of irradiating materials with neutrons and investigating the 

induced gamma-ray for element identification and concentrations (Nair et al., 2004; 

Molnár et al., 2000) for geological formations (Grau and Schweitzer, 1987; Mellor, 

1987; Spychala, 1987; Charbucinski et al., 2003; Gardner et al., 2005) has developed 

fast in recent years. However, according to Ellis et al. (1987), the borehole technique 

of using instruments to measure continuously the properties of subsurface geological 

information was invented in 1927, and used mainly to localise possible hydrocarbon-

bearing zones (Ellis et al., 1987). Even today applications are still mainly in the oil 

and gas industry, where neutron gamma-ray tools are used to detect porosity and 

hydrocarbon saturation in geological formations. Low contents of hydrocarbons in 

formations and borehole water are hard to detect, which poses a major limitation on 

currently available neutron gamma-ray tools. The energies of the emitted gamma-rays 

are characteristics of the element‟s isotope present in the matrix and their intensities 

are proportional to their concentrations (Grau and Schweitzer, 1987; Grau and 

Schweitzer, 1989; Dokhale et al., 2001; Nair et al., 2004). 

The induced neutrons to gamma-ray techniques have developed further to 

studies ranging from mineral explorations to cargo inspections (Ellis et al., 1987; 

Brown et al., 1994; Gozani, 1994; Gardner et al., 2000; Kasztovszky et al., 2000; 

Borsaru et al., 2001, Brooks et al., 2004a & b; Buffler, 2004; Charbucinski et al., 

2004; Im et al., 2006), but also in health-related matters (Morgan et al., 1957; Nagvi, 

2006; Shypailo and Ellis, 2008). Moreover coupled with advances on gamma-ray 

detection instruments, this technique in combination with Monte Carlo simulation 

methods has become highly sophisticated. The focus of current techniques lies on 

methods using either fast neutron induced reactions (n,n‟), (n,p), (n,) or thermal 

neutron induced reactions (n,). The interaction cross section for both types of neutron 

(fast and thermal neutrons to be discussed in more details in later chapters) limits their 

applications to certain nuclei.  

The neutron-induced techniques are classified mainly into two groups for 

gamma-ray detections, prompt gamma-ray neutron activation analysis (PGNAA) and 

delayed gamma-ray neutron activation analysis (DGNAA), i.e. with respect to the 

time of measurement. The PGNAA occurs during irradiation and the DGNAA follows 

later as a result of induced radioactive decay. Currently, pulsed-neutron sources are 

available and provide a tremendous improvement in neutron activation analysis. 

These accelerator based sources use a timing scheme that allows production of fast 

neutrons and enough time to detect thermal neutrons as well. Thus, during the bursts, 
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fast neutrons will induce reactions (n,) or (n,p) with nuclei like, 
16

O and 
28

Si. With 

thermal neutrons, capture reactions (n,) of some nuclei (mainly H, Si, Ca, Fe, Cl and 

S), lead to almost instantaneous deexcitation, inducing prompt characteristic gamma-

rays, while others have significantly longer half-lives resulting in delayed gamma-ray 

activity (e.g. Na, Mg, Al) (Grau and Schweitzer, 1987). 

Another challenge for this neutron-gamma-ray technique is to have detector 

systems that are more sensitive to one type of radiation over another. Brooks (1959) 

reported that with the introduction of pulse discrimination, in a stilbene detector 2 

MeV neutron may be detected with 9.5% efficiency whereas a 2 MeV gamma-ray 

detection efficiency will be reduced to less than 0.007%. Wraight et al. (1965) also 

reported a 10% improvement in neutron time of flight detection in the absence of 

gamma-ray background. Thus, in neutron-detection spectroscopy, pulse-shape 

discrimination (PSD) capabilities became essential and are widely used mainly in fast 

neutron detectors (Brooks, 1959; Miller, 1968; Czirr, 1970; Winyard et al., 1972; 

Ahmed, 1977; Harihar et al., 1988; Cao and Miller, 1998; Kaschuck and Esposito, 

2005).  

For the gamma-ray detection, Borsaru et al. (2001) prefer bismuth germanate 

(BGO) detectors over the commonly used inorganic scintillators, NaI(Tl) and CsI(Tl), 

as these are both more sensitive to capture and activation by neutrons in contrast with 

BGO crystals. The choice of the detector type depends mainly on the environmental 

effects like temperature and pressure. Proctor et al. (1999) compared several detector 

systems and reported that detectors with 5-10 times higher detection efficiency of 

scintillation (NaI and BGO) can outweigh the superiority of high resolution of 

semiconductor detectors (HPGe). Furthermore, they report that the better resolution 

NaI as compared to BGO gave a significantly lower analysis uncertainty for equal 

efficiency of the detector (Proctor et al., 1999). 

In addition, Monte Carlo simulation methods can play an important role in 

calibrating the detector system, and also in identifying and quantifying elements and 

their isotopes. Schweda and Schmidt (2002), Lim (2004), Vitorelli et al. (2005) and 

Babut and Gressier (2006) have used simulation codes to model the response function 

of gamma-ray detection and Siebert (2002) used the simulations to assess the 

sensitivities and uncertainties on Monte Carlo calculations for neutron spectroscopy. 

Monte Carlo simulations have also proven to be instrumental in design and testing of 

experiments associated with radiation transport in geological matrices (e.g. Frankle 

and Conaway, 1997; Odom et al., 1997; Hendriks et al., 2002). Simulations have been 

used successfully to benchmark experiments for radiometric measurements of natural 

gamma radiation (see for example Maučec et al., 2001 and Hendriks et al., 2002).  

