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CHAPTER 3 INSTRUMENTATION, ANALYSIS 
PROCEDURES AND SIMULATIONS 

 

3.1 General layout 

In this section, the modular structures of the NuPulse instrument and their 

basic functions are described. The core of the instrument comprises of a pulsed D-T 

neutron generator, auxiliary electronics and a set of radiation detectors. In figure 3.1 

the components of the NuPulse instrument are shown and more details on each 

component will follow in the next sections. On the top left of figure 3.1, the laptop 

(PC) component is shown, that will be used amongst others to store the software used 

to command the control units. The Surface Control Units (SCU) transmit commands 

from the PC to the Probe Control Unit (PCU) and data back to the PC. The PCU 

controls the detector and neutron-source modules according to the commands 

received from the SCU.  

The module components are interconnected by various types of cables. Shown 

in figure 3.2 is a picture of the cable components, the cable roller together with the 

cables used for connection. There are 3 cable connections to the SCU front panel; the 

main power supply (220 V; 50 Hz, see also figure 3.3) for the laptop and surface 

control unit, data cable to the laptop (RS232 cable) and a 5-pin steel armoured cable 

with four threads between the SCU and the PCU. The five pins are used for +365 V 

and neutral for the power supply, differential voltage and data links and shielding of 

the electronics housing. A close-up picture of the cable head is also shown in figure 

3.2. The cable length between the SCU and PCU ranges from 50 m (shortest) on a 

cable roller and 700 m (longest) on a winch. The cable-head connections between 

components (mainly from PCU to neutron source connections) are both pressure- and 

water-tight. When the NuPulse instrument is operational, because of high levels of 

radiations around the probe, the cables assist to minimise the radiations to the users. 

Moreover, in some environment, the instrument would be deployed in remote and 

hostile environment hence the necessity to include the longer cables. 

The other components shown in figure 3.1 are various detector modules for 

the instrument, comprising of neutron, gamma-ray or a combination of both neutron 

and gamma-ray detectors (phoswich). More on detector module properties is given in 

section 3.7 and table 3.3. The neutron-source module has the task to generate and 

emit neutrons as required by the instrument. As an optional component, 

communication devices can be incorporated and fitted with Data Transmission 

Software that controls the data transfer from the NuPulse surface unit to predefined 

end users in remote regions. Figure 3.3 shows schematically the assembly of an 

operational NuPulse instrument. 
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Figure 3.1: NuPulse instrument components. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: NuPulse cables and connectors. 
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Figure 3.3: Configuration of the assembled NuPulse instrument. 

 

3.2 Pulsed D-T neutron generator 

 

The neutron generator is based on a D-T (deuterium-tritium) reaction, (Knoll, 

2000), 

 

     MeVnMeVHeHH 0.14~5.3~ 1432   (3.1) 

 

The 
3
H(

2
H,n)

4
He reaction is mainly used in both fixed and portable neutron 

generators, which provides a maximum cross section of 5 b at the accelerated 

deuteron energy = 107 keV (Uttley, 1983). The pulsed neutron generator of the 

NuPulse instrument will produce neutrons with energies in the region of 14.0 MeV. 

The neutron generator used for the NuPulse instrument is a low-frequency source 

with an adjusted burst frequency of 20 Hz. The NuPulse D-T source emits about 10
8
 

neutrons/s, according to the manufacturer. The lifetime of the source is at least 6 x 10
6
 

bursts which at a burst rate of 20 Hz, corresponds to about 80 hours. Neutrons are 

emitted when the bursting voltage (120 kV) is provided to the monoblock (see 

below), hence there is also a possibility to control the emission of neutrons by the 

voltage. 

The NuPulse neutron generator consists of two parts, the so-called monoblock 

and the 3.5 kV high voltage (HV) block. Both blocks are encapsulated in a pressure- 

and water-tight housing. The monoblock contains the actual neutron tube and a HV 

pulse transformer. Inside the hermetically sealed monoblock is the target material: 

Titanium-tritide. The target area is covered with titanium foil and filled with silicate 

oil for cooling and isolation. Although the titanium-tritide target is radioactive, the 

emitted beta particles, which have a maximum energy of about 15 keV are stopped by 

the monoblock housing, do not produce a measurable dose rate at the outside of the 

housing. The silicate oil inside the monoblock absorbs the tritium in case of the tube 

damage, with a solution factor specified by the manufacturer as 1 to 10
6
, i.e. the 

toxicity of the tritium is minimized.  

The continuous supply of HV to the circuit results in an ionising process, 

causing the acceleration of deuterium towards the target and consequently a 

deuterium-tritium reaction delivering the neutron output of about 10
8
 neutrons/s 

(manufacturer specification) at a constant energy of En 14.0 MeV. The D-T neutron 
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source will only generate and emit neutrons when a high-voltage is applied. To switch 

the neutron generator on, it is sufficient to provide 150 V DC to the control board (see 

also section 3.3 about the control unit). By ending the 150 V supply, the current drops 

immediately but the radioactivity in the vicinity of the tube will still be present due to 

activation effects. Hence for the NuPulse instrument, at least a 5 minutes cool-off 

period is enforced before one is allowed to approach the tube after the 150 V has been 

switched off. 

Radiation is only produced during operation and shortly after the source is 

switched off. Conventional chemical neutron sources are not easy to handle for 

continuous in situ measurement as they require shielding at all times and may be 

bulky. Chemical neutron sources cannot operate in pulsed mode and the energy 

spectrum of the emitted neutrons is broad and peaks at energies below the threshold 

for some important reactions. Regardless of the D-T source advantages, for the 

deployment of the source at the KVI facilities, radiation safety compliance was 

assessed (see section 3.9.1). 

 

3.3 Control Units 

Hardware control units for the NuPulse instrument were designed and 

constructed by the RuG/KVI team. The units operate and link the detector and 

neutron-source to the data storage and on-line analysis unit accommodated in a laptop 

computer. The Surface Control Unit (SCU) communicates with the Probe Control 

Unit (PCU) and the laptop computer.  

The PCU provides voltage to the detector and the neutron-source. It also 

accumulates the output data from the detectors and transmits them to the SCU at the 

other end of the cable. The PCU comprises of two printed circuit boards, the power 

unit and the telemetry unit, shown in the photograph of figure 3.4. The Power Unit 

(PU) converts the initial voltage of 365 V to 150 V and distributes it to both, the 

detector and neutron generator modules. The 365 V is chosen to compensate for a 

voltage drop over a 700 m long cable. The Telemetry Unit (TU) communicates with 

the SCU and detectors. The telemetry board needs to generate from the 230 V AC, 50 

Hz: 150 V DC for the D-T neutron generator and for the detectors and their associated 

electronics; and a trigger pulse of 15 V at a rate of 20-50Hz to get the neutron 

generator operating and to act as a time marker in the Time to Amplitude Converters 

(TAC) of the detector electronics. 

