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CHAPTER 6 SUMMARY, EVALUATIONS, CONCLUSIONS 
AND OUTLOOK 

 

6.1 Introduction 

The work presented in this thesis is based on a project to develop a multi-

purpose instrumentation capable to explore elemental concentrations for in situ 

measurements using a neutron source based on a D-T reaction. In the framework of 

the EU programme GROWTH, a collaboration project NuPulse was initiated 

comprising of nine partners with various responsibility in the development and use of 

the instrument. The NuPulse instrument is based on a Pulsed-Neutron D-T (PNDT) 

source, providing time- and energy-information generated by neutron interactions 

with geological formations. The work in this thesis mainly represents the contribution 

of the RuG/KVI team to the NuPulse consortium. We designed and constructed the 

control units for the instrument and also undertook the task for laboratory and field 

measurements of the detector modules. Data modelling, validation and interpretation 

also formed part of our tasks in the NuPulse partnership. 

We formulated two questions being the basis to achieving the goal of the 

NuPulse project.  

 

 How powerful is the NuPulse instrument capable of detecting secondary 

neutrons and gamma-radiations from environmental and geological 

formations? 

 How can we correctly identify materials based on fast-neutron interactions 

with geological and environmental materials? 

 

A stepwise approach was taken to answer these questions in which several 

components were to be optimised and subsequently integrated into one full system. In 

the initial stages, the components were benchmark experiments combined with Monte 

Carlo simulations leading to the instrument designs. Next, the instrument was tested 

and calibrated under well-defined conditions before being deployed in field 

experiments. These well defined conditions consisted of a 3m high, 2m diameter 

concrete tank in which the instrument could be placed. The tank was used either 

empty, filled with water or water with known amounts KCl salt added (water+KCl). 

The field measurements started by testing the instrumentation in a borehole at the 

KVI premises and later were continued in borehole and mineral deposits in Finland 

and Greece. 

In this chapter, we start with a short overview of the results of various test 

experiments to optimise the instrument. These experimental tests have shown on the 

one hand the working and adaptability of the instrument but on the other hand 

demonstrated unexpectedly, new challenges regarding the data interpretation. These 

results further provided answers to our questions. 

In the final section, we present suggestions to improve the instrumentation for 

future research and applications. 
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6.1.1 Gamma-rays 

 

Two operating modes are used for gamma-ray spectroscopy. In the initial 

mode (so-called PNDT-off), only naturally occurring gamma-radiation was used for 

energy and efficiency calibrations. In the so-called PNDT-on mode, the D-T neutron-

source was operating and induced gamma-radiation was measured.  

 

PNDT-off 

 

The natural gamma-ray spectra were acquired for the three settings in the 

concrete tank. Monte Carlo simulations were conducted for these settings for 

comparison and interpretation purposes. In the first two settings (empty tank and 

water-filled tank), the spectra were used for background investigations and 

calibrations for the instrument and benchmarking of simulations. A calibration factor 

is needed to adjust the intensity of Monte Carlo (MC) simulated results for effects not 

included in the simulations.  

Since K has a radioactive isotope which emits gamma-rays, in the third 

setting, various amounts of KCl were added to the tank to determine a calibration 

factor for the Monte Carlo simulation of  = 0.537 ± 0.002 of the BGO detector. The 

comparison between experiments and the Monte Carlo code MCNPX simulation 

results, both in spectral shape and magnitude, yields good agreement throughout the 

entire range of KCl concentrations in the water. The results of the PNDT-off tests 

showed that the transport of gamma radiation in the water tank is simulated in a 

reliable way by MCNPX.  

Moreover in the KVI borehole, the gamma-ray detector of the NuPulse 

instrument showed variations with the soil formations indicating that each formation 

has its own radiometric fingerprint. This is confirmed by sample analysis in the 

laboratory. 

 

PNDT-on 

 

In the subsequent calibration test experiments, the neutron-source was 

operating (section 4.3.2). Initial results in the tank (see figure 4.14) showed that the 

gamma-ray spectra could successfully be explained qualitatively. In both empty-tank 

and water-filled gamma-ray spectra, the features could be matched to possible 

neutron reactions. Furthermore, qualitative interpretations of the gamma-ray spectra 

for water+KCl solutions were also successful. Interference between 
1
H and 

35
Cl for 

thermal neutron reactions (figures 4.24 and 4.25) provided a challenge in the analysis. 

Attempts to quantitatively reproduce the measured PNDT-on gamma-ray spectra with 

the MC simulated standard spectra have not been successful due to the discrepancies 

between the simulations and experiments in terms of spectral shape and intensities.  