This study builds on the above advances and further investigates the 

possibility of implementing similar techniques and new improvements for the 

NuPulse instrument applications. In June 2002, an European 5
th

 framework 

collaboration NuPulse (see appendix A) got underway to design, build and test a non-

destructive Pulse Neutron Multiple Detector Tool (PNDT) for use in environmental 

monitoring, hydrocarbon pollution assessment and natural resources exploration. The 

NuPulse instrument would incorporate a combination of the natural radioactivity 

technique and the induced neutron to gamma-ray/neutron technique into one system. 

This thesis forms part of the NuPulse consortium deliverable documents, hence some 

chapters will contain general and fundamental information that could be retrieved 

from various text books. 
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1.1 Objectives of the study 

The main objective of the NuPulse project was to develop an instrumental 

methodology to determine elemental concentration in situ using a pulsed D-T neutron 

source. Neutrons produced by such neutron sources interact with matter in various 

reactions. Secondary particles (neutrons, gamma-rays, etc) produced as results of 

these reactions are used for material identifications. To increase the sensitivity of the 

neutron-logging technique, it was necessary to accurately detect lower fluxes of 

ionising radiation. It was also crucial to increase the range of elements and 

compounds that can be measured by the device. 

 

The objectives of the NuPulse project, answers to the following questions are crucial,  

 

- Why does the combined technique based on the detection of (fast or/and 

thermal) neutrons, which are scattered/absorbed from the components of some 

materials, and photons of gamma-radiation, which are generated due to the 

absorption of neutrons by these materials, make a very powerful technique for 

the analysis of geological and environmental materials?  

 

- What types of interaction of fast neutrons with a given material can be 

interesting in the context of the analysis of the composition of the material, in 

particular in geological and environmental applications? 

 

To answer these questions, the NuPulse instrument was designed. The 

NuPulse instrumentation is based on a Pulsed-Neutron D-T (PNDT) method that will 

combine time- and energy-information acquired during neutron interaction with the 

geological structures. The system is a modular measuring instrument with a pulsed D-

T neutron source and detectors for fast neutrons, thermal neutrons and gamma-rays. 

The modular structure enables various configurations of detectors to be used, 

according to the requirements of the task at hand.  

 

For the purpose of this thesis, only energy-information will be 

investigated. 

 

For the design and construction of the instrument, the NuPulse collaboration 

defined the following tasks: 

 To develop a high-energy neutron emitter tube (NET) based on the Deuterium-

Tritium reaction triggered by high voltage pulses, which generates a neutron 

flux of 10
8
 neutrons/s over a pulse rate range of 35 Hz to 1.2 kHz. 

 To construct the electronic circuitry and controlling software, and to assemble 

photomultipliers and other detector components on a mounting unit for 

operating the detector system in the research phase. 

 To measure and analyse the response of a Stilbene based scintillator to fast 

neutrons generated by the interaction of neutrons emitted by the NET and 

samples of several chemical compositions. 

 To measure and analyse the response of a LiI based scintillator to thermal 

neutrons generated by the interaction of neutrons emitted by the NET and 

samples of various chemical compositions. 
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 To measure and analyse the response of a gamma detector to photons of 

gamma radiation generated by the interaction of neutrons emitted by the NET 

and samples of various chemical compositions. 

 To develop a calibration library of standard measurements for selected 

elements and compounds.  

 To measure and analyse the response of a Phoswich detector to fast and 

thermal neutrons in combination, generated by the interaction of neutrons 

emitted by the NET and samples of various chemical compositions. 

 To design, construct and test in the laboratory the benchmark experiments for 

the instrument. 

 To develop operating software and software for users, including data 

presentation. 

 To design and construct systems of small diameter (41 - 43 mm) probes for 

testing in the field conditions. 

 To design and construct a system for surface measurements, with larger 

diameter detectors (7 cm). 

 To finally optimise the system based on the feedback from the field trials. 

 

 

1.2 Limitations 

NuPulse collaboration partners (as presented in Appendix A) shared various 

tasks in the implementation of the project and were allotted a period of 3 years to 

realise the objectives of the project. The RuG/KVI team focused mainly on applying 

MEDUSA
1
 (De Meijer, 1998; Hendriks, 2003) detection and analysing techniques for 

high-energy gamma-rays (3 – 10 MeV). As a consequence of an agreement between 

partners, we had no option to optimise the pulsed D-T neutron source, very limited 

control on the electronics, its calibration and data handling. 

 

1.3 Scope and outline of the thesis 

For this instrument to be assembled and tested, a clear design strategy needs to 

be developed for all important processes and methods that are required to get the 

system going. This significant aspect is discussed in chapter 2 of this thesis whereby 

the background information about particles involved are discussed together with their 

interactions with matter. Furthermore in this chapter the implications of detection of 

these particles are of interest. Chapter 2 was written in more fundamental details to 

guide the non-expert members of the NuPulse partnership. 

In chapter 3 of this thesis, the PNDT instrumentation (more like NuPulse 

instrument manual) is described in details: all components are discussed including 

some possible system configurations. This chapter introduces the reader also into the 

analysis procedures to be followed for data analysis and test facilities at which the 

assembled instrument was tested and optimised. The chapter also presents the basic 

ideas of the Monte-Carlo simulation approach. 

                                                 
1
 MEDUSA – Multi Element Detector for Underwater Sediment Activity. 
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In the follow-up chapters, chapters 4 and 5, the experimental test results are 

presented and discussed. Starting with gamma-ray spectroscopy in chapter 4, the 

results give insight into the procedure by which the instrument will be used and how 

the gamma-ray data will be analysed and interpreted. Chapter 5 illustrates the results 

based on fast neutron detection. Observation and findings are discussed together with 

the results. 

A summary, evaluations, conclusions and an outlook of the study are 

presented in chapter 6.  
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