The telemetry board has the ability to monitor the 150 V and provide 

provisions for time stamping. The main task of the telemetry board is to collect data 

from the dual buffers of the digitised detector signals, combine them with telemetry 

board information and send them via the cable to the SCU (see also figure 3.6). The 

PCU electronics in figure 3.4 is placed in a pressure and waterproof stainless steel 

housing. 

The SCU transmits commands from the laptop to the PCU and data from the 

PCU back to the laptop. The accumulated data from the PCU to the laptop pass 

through the SCU without interruption. A front picture view of the SCU component is 

presented in figure 3.5. Upon switching on the SCU, a green light will come on and 

the display will show the voltage and current to the PCU cable. The current depends 

on the probe configuration. The green light serves as an indication that the system is 

ready for operation or is safe. To avoid accidental switching on, the SCU has a key to 

activate the system. For safety measures, the key on the SCU is also the switch that 
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can terminate the operation by just pushing the key inside without turning. The red 

light switches on when the system is active. When the system is stopped, the yellow 

light turns on to allow the system to cool-off (radiation levels) before a follow-up 

operation can be restarted. The cooling-off period has been set by default to five 

minutes. After five minutes the green light switches on. 

 

 

 

 

 

 

 

 

 

Figure 3.4: A photograph showing the electronics of the PCU component. 

 

 
 

Figure 3.5: A front view of the SCU component showing the main features. 

 

3.4 Laptop (PC) 

 

The SCU and PCU are controlled by commands given by the software 

installed on a laptop. The laptop also stores the data and provides data analysis either 

in real time or off-line at a later stage. The NuPulse partner, Heriot-Watt University 

(HWU), Edinburgh, United Kingdom, developed the special NuPulse software. 

During testing, it was discovered that a laptop of lower specifications results in bytes 

being lost in the COM port. Thus to minimise this loss, a NuPulse instrument laptop 

should at least have 1 GHz processor with 512 MB of RAM.  

 

3.5 Data transmission 

 

During a NuPulse experiment, the data transmission will follow the path 

illustrated in figure 3.6. In figure 3.6, solid lines represent power connections, dashed 

lines correspond to the trigger pulse and analogue signals while the dotted line 

represents digital data. The data transmission scheme consists of two units, the probe 

 

 

 

 

Telemetry unit Power unit 
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and control modules. The probe module contains the neutron-generator unit, detector 

module and its electronics, telemetry board and the power unit. The surface modules 

include the surface control unit and the laptop. The two modules are connected 

together via the probe cable. 

 

3.5.1 Probe modules 

Figure 3.6 schematically presents the detectors and electronics of the probe 

and data transmission to the surface modules. The probe module contains the source 

and the probe control unit (PCU). The source module is supplied with power to 

operate the source and a trigger pulse generated in the PCU to create the neutron 

burst. 

The electronics module also receives power and a trigger pulse and sends 

digitised data to the data interface. The digitised data comprise a summed 1000 

channel time spectrum (thermal neutron detector) and 1024 channel energy spectrum 

(fast neutrons and gamma-ray detectors). The summation takes place over 2-800 

trigger pulses and is limited by the transmission speed over the cable. For a 700 m 

cable, this results in one time and one energy spectrum per second.  

In the detector units and associated electronics, data are transmitted by an 

interface that corresponds to the RS-232C specification. The parameters of the 

interface have to be such that the transmission speed (baud rate) is equal to 115200 

bits/second, one stop bit, 8 information bits, and no parity. 

The transmission of information from the detector unit to the PCU must take 

place not more than once per two trigger pulses (i.e. one transmission per 100 ms). 

For the NuPulse instrument, the transmission per 100 ms was adjusted to one 

transmission per 40 ms thus saving one byte data representation. Each byte contains 

the information of one channel. All 1024 channels of the energy spectrum contain 

useful information and for a time spectrum, only 1000 channels contain useful 

information. 

The data interface receives the spectral data from at maximum two detector 

electronic modules. It collects a number of one byte per channel spectra from the 

detector electronics, stores and sums these spectra as two bytes per channel spectra. 

The NuPulse partner SELOR controlled changes and modifications to data 

transmission from the telemetry unit electronics and only SELOR had full control on 

the adjustments and fine-tuning of the unit. 

 

3.5.2 Surface modules 

The surface set-up as shown in figure 3.6 includes both the SCU and the 

laptop components. General characteristics of the SCU and laptop are described in 

section 3.3 and 3.4, respectively. The SCU contains the power supply for the probe 

set-up. It contains also the data interface between the laptop (via the Surface Control 

Software) and the telemetry unit of the PCU. Data transmissions from the PCU to the 

laptop have no communication with the SCU. The laptop runs both the Control 

Centre Software (CCS) and the Surface Control Software (SCS). The CCS software, 

developed by HWU, is the master operation of the NuPulse instrument. CCS will ask 

the operator to specify its mode of operation, the type of detectors used and their 

connection with respect to the neutron generator. A description of the CCS software 

and available functions are discussed in section 3.6. 
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Figure 3.6: The data transmission scheme for the NuPulse instruments. 
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3.6 Data accumulation, storage and analysis 

 

The Control Centre Software (CCS) Package, developed by HWU, contains 

the software to operate the NuPulse instrument, to acquire, view, process and store 

data from the detectors. The CCS package has been tested and is recommended for 

laptops running under the Windows 2000 or Windows XP operating systems. The 

laptop should have a free COM port. The software package consists of a database, 

data archive, data acquisition and a data analyser. 

3.6.1 Database 

 

The database has been designed for storage of data received from the PNDT 

(Pulsed-Neutron Deuterium-Tritium) prototypes. The Log ASCII Standard (LAS) was 

used as the basis for the database design together with the requirements for the 

instrument. The database allows for storage of Client/Project/Environment data, 

system data as well as raw data from a measurement run. The system enables users to 

transmit data sets between themselves and/or a central database. 

3.6.2 Data Acquisition 

 

The NuPulse Data-Acquisition software enables users to set-up and create 

new spectrum information and also to select appropriate information from the 

database, for example, the detector-connection configuration. The software 

communicates directly with the PCU and stores all spectra in the database as they are 

received. The spectra can be accumulated, averaged or viewed in real time 

individually by the operator. 