For the instrument used in the KVI borehole, only the contributions from the 
1
H(n,)

2
H and 

16
O(n,n‟)

16
O reactions were observable with intensities varying for 

each soil formation, hence confirming the changes in water content. 

 

Monte Carlo simulations 

 

With the difficulties encountered in trying to reproduce the PNDT-on gamma-

ray spectra by simulations, we investigated the problem by comparing MCNPX based 
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simulations with the results of another code: FLUKA. Simulations with FLUKA 

showed better correspondence with the measured spectra as compared to MCNPX 

based calculations. However, also the FLUKA simulated gamma-ray spectrum (for 

empty-tank) showed an inconsistency with respect to the measured spectrum likely 

due to the gamma-ray energy binning incorporated in the code and the insufficient 

way  neutron cross section resonances are incorporated in the MC. In the analysis of 

water+KCl spectra for the PNDT-on, interference for the thermal neutrons between H 

and Cl showed a mismatch up to a factor of two between the expected and the 

simulated spectra (section 4.3.2 and intermezzo 4.3). Additionally, in figure 4.18 we 

showed that even for the PNDT-off, not only the binning interval in FLUKA was 

questionable but also other features contribute to the discrepancies.  

A detailed intercomparison of both codes is limited due to a difference in 

incorporated cross section modules used without a possibility of transforming the 

tables to a unified approach. 

 

6.1.2 Fast-neutrons 

 

In chapter 5, we presented the results of the fast-neutron spectra analysis. For 

fast-neutron detection, an organic scintillator stilbene was used. Stilbene crystals are 

favoured because of the good gamma-ray rejection capabilities. The acquired fast-

neutron spectrum was divided into three areas: Area 1 (En > 12.5 MeV), Area 2 (2.5  

En  12.5 MeV) and Area 3 (En < 2.5 MeV), (see for example figures 5.2 and 5.3). 

For each area, the secondary neutrons produced by the neutron reactions are 

qualitatively explained. 

A clear distinction was observed for the empty-tank and for the water-filled 

tank fast-neutron spectra in Areas 2 and 3. Area 1 accounts mainly for direct neutrons 

from the D-T source at about 14 MeV. In both empty and water-filled settings, 

neutrons from the source directly deposit their energies into the stilbene detector. The 

analysis of Area 1 fast-neutron spectra confirmed that the D-T neutron-source fluxes 

are constant. In areas 2 and 3, scattered neutrons are observed from the surrounding 

media and neutrons depositing their reduced energies in the detector crystal. 

Area 2 has a higher count rate for the water-filled tank than the empty tank. 

The presence of hydrogen in water gives rise to lower energy neutrons, due to the 

high moderation power of hydrogen. Concrete of the tank and its surroundings is 

mostly composed of heavier nuclei (Si, O, Fe, etc), therefore neutrons with energy En 

~ 14 MeV will transfer a small fraction of their energy to the recoil nuclei and 

continue their propagation without losing all their energy. In the water-filled tank, 

neutrons lose their energy in multiple collisions leading to an increased number of 

detected events in area 2 (figure 5.2).  

In addition, measurements in the KVI borehole were carried out. A 

comparison of fast neutron spectra in Area 2 for the water-filled tank and the borehole 

revealed an estimated 40% water content for the borehole, well within the range of 

30% - 50% water content for the KVI-borehole. With more controlled tests, this 

method could be added as a technique to determine the water content in geological 

explorations. 

In the lower energy region of the fast-neutron spectra, Area 3, we observed 

events that depend on the environment. To explain the distinct characteristics of the 

resulting spectra, two assumptions were made (in section 5.4). Initially we assumed 
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that the peaks observed are due to the -energies from the 
12

C(n,)
9
Be and 

12
C(n,n‟)3 reactions. These reactions take place with the carbon present in the 

stilbene crystal and the alphas deposit their energies immediately after production 

with a considerable quenching effect. Because of the surrounding materials, the 

neutron fluxes reaching the detector are both direct and scattered from the media. The 

neutron energy distribution and intensities will therefore depend on the materials 

surrounding the stilbene detector and hence will influence the count rates and energy 

distribution of the fast neutron spectra. Area 1 of the fast-neutron spectra could be 

explained in a consistent manner. 

For the second assumption, we proposed reaction mechanisms in which 

neutron-unstable states are populated which subsequently decay by emission of 

neutrons with a well-defined energy to stable states in a final nucleus. These neutrons 

have low energies and hence they transfer all their energies in the stilbene detector to 

protons. Again, the results were consistently interpreted with some uncertainties due 

to the energy calibration used. Because of the initial agreements between NuPulse 

partners, the energy calibration of the stilbene detector was carried out by SIOL (in 

Kharkov) and only SIOL had control on the calibrations. Hence, we could not verify 

the calibration. 