Prior to an experiment, the Data-Acquisition software requires information to 

get started. In figure 3.7, a screen picture displays the Data-Acquisition software 

ready for user inputs. When the required project and environment are set (left side in 

figure 3.7), the data acquisition requires the user to record filename of the spectrum to 

be acquired. Then the choice of the system configuration is labelled according to a 

protocol agreed by the NuPulse partners. The chosen configuration appears in the 

PCU window showing the detector name(s) and the neutron generator used. 

Configuration names show the order in which the detector modules are connected to 

the neutron source, starting from the PCU downwards, as well as the type of 

connection. Possible connection types are head-to-head (hh), head-to-tail (ht), tail-to-

head (th) or tail-to-tail (tt). “Head” is the end of the module that contains the detector 

crystal or the neutron tube, whereas “tail” is the opposite end. An activated Proceed 

button at the bottom of figure 3.7 sets the system to proceed to the next window. 

The next window is shown in figure 3.8. During spectrum acquisition, the 

spectra data are sent to the main window and the user has choice to view the spectra 

received as individual or accumulating or average by selecting from the available 

options. The detector name chosen in figure 3.7 is displayed below the view options. 

At the top right side of figure 3.8, the start button and the timer are shown. When the 

Start button is visible, the bottom right picture in figure 3.8 shows the red light to 

indicate that all functions are stopped and also the timer shows 0 on the clock. For the 
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system to receive data, the Start button (in figure 3.8) is activated and immediately 

the indication is changed to Stop button (as in figure 3.9). In figure 3.8, the light is red 

and only turns green to indicate data is received from the probes. 

When the red light (bottom right in figure 3.8) turns green as indicated in 

figure 3.9, then the timer will start showing the elapsed time and the systems will 

receive data until the Stop button is pushed. In the larger window view, the 

accumulated spectrum is shown. The windows of the data-acquisition software as 

shown in figures 3.8 & 9, will interchange depending on the system whether the user 

is acquiring data or the accumulation has been stopped. For example status in figure 

3.9, where the two detector (phoswich) systems are used, both detector modules are 

shown and one is able to view alternatively the acquired spectrum for each detector in 

real time. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Data-acquisition window, first step preparation for spectra acquisition. 

The arrows indicate the steps where the functions are described. 
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Figure 3.8: Data-Acquisition window, step 2 following figure 3.7. The arrows 

indicate the steps where the functions are described. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Data-Acquisition window, receiving data. The arrows indicate the steps 

where the functions are described. 
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3.6.3 Data Analysers 

 

Running the CCS package under operating systems Windows 2000 or 

Windows XP on a PC, the Data Analyser application requires a screen resolution of 

1280 x 1024 or higher is required. The Data Analyser application enables the user to 

analyse Thermal Neutron time data. Using Window analysis techniques the 

application enables automatic decay analyses including various regressions and the 

sliding windows approach. Analyses can be applied to the entire decay or to selected 

window ranges only, at the user's discretion with the results displayed in various 

graphs and charts. The application provides a user-friendly interface to enable 

efficient access to the results. All or selected results from the analyses can be 

exported from the application to Microsoft Excel files. 

 

3.6.4 Data Archive 

 

The Data Archive is a graphic user interface (GUI) front end for the NuPulse 

Database, as pictured in figure 3.10. The interface provides a number of view options, 

enabling users to view and manipulate the database contents, import and export data 

to external formats and other NuPulse software, for example to the Data Analyser. In 

the larger window, the acquired spectrum by the BGO detector in the water tank is 

viewed with data displayed on the right-hand side depending on the position of the 

cursor. On the left-hand side detailed information on the spectrum is presented. 

 

 
 

Figure 3.10: Photograph of the NuPulse system data archive programs. 
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3.7 Detector modules 

 

To detect neutral particles like neutrons and gamma-rays, one has to make use 

of the production of charged particles. As described in section 2.6, the choice of 

detector depends on the energy of the neutron detected. For the NuPulse instrument 

(see section 1.1 for NuPulse descriptions), two types of inorganic scintillator crystals 

were used for gamma-radiation detection, a standard NaI(Tl) and a special BGO. The 

two types differ in their cross section for the three detection mechanisms, their peak 

to Compton ratio values and the price. Table 3.1 lists the various gamma-ray and 

neutron detectors for the NuPulse system. The detector properties are described in 

detail in the following sub-sections. The detector tags in column 3 of table 3.1 

correspond to the labelling convention of the detector modules as written in figure 3.1 

and this convention is adopted by the NuPulse partners. 

 

 

Table 3.1: Properties of the detector crystals incorporated to the NuPulse instrument. 

 

Crystal Size Detector tag Radiation 

  x length (mm)   

NaI(Tl) 25 x 63 PL1, PL2 -rays 

BGO 50 x 180 BGO -rays 

LiI(Eu) 25 x 3 TM1, TL1, TL2 slow neutrons 

Stilbene (small) 25 x 62 FL1, FL2 fast neutrons 

         (big) 55 x 55 FM1, FM2, FM3  

NaI(Tl) 50 x 50 PH1, PH2 Simultaneous -rays 

LiI(Eu) 25 x 3  and slow neutrons 

(Phoswich) 

 

3.7.1 Fast-neutron detection 

 

Since the kinetic energy transfer for neutrons is most effective when 

interacting with hydrogen, most neutron scintillator detectors contain hydrogen as one 

of the dominant elements. For NuPulse experiments where both neutrons and gamma-

rays will reach the detector system, the organic stilbene detectors were chosen for 

fast-neutron detection. Although an organic stilbene scintillator has lower light output 

than other organic scintillators (Knoll, 2000; Papadopoulos, 1999), it is preferred for 

the NuPulse instrument because of its superior neutron gamma-ray discrimination 

characteristics (Knoll, 2000). 

The stilbene crystals and associated electronics for the NuPulse instrument 

were manufactured and assembled by the Institute for Single Crystals (SIOL), in 

Kharkov, Ukraine, a subcontractor to the NuPulse partner, SELOR. The detector is 

mounted onto a photomultiplier tube EMI-9954A from Electron Tubes Ltd. The 

NuPulse stilbene detector dimensions are presented in table 3.1. Energy calibrations 

for the stilbene modules were conducted by SIOL using 
252

Cf and Pu-Be neutron 

sources. Calibration parameters supplied by SIOL were used for follow-up 

experiments since the light output for organic scintillators is less dependent on 
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temperature changes, and only drops to about 95% if temperature changes from -60 
0
C to +60 

0
C occur (Leo, 1987). 

 

3.7.2 Slow-neutron detection 

 

For slow neutrons, a LiI(Eu) detector was preferred in the NuPulse instrument. 

Also the Li(Eu) detectors were manufactured by SIOL. The lithium in the LiI(Eu) 

crystals is enriched in 
6
Li content. The nucleus 

6
Li has a relatively high cross section 

of about 940 b for the reaction with slow neutrons (Knoll, 2000; Leo, 1987). The 

incorporated europium (Eu) atoms act as an activator in the crystal, 
6
LiI(Eu), and 

improves the light output of the detector system. Unlike the fast-neutron detectors, 

thermal-neutron detectors provide information on the time to slow down the neutron 

to thermal energy rather than energy information, hence the channel width is 

calibrated in time units (μs). 

 

3.7.3 Gamma-ray detection 

 

For gamma-ray detection, a number of parameters needs to be taken into 

consideration when deciding on the type of detector to be used. For laboratory 

measurements, where the priority is the identification of specific gamma-rays, a good 

resolution detector will be required. Hence in laboratory-based measurements, 

normally the HPGe (High-Purity Germanium) gamma-ray detectors are 

recommended. The volumes of HPGe detectors are relatively small and require 

continuous supply of liquid nitrogen for operation. For in situ experiments, a high 

efficiency detector is recommended because the environments surveyed are more 

likely to have low induced activity concentrations and high-energy gamma-rays are 

expected. For the mainly field-based NuPulse instrumentation, two inorganic 

scintillator detectors, NaI(Tl) and BGO are used. Inorganic scintillation operation 

depends on light collection and the light outputs of various scintillators as a function 

of temperature are shown in figure 3.11. 

As can be seen in figure 3.11, the light output of a BGO is strongly affected 

by temperature changes as compared to other scintillators like, NaI(Tl). For well-

logging applications, one might be tempted to deploy the NaI(Tl) rather than the BGO 

detector given that the temperature change is difficult to control in such 

environments. On the other hand, BGO detectors have a better gamma-ray to neutron 

sensitivity ratio as compared to NaI(Tl) (Borsaru et al., 2001) and the mechanical 

properties of BGO make them easy to handle and use. One advantage for both the 

NaI(Tl) and BGO gamma-ray detectors are their moderate to high densities and 

atomic numbers, hence providing an improved probability of detecting and absorbing 

all the photon energy. The choice, which gamma-ray detector to use for in situ 

measurements, depends mainly on the trade-off between high counting efficiency and 

energy resolution. 

NaI(Tl): NaI(Tl) has the highest light output of the most common inorganic 

scintillators and as a result also the best energy resolution. It gives the maximum light 

output at room temperature, see also figure 3.11. The NuPulse NaI(Tl) detector is 

fitted with an EMI-9208 PMT from Electron Tubes Ltd. Because the NaI(Tl) is brittle 

and hygroscopic, it is encapsulated in a watertight aluminium housing. 
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Figure 3.11: Temperature response of some inorganic scintillation materials (from 

Leo, 1987; p 163).  

 

 

BGO: Due to its high density of 7.13 g cm
-3

, BGO is a very efficient gamma-

ray absorber (Knoll, 2000 and Leo, 1987). The NuPulse BGO detector was 

manufactured by SCIONIX Holland B.V. and optimised based on RuG/KVI 

specifications. The main component of the system is a cylindrical volume BGO 

scintillation crystal (see table 3.1 for dimensions) wrapped with a 2 mm thick coating 

of cadmium to minimise the thermal neutron flux to the crystal. Cadmium is used 

because of its high probability for thermal neutron capture and thus prevents 

activation of the BGO crystal by thermal neutrons. 

The BGO crystal is fitted onto a photomultiplier tube (PMT), Hamamatsu R 

1848-07 type with a 5.1 cm diameter. The crystal and PMT are hermetically sealed in 

a light tight housing with a 0.5 mm thick quartz entrance window. The photocathode 

of the PMT has an intrinsic amount of 
40

K that will contribute to the background of 

the scintillation detector. It should be noted that PMTs are sensitive to magnetic 

fields. Therefore detectors have an internal μ-magnetic shielding or solid μ-metal 

housing around the PMT to provide an adequate protection from the earth magnetic 

field. The high voltage for operating the PMT is supplied by an internal high voltage 

generator, Cockroft Walton type.  

From figure 3.11 it follows that the maximum relative light output for BGO 

detectors occurs at low temperatures, about -80 
0
C to -60 

0
C, and from there decreases 

sharply with increasing temperature. The light output of BGO is already low at room 

temperature, hence this limits its use in high-temperature applications. Gain 

stabilisation is particularly important for BGO detectors because of their extreme 

sensitivity to temperature variations (Borsaru et al., 2001).  

A gain-drift stabilisation of measured spectra has been developed by Stapel et 

al. (1997). For this stabilization, the channels i of the corrected spectrum S
*
 are 

assumed to be related to the channels k of the measured spectrum S as a second-order 

polynomial: 
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The contents of the channels k of the measured spectrum are then redistributed 

over the channels i as follows: 
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As the detector energy gain changes with time, so does the function g(k). If 

these changes occur slowly, the new g(k) can be calculated from the previous one. In 

the case of NuPulse where the possibilities are high for temperature variations, this 

gain-drift stabilisation could be primed by calibrating the system regularly. The 

NuPulse BGO detector set-up is therefore energy calibrated prior to experiments to 

monitor any changes and implement corrections. The energy and efficiency 

calibration for the NuPulse BGO detector is given in section 4.2. 

HPGe: For the RuG/KVI team, also the laboratory-based HPGe detector 

system is available. The High-Purity Germanium (HPGe) system used at KVI is 

customized for measuring low activity samples. The HPGe is a high-resolution 

detector from Ortec (EG&G Ortec p-type; model GEM-45200-S). The system is 

placed in a low-background environment by surrounding the detector in an “old lead” 

castle with 10 cm thickness. The castle has thin copper lining inside to attenuate the 

low-energy X-rays introduced by gamma-rays mainly in lead. The system is 

calibrated regularly with certified radionuclides such that the energy of the photo-

peaks and the detector efficiency are well monitored. Activity concentrations are 

determined as follows; 

 

  ,)/(
mLTBr

counts
kgBqAc





    (3.4) 

 

where counts represents the full-energy peak content corrected for continuum, 

Br is the branching ratio (that is the percentage of the decay of the nuclide that will 

proceed via the emission of a particular gamma-ray),  the detector efficiency, LT the 

live time (in s) for spectrum acquisition and m (in kg) the sample mass. Depending on 

the sample sizes, either a Marinelli beaker or a small pillbox is used.  