Both assumptions require a thorough verification, beginning with proper 

energy calibration of the fast neutron detector and well-controlled samples for testing.  

 

6.1.3 Questions and answers 

 

The NuPulse instrument could not yet meet all the objectives defined at the 

start of the project. Nevertheless some promising results were obtained with the 

instrument and further tests will be needed to optimise the various components for the 

anticipated multi-purpose function. We reiterate below the essence of the questions 

asked in chapter 1 (section 1.1) with answers and conclusions derived from the results 

of this study. 

 

Question 1: Why does the combined technique based on the detection of fast or/and 

thermal neutrons and photons of gamma-radiation make a very powerful technique 

for the analysis of geological and environmental materials?  

 

Answer 1: As illustrated in this thesis, the NuPulse instrument at this stage 

cannot be regarded as yet a powerful technique as was proposed. Limitations in 

exploring fully the gamma-ray spectra together with inconsistency in Monte Carlo 

simulations to reproduce the measured spectra were a drawback for PNDT-on test 

experiments. However, qualitative analyses have shown positive results and could 

well be described in a consistent manner.  

For fast-neutron detections the spectra were utilized successfully to identify 

variations in different media. With further tests and calibrations, the fast-neutron 

spectra could be utilized to determine the water-content/porosity of the geological 

formations (see figures 5.2 and 5.3). Furthermore, investigating the low-energy region 

for elemental compositions can provide a significant improvement to the current 

NuPulse instrument.  
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Question 2: What types of reactions of fast neutrons with a material can be attractive 

in the analysis of the composition of the material in geological and environmental 

applications? 

 

Answer 2: We provided two possible interpretations of the low-energy region 

of the fast-neutron spectra and we showed that the differences between spectra exist 

and could be described in a consistent way. The fast-neutron spectra are clearly 

dependent on the environment and materials around the instrument. The qualitative 

interpretation with further confirmation could be used to describe the difference in 

light and heavy elements. 

For gamma-radiation, fast neutron interactions of the X(n,n‟)X type have 

shown to yield results in the absence of thermal neutrons, e.g. the empty spectrum in 

figure 4.14. Mainly in mineral explorations, heavy elements are dominant and the 

reaction of the X(n,n‟)X type becomes the most reliable way to understand the 

resulting gamma-ray spectra. However, further test experiments in well-defined 

environments would be required to draw conclusions from the field data as collected 

by the NuPulse partners in Greece and Finland (see appendix B).  

 

6.2 Outlook 

 

In further development stages of the instrument, users need to have full 

control on the components of the NuPulse system. Each user should be able to operate 

the instrument independently for better intercomparison and optimisation of the 

instrumentation. 

One major problem encountered with the quantitative analysis was related to 

the presence of high-energy neutrons which caused various possible reactions with 

the environmental materials. The option of using the D-D neutron generator with En = 

2.5 MeV instead of the D-T generator could limit the use of the instrument. However, 

with the difficulties encountered with the simulated spectrum in figure 4.16, a low-

energy neutron source could be used to limit the number of reactions and may help to 

unravel the complex gamma-ray spectra. For example the neutron energies produced 

with a D-D source are below the threshold to initiate the 
16

O(n,n‟)
16

O reaction.  

Using the MCNPX simulation code, the photon fluxes reaching the BGO 

detector were simulated assuming the D-D and the D-T type sources and the results 

are presented in figure 6.1. In principle, these fluxes are caused by the reactions 

between neutrons and the formation (water in this example) and allow to characterize 

the simulated spectrum. The result confirms that the D-D neutron spectra are less 

sensitive to oxygen in the E > 2.5 MeV range and therefore gamma-rays from other 

elements in a geological environment in that energy region will be more easily 

detectable. 