 

3.8 Gamma-ray spectra analysis 

 

Techniques used for gamma-ray spectra analysis are discussed in this section. The 

procedures will describe the software packages used and their application for our 

experimental spectra analysis. 

 

3.8.1 Medusa Post Analysis (MPA) 

 

A software package MPA owned by MEDUSA Exploration B.V. in 

Groningen, the Netherlands for gamma-ray spectra analysis is commercially 
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available. The Medusa Post Analysis (MPA) software is used for the determination of 

activity concentrations from gamma-ray spectra. MPA is a Full Spectrum Analysis 

(FSA) based software that takes into account almost the entire energy spectrum as 

opposed to traditional window methods, which concentrate on single characteristic 

peaks in the (gamma-ray) spectrum. This code is developed specially for the analysis 

of gamma-ray spectra recorded by scintillator detectors and incorporates an energy-

gain stabilisation combined with the highly efficient Full-Spectrum Analysis 

described in the next subsection. 

For the NuPulse instrument, MPA-2003 was acquired. MPA-2003 contains 

the functionalities for both on-line and off-line functions. On-line functions include 

spectrum stabilization, first-order estimate of the total count rate and radionuclide 

activity concentrations, and recording position information (e.g. GPS position) of the 

detector. Off-line functions include re-analysis of the data set, accurate 

determinations of the background contribution, data quality check, and first-order 

interpolation maps. 

 

3.8.2 Full Spectrum Analysis (FSA) 

 

In the Full-Spectrum Analysis (FSA) method (see also De Meijer, 1998; 

Hendriks, 2001; Hendriks, 2003), the measured spectrum, S(i) (in counts per second 

and hence normalised for live time) is regarded for each channel i, as the sum over all 

radionuclides of standard spectra (Xj(i)) multiplied by the activity concentration Cj 

plus a background (Bg(i)) component: 

 

      iBgiXCiS
M

j

jj 
1

)(     (3.5) 

 

The index j runs from 1 to M, representing the number of radionuclides. A 

standard spectrum represents the response of the detector, also per second, in a given 

geometry to activity concentration of 1 Bq kg
-1

 of a given radionuclide. Due to 

absorption, each geometry has an effective volume, i.e. parts closer to the detector 

contribute more than parts farther away. It is assumed that the radionuclides are 

homogeneously distributed and that the geometry effects are incorporated into the 

standard spectra. 

If for a certain geometry the standard spectra Xj and the background spectrum 

are known, a measured spectrum S(i) can be analysed in terms of standard spectra by 

optimising the fit to the spectra by finding the best Cj-values in minimizing 
2
 (a 

measure of the discrepancy between the measured spectrum and the calculated 

spectrum), where 
2
 is defined as: 
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   (3.6) 

 

with N the number of channels in the spectra and M the number of standard spectra or 

the number of radionuclides, i the channel number of the spectrum, and wi a 

weighting factor (more details in intermezzo 3.1). 
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In the original application of the technique (De Meijer et al., 1997; Stapel et 

al., 1997), the standard spectra for the individual radionuclides, Xj(i), are determined 

from measurements of samples with well-known activity concentrations. The 

calibration set-up should represent the measurement geometry as much as possible. 

Preferably in each calibration set-up the concentrations for the radionuclide of interest 

should dominate. Because the samples will contain trace elements of more than one 

radionuclide, their combined concentrations give the activity concentration matrix, M. 

The calibration spectra, CS, are measured for each calibration sample. The standard 

spectra X then follow from the matrix equation; 

 

        XMCS       (3.7) 

 

The standard spectra are then calculated by inverting the concentration matrix, 

M, in eq. 3.6 and the result is eq. 3.7; 

 

        CSMX 
1

     (3.8) 

 

The calibration method deployed above to calculate the standard spectra has 

essential limitations when deployed for applications of in situ measurements. The 

calibration spectra represent a response of a detector for a particular combination of 

geometry, density and material composition. It is virtually impossible to create 

standard spectra for all expected conditions in laboratory set-ups, e.g. compositions, 

densities and geometries. Monte Carlo simulations have been proven as a very useful 

tool since the experimental conditions in principle can be simulated in cases where all 

necessary information is available, for example reliable cross sections. This 

experience includes in situ measurements of natural gamma-ray activity (Hendriks et 

al., 2002; Maučec et al., 2001). For simulations it is easy and possible to modify the 

geometry, density or matrix compositions. Furthermore, the response can be 

calculated for a single radionuclide without interference of other radionuclides and 

even „imaginary‟ radionuclides can be designed with particular properties. 

 

3.8.3 Windows method: a ‘hybrid’ approach 

 

In addition to the FSA method, the „windows‟ method will be used to verify 

some of the experimental results. In this method, illustrated by figure 3.12, the 

spectrum is divided for example into four regions of interest indicated as the cosmic 

background region (I); thorium region (II); uranium region (III) and potassium 

region (IV). Each region represents a condition defined according to the gamma-ray 

energy boundaries set as follows: 

 

E > 3.15 MeV: cosmic background region (I) 

2.45 < E < 3.15 MeV: thorium region (II) 

1.97 < E < 2.45 MeV: uranium region (III) 

1.20 <E < 1.97 MeV: potassium region (IV) 

 

The intervals are chosen such that the tail of each full-energy peak in the high-energy 

part should as little as possible contribute to the next region, given the poor resolution 

of the NuPulse BGO detector system. 
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For in situ material gamma-spectroscopy, 
40

K, 
238

U and 
232

Th contribute to the 

final spectrum. These contributions are proportional to the activity concentrations of 

the radionuclides in the environment. In addition to the spectra, there is background 

contribution, consisting mainly of cosmic radiation and the radiation emitted by the 

detector system itself. In the tank measurements, a water-filled tank spectrum is used 

to correct for the background contributions in the final measured spectra. For the 

borehole measurement the cosmic-ray background is expected to rapidly decrease 

with depth and hence the intrinsic background spectrum of the detector system will be 

used to correct for the background contribution. 
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Figure 3.12: Gamma-ray energy regions to illustrate the „hybrid‟ method for analysis 

of natural radioactivity measurements. 