The results obtained in Finland and Greece and reported in Appendix B (and 

figure B-1), show that a more efficient detector crystal was required to obtain any 

valuable data. Comparing NaI(Tl) and the BGO detectors with the same efficiency, 

the NaI(Tl) becomes more advantageous because of its better resolution (Proctor et 

al., 1999). More importantly, measured spectra presented in figures 4.14 for example 

would reveal more structural information if a detector system with better resolution 

was used. A possible improvement to the NuPulse gamma-ray detector system would 
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require the incorporation of the now available high-density Cerium-doped lanthanum 

bromide (LaBr3(Ce)) scintillators with excellent energy resolution (Van Loef et al., 

2001; Moszyński et al., 2006; Menge et al., 2007; Normand et al., 2007; Higgins et 

al., 2008). Furthermore, the LaBr3(Ce) crystal has been reported to be stable in a large 

range of temperatures (Moszyński et al., 2006) and to show less effect on the 

resolution and light output due to high fluxes of gamma-radiation (Normand et al., 

2007). The photon-flux examples shown in figures 4.17, 4.19, 4.20 and 6.1 indicate 

that most possible reactions can be described in detail if the spectral peaks are well 

resolved.  

More benchmark experiments are required to improve the understanding of 

simulations of measured data, in particular to the neutron-induced reactions. We have 

presented the results using FLUKA code and the results have been satisfactory. With 

a more rigorous test procedure, quantitative analyses of PNDT-on type measurement 

are achievable. Furthermore, using the freely available GEANT4 (Agostinelli et al., 

2003) code that utilizes similar continuous energy dependent cross sections as 

MCNPX could assist to benchmark the codes for PNDT-on type experiments. 

McKinney et al. (2006) indicated that of the five MC codes they reviewed, only 

FLUKA deploys the multi-group approach as compared to others (MCNPX, 

GEANT4, MARS and PHITS) at low neutron energies, i.e. for En < 20 MeV.  
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Figure 6.1: Estimated photon fluxes in the simulated NuPulse BGO crystal for the D-

T and D-D neutron generators. 
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Figure 6.2: Simulated response functions for a water-filled tank with D-T and D-D 

neutron generators. 

 

 

6.2.1 Suggestions for future NuPulse instrumentations 

 

This thesis has presented the current status of the NuPulse instrument and the 

difficulties encountered in the testing and optimisation of the instrument. Based on 

these findings, we make the following suggestions for the future developments of the 

NuPulse instrumentations. 

 

Test facilities 

In order to achieve well-defined conditions, a concrete tank as used in the KVI 

for calibrations and testing is very suitable. Furthermore, experimental settings similar 

to the Cyprus set-up (see figure 5.13) could be the basis for additional facilities 

provided the dimensions are well controlled and optimised. Further tests of the 

instrument could make use borehole similar to the KVI borehole in combination with 

other methods (e.g. laboratory based set-ups for water content determination) to verify 

the results. 

 

Instruments 

We have demonstrated the possibility of simplifying the gamma-ray spectra by 

using a low-neutron energy D-D source (En  2.5 MeV) (see figure 6.2). A D-D 

neutron-source according to Shypailo and Ellis (2008) is appropriate for small-sized 

objects and the D-T (En  14 MeV) with the highly penetrating neutrons for bigger 

objects. For initial test, a D-D neutron-source can be incorporated into the instrument. 

Nonetheless, for investigations in geological explorations based on fast-neutron and 

gamma-radiation spectra from (n,n‟) reactions, D-T neutron-source with its higher 

neutron energy will be required. 



SUMMARY, EVALUATIONS, CONCLUSIONS AND OUTLOOK 

 128 

 

Because of the complexity of the neutron-induced gamma-ray spectra, a high-

density LaBr3(Ce) with its high light output and better energy resolution is 

recommended to replace the BGO and the NaI(Tl) detectors. The energy resolution of 

LaBr3(Ce) of less than 3% at E = 662 keV (Menge et al., 2007; Normand et al., 2007; 

Higgins et al., 2008) makes the detector a mandatory for the instrument. 

 

The incorporated organic stilbene detector for fast-neutron detections with its 

good neutron-gamma-ray rejection should be retained. The electronics control of the 

PSD (pulse shape discriminator) should be easily accessible to the user for suitable 

calibrations of the detector. For the NuPulse instrument, a control over the 

calibrations for systems in the field is recommended. 

 

Data analysis 

Difficulties with Monte Carlo simulation cross sections disrupted the analyses 

of the measured spectra. Some of the inherent irregularity on the Monte Carlo 

simulations cross sections will hopefully be resolved in future releases of the codes. 

These developments will make the MC simulations an important prerequisite for the 

proper operation and analysis of the instrument.  

 

In conclusion it can be stated that the expectations formulated at the start of the 

NuPulse programme were maybe too ambitious because of unforeseen difficulties in 

the Monte Carlo simulations. Some of the results are promising enough to further 

explore this technology. It will still take quite some physics and technology research 

before this instrumentation can be turned into a reliable instrument in mineral 

exploration, contraband detection and searching for explosives. 

 

 

 

 

 