 

The background spectrum count rate (
Bg

Ic ) may vary in magnitude on its 

contribution to the actual spectrum count rate (
S

Ic ) by a factor c in region I. Thus; 

 

Bg

I

S

I
c

c

c
       (3.9) 

 

The count rate in region II, 
S

IIc  consists of contributions from the background 

and the decay of 
232

Th. Thus the net count rate of region II (thorium contribution) is 

then calculated as: 

 

   Bg

IIc

S

II

net

II ccThc       (3.10) 

 

where 
Bg

IIc and c are the background contribution in region II and the 

background correction factor of eq. 3.9, respectively. Thus from the net count rate in 

eq. 3.10, the effective Th concentration, ATh is calculated by dividing the net count 

rate in region II by the count rate per Bq/kg of the simulated standard spectrum of 

thorium in region II, 
)(ThSS

IIc corrected by the detector efficiency factor, det. The 
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detector efficiency factor is determined using the standard spectra simulated during 

the benchmark calibrations: 
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     (3.11) 

 

The above explains why this approach is termed „hybrid‟, since it combines 

the beneficial aspects of the FSA and windows approaches. Its advantages are that the 

precise spectrum shape is of less important and the stripping is provided by the 

standard spectra. 

For regions, II, III and IV, the following relation holds for the effective 

concentration of thorium, ATh. 
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It follows that the uranium contribution (net count rate) in region III is then 

calculated as:  
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III cAccUc     (3.13) 

 

The effective U concentration, AU is attained by dividing the net count rate for 

uranium in region III by the simulated standard of uranium, )(USS

IIc  corrected for the 

detector efficiency factor, det. Similarly to eq. 3.12, the effective U concentration, AU, 

is calculated as: 
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In region IV, the net count rate ( net

IVc ) due to the potassium contribution is 

given by,  
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The effective potassium (K) concentration, AK is then calculated by dividing 

the net count rate net

IVc in region IV by the simulated standard spectrum of potassium, 

)(KSS

IVc  normalized by the detector efficiency factor, det. 
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Intermezzo 3.1: The weighting factor estimates 
 

The selection of the weighting factors wi is discussed by Stapel et al. (1997). The 

best results are achieved by taking for wi the reciprocal of the variance of the 

channel contents in the spectrum S(i).  

 

)(
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        (1) 

 

If the channel content Si is taken for 2
(Si), the values in the spectra that are low by 

chance are weighted too heavily and the high values are weighted too lightly, 

resulting in a too low outcome of the activity concentrations on average. These 

local variations can be minimized by constructing a corrected spectrum S
*
(i) and 

using the reciprocal of the channel contents of this new spectrum as weights. Using 

eq. 3.6 ( 
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)()()( = minimal) and the weighting factor 

determined using the channel contents methods, activity concentrations C
*
(i) can be 

calculated. Using these results the spectrum S
*
 is constructed. 

 

 
j

jj iBgiCiXiS )()()()(* *     (2) 

 

These S*(i) will have correct ratios and thus can be used to yield the weighting 

factors as in equation (1). With these weighting factors, better estimates of the 

activity concentrations can be calculated using equation 3.5. 

 

 

3.8.4 Monte Carlo Methods 

 

In addition to experiments, various Monte Carlo radiation transport codes are 

available to simulate the experiments by random sampling methods. For this to be 

feasible, both the experiment and simulations have to be consistent in the description 

of the physical system. The majority of the work has been conducted using MCNPX 

(Pelowitz, 2005) and only since the beginning of 2009 the programme FLUKA 

(Ferrari et al., 2005) was used to further investigate the lack of correspondence of the 

MCNPX results and the data. As a result the methodology will mainly reflect the 

MCNPX operation. Towards the end, differences between FLUKA and MCNPX will 

be presented. 

In Monte Carlo simulations, each particle or photon, either primary or 

secondary, is tracked from its creation until the termination of the interaction process, 

based on physical interactions and corresponding cross sections. A particle/photon is 

created randomly selecting the source energy (E), the starting location (r) and the 

initial direction (Ω). During the particle/photon transport, for each interaction, a 

location and type (scatter or absorption) is recorded. Hence a decision is made about 
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the new remaining energy and direction. This process is repeated until the source 

particle/photon and all its secondary particles/photons have lost/deposited all their 

energies or have escaped from the regions of interest. A flow chart in figure 3.13 

shows an example of a Monte Carlo simulation process for radiation transport in the 

energy deposition estimator. All processes are based on equations describing the 

physical processes and decision defined by random numbers and cross section tables. 

The Los Alamos National Laboratory (LANL) has been developing a general-

purpose Monte Carlo N-Particle (MCNP) transport code. The RuG/KVI has acquired 

a licence from LANL to use MCNPX
2
 simulation code and this code was used for the 

NuPulse instrument optimisations. For the Monte Carlo simulations with MCNPX 

code, the user has to provide an input file that thoroughly describes all attributes of 

the simulated physical system (Briesmeister, 2000; Pelowitz, 2005): 

 

 A detailed description of the geometries/dimensions for the problem set-up. 

 Materials specifications and selection of cross section evaluation data tables. 

 Definitions of the source position and properties (e.g. starting energy, particle 

type and direction). 

 Type of estimates, also named tallies, required by the user, for example a 

surface flux or current or pulse-height distribution. 

 Applications of variance-reduction and biasing techniques to improve the 

computational efficiency (optional). 

 

One of the estimates available within MCNPX enables the calculation of the 

pulse-height distribution in a detector; see also the example in figure 3.13 and the 

resulting spectrum in figure 3.14. For this estimate, the total energy deposited in the 

detector is calculated for each starting photon, including the energy deposited by all 

secondary events that are created along its journey. On their creation these secondary 

particles are first temporarily stored for later analysis, until the track of the primary 

event is finished. Subsequently the track of each secondary event is simulated and its 

contribution determined. Finally all those contributions are combined to give the total 

energy deposited in the detector for this primary photon. A histogram of the 

contribution of all primary particles gives the required pulse-height distribution. The 

pulse-height spectrum example shown in figure 3.14 is the results of using a NaI 

detector and the transport of gamma-ray event with energy 1.461 MeV. The main 

features of the simulated spectrum in figure 3.14 shows the properties expected as 

described in section 2.7 and the figure 2.7. The energy-broadening outcome of the 

simulation result is discussed next and is a function of energy as showed in eq. 3.17. 

As a consequence of the above procedures within standard MCNPX, 

coincidence-summing effects (photons giving rise to more than one pulse during the 

duration of the time to analyse a detector signal) cannot be simulated. The timing 

properties of the detector are not given as an input to the code, and no information is 

available on the duration of a complete photon track in real-time. The processes that 

take place in the detector-system after the energy deposition in the detector (including 

the creation and collection of scintillation photons and the processes taking place in 

the photomultiplier) are not simulated either by MCNPX, they have to be included in 

the form of special estimators (tallies) (Mosher et al., 2010) or as a post processing 

option (Tickner, 2000). These processes are mainly characterised by the efficiency of 

                                                 
2
 MCNPX is an eXtended version of MCNP capable to transport 34 particle types. In this dissertation, 

by MCNPX we refer to MCNPX version 2.5.0. 
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the scintillation process and the subsequent detection of scintillation light and the 

energy resolution of the detector system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13: An example of a flow chart for radiation transport in a Monte Carlo 

simulation for energy deposition tally (Hendriks et al., 2002). 
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Figure 3.14: Pulse height spectrum for the gamma-rays from 

40
K decay simulated by 

MCNPX code showing the main features of the interaction of gamma-radiation and 

matter. 

 

 

Within MCNPX, the obtained spectra can be corrected for the energy 

resolution of the detector system with the so-called Gaussian energy-broadening 

special treatment. By this treatment, the standard MCNPX (i.e. unbroadened) pulse-

height distribution is converted to a more realistic one. The width of the peak, often 

expressed as FWHM (Full width at half maximum) is assumed to depend on the mean 

energy according to eq. 3.17: 

 

   ,2cEEbaFWHM      (3.17) 

 

where parameters a, b and c are determined by the user and E is the photon energy in 

MeV. 

The geometry description supplied to MCNPX is always a simplification of 

reality. Discrepancies between modelled and real properties (i.e. composition or 

material, density, dimensions and position) induce differences between the simulated 

and measured spectrum. If the discrepancies are small, the measured and simulated 

spectra differ mainly in the intensity and not in the shape of the spectrum. Through a 

calibration factor the simulated spectrum is then corrected for this effect. 

Like most estimates in MCNPX, the pulse-height distribution is normalised 

per starting particle. A Monte Carlo simulation is then used to generate standard 

spectra for the extraction of the radionuclide concentration. The averaged pulse-

height distribution per starting particle is converted to a standard spectrum using the 

relation, 
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    SPESES MCss )()(    (3.18) 

 

where S(E)ss is the standard spectrum (response/second), S(E)MC the simulated 

spectrum with MCNPX (response/starting events), P the emission probability 

(starting events/disintegrations), S the source strength (disintegrations/second) and  
the calibration factor to correct for the inaccuracy of the detector description 

(Hendriks et al., 2002; Rigollet and De Meijer, 2002). The emission probability, P, 

for natural radionuclides is determined by adding the appropriate decay probabilities, 

e.g. PK = 0.1067 or PU = 2.197 or PTh = 2.628 (Firestone, 1996) and the source 

strength, S, is determined for each radionuclide by experiments using the samples 

collected at the site. Monte Carlo simulations only model radiation transport and 

hence effects in a detector system such as incomplete collection of scintillation light, 

losses due to the quantum efficiency of the PMT and the specifics of electronics are 

not included (Hendriks et al., 2002). The calibration factor, , includes these effects to 

the measured results for a detector system. 

For the NuPulse instrument optimisation, the Monte Carlo codes need to be 

equipped with cross section data libraries that will include productions of secondary 

neutrons and gamma-rays throughout the reactions. At KVI, evaluated neutron cross 

section data libraries from Evaluated Nuclear Data File (ENDF) (Frankle et al., 2002) 

are incorporated into the MCNPX code together with the JEFF-3.1 library for 

neutron-capture reactions with germanium and cadmium (Tickner, 2002). These 

evaluation libraries include information on the production of secondary gamma-

radiation (i.e. (n,n'γ), (n,γ) reactions), essential to the requirements of Prompt Neutron 

Gamma Activation Analysis (PGNAA).  

We discovered (in section 4.3.2) complications in the analyses due to the cross 

section approach incorporated in the code. MCNPX uses the continuous energy cross 

section data libraries for particle transport (neutrons and gamma-rays are of our 

interest). That is, during particle tracking, all cross section data about the material are 

loaded and used to select randomly the interaction process, based also on the energy 

of the particle. In this approach, the active interaction probability (inelastic or capture 

or elastic) is treated as a separate entity. Alternatively the multi-group approach (see 

intermezzo 3.2) is been applied. The cross section data libraries are converted into 

energy-groups like histograms, with the energy groups selected to better account for 

the resonance structures, thus each energy group has an average microscopic cross 

section. We include in section 4.3.2 an assessment of both the continuous and the 

multi-group approach to analyse the PNDT neutron-induced experimental data. 
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Intermezzo 3.2: A brief introduction into the multi-group method and 
multi-group cross sections 
 

The multi-group method is one of the practical and widely used methods for solving 

the energy-dependent (neutron) transport equation. It is based on the expansion of the 

directional dependence of the neutron angular flux in spherical harmonics or Legendre 

polynomials. Furthermore, the energy variable is not treated as being continuous, but 

the range of interest is divided into a finite number of discrete energy groups. It is the 

division of neutron energy into a number of groups that has defined the of term 

“multi-group method” or “multi-group theory”. 

 

The derivation of the neutron multi-group equation is based on the concept of neutron 

balance to a given energy group by balancing the ways in which neutrons can enter or 

leave a given group. Consider a typical energy group g (Fig. 1): 
 Group g

Eg Eg-1 Eg-2 Eg-3Eg+1Eg+2Eg+3 E

Group g

Eg Eg-1 Eg-2 Eg-3Eg+1Eg+2Eg+3 E
 

 

Figure 1: Schematic presentation of multi-group energy binning (from Duderstadt and 

Hamilton, 1976) 

 

The balance in energy group g would read as follows: 

 

 
 

The scattering collision can change the eneryg of a neutron and hence remove it from 

the group g, or if it is initially in another group g‟, scatter it to an energy in the group 

g. One can characterize the probability of scattering a neutron from a group g‟ to a 

group g by the differential scattering cross section )( ' ggs EE  or the so-called 

group-transfer cross- section 
gsg' . The cross section, characterizing the probability 

that the neutron will scatter out of the group g, is given by 



G

g

sggsg

1'

' . Similarly, 

an absorption cross section, characterizing the group g is defined by ag , while the 

source term Sg gives the rate at which source neutrons appear in group g. Finally, after 

defining a diffusion coefficient Dg, the leakage from group g can be expressed with 

the diffusion approximation 
ggD  , where g represents the neutron flux in 

group g. 

All these terms can be combined into the mathematical representation of the multi-

group balance equation: 
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3.9 Test facilities 

 

This section gives an overview of the experimental facilities used by the 

RuG/KVI team to test the NuPulse instrument. This will include also the procedures 

followed to set up the test facilities to conform to radiation protection laws. In later 

stages, also some of the test facilities used by the NuPulse partners will be introduced 

to explain some of the experimental results obtained in comparison to the ones 

available from the RuG/KVI team. 

 

3.9.1 Radiation-dose assessments 

 

It is required by law to take precautionary measures when radioactive sources 

are deployed. All mandatory procedures have to be followed to avoid exposure of 

individuals. And when operating the D-T source, the time spent in the vicinity of the 

source should be minimized, a proper distance from the source should be maintained 

at all times, and a suitable radiation shielding should be applied. Whereas distance 

and time can be regarded as less expensive investments, shielding provides a more 

reliable and efficient way of limiting the dose rates. Neutron shields act to moderate 

fast neutrons to thermal energies, principally by elastic scattering, and then absorb 

them. Many hydrogenous materials such as water, paraffin and even concrete make 

efficient neutron shields. 

An evaluation of radiation transport aspects of the NuPulse D-T neutron 

generator was carried out using the Monte Carlo (MC) simulation code, MCNPX. To 

deploy the D-T pulse-neutron generator at the KVI facility, the radiation-risk 

assessment was required. To obtain dose rates at a given surface, the product of the 

energy-dependent neutron flux and the energy-dependent flux-to-dose conversion 

factors were integrated over the energy range by: 
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 (3) 

 

The challenge is to solve the multi-group balance equation for the group flux 
g , by 

determining a set of multi-group constants, which appear in eq. 1: vg, Dg, ag , 
sg and 

'sgg . In practice, the discrete ordinates methods (Bell and Glasstone, 1970) and Monte 

Carlo simulations (Lewis and Miller, 1984; Spanier and Gelbard, 2008) have been 

proven to be most convenient and computationally efficient to obtain solutions to the 

multi-group diffusion equation. Further details on computational methods for solving 

neutron transport problems can be found in (Spanier and Gelbard, 2008), while 

Redmond (1997) provides an excellent and in-depth elaboration on the generation of 

multi-group cross sections via Monte Carlo methods. 
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where, n(E) is the neutron flux (cm
-2

 s
-1

) and )(
~

EH  represents energy-

dependent flux to dose conversion factors in (Sv cm
2
 MeV

-1
). For our MC 

calculations, the neutron flux-to-dose conversion factors are based on the ICRP-60 

Recommendations (ICRP60, 1991) and are presented in figure 3.15. The dose-

conversion factors reach a maximum in the region near 20 MeV, which is close to the 

energy of the neutrons produced by the D-T neutron generator. 

For a radiation source with a given strength, the MC-obtained results have to 

be corrected to correspond to the D-T neutron source strength. Given the NuPulse 

instrument source strength of 10
8
 neutrons/s, the conversion of MC calculated neutron 

dose-rate MC

nD  to conventional units (i.e. Sv h
-1

) was carried out in the following 

manner: 

 

  .10)(3600)()( 8111   hssSvDhSvD MC

n

MC

n
  (3.20) 

 

The multiplication by the above-defined factor can be done within the MC simulation 

procedure or by post-processing. 

The simulation test involved the assessment of three neutron-shielding 

materials: water, paraffin and concrete. These materials contain relatively high 

contents of hydrogen and hence are effective neutron moderators. A simplified 

spherical set-up was modelled, with the point neutron source embedded in the centre 

of a sphere of shielding materials. 

With this approach, the objective was to assess, which of the three shielding 

materials will be most efficient, reliable and practically suitable for the experimental 

set-up. The ultimate target was to achieve low and acceptable radiation dose rates 

during the D-T neutron source operation. The required legal maximum limits for 

cumulative dose exposures are 20 mSv y
-1

 for a radiation worker and 1 mSv y
-1

 for all 

members of the public. When reduced to the exposure within 1 hour, (i.e. 1/8760 

year) acceptable radiation dose limits unfold as 2.3 μSv h
-1

 and 1.1 μSv h
-1

 for 

radiation worker and other personnel for a continuous exposure, respectively. Taking 

into account the occupation factors, a radiation worker is assumed to have worked a 

maximum of 2000 hours in a year, thus the limits become 10 and 5 μSv h
-1

 for 2000 

hours exposure for the radiation and public workers, respectively. As a precaution, the 

2.3 μSv h
-1

 limit was considered as a guideline for the operation of the D-T neutron 

source at the KVI facility. 

For this purpose, the neutron-radiation dose rates were calculated as outlined 

above for a spherical geometry with radius, r, and the 14 MeV isotropic point-neutron 

source embedded in the centre. The sphere is filled with paraffin, water or concrete 

materials and the dose rates are calculated at the outer surface. Table 3.2 shows the 

MC dose-rate estimates for the three spherical shield materials as a function of the 

outer radius. From table 3.2 it is clear that paraffin is the best absorber, with water 

and concrete being less effective by an average factor of about 3 and 5 respectively. 

The use of large amounts of paraffin for shielding poses a potential fire hazard 

and blocks of paraffin or concrete will make the set-up quite rigid and will require 

that special attention be given to the construction. Water as a liquid has considerable 

advantages: easily available, no fire hazard and drainable, and the property that salts 

and materials like sugar can be well dissolved in it. Water thereby facilitates a 

homogeneous source of material as required for the future calibration and testing of 

the NuPulse logging system. As follows from table 3.2, a radius of 1 m of water 
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reduces the dose rate at the surface of a sphere to 3.8 μSv h
-1

, above the 2.3 μSv h
-1

 

target that we set above, but is still below the maximum allowed exposure for 

radiation workers and the general public under the condition of continuous operation 

of the device, 10 (radiation worker) and 5 (public) μSv h
-1

 of the considered 2000 

working hours per year. 
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Figure 3.15: Effective dose equivalent per unit fluence of neutrons incident in various 

geometries on an anthropomorphic phantom (ICRP60, 1991). 

 

 

Table 3.2: Monte Carlo dose rate (Sv h
-1

) estimates for an isotropic point source 

set-up in spherical geometry for the three neutron shielding materials. 

 

r (m) Paraffin Water Concrete 

0.5 350  540 1030 

1.0 1.48  3.8 7.9 

1.5 0.006  0.03 0.04 

 

 

As a further verification, the calculation of neutron dose in open air (no 

shielding material used) was performed at various distances from the source and 

analytically verified. For the analytical verification a simplified set-up with a 14 MeV 

mono-energetic neutron point-source in the centre of a vacuum-filled sphere of 200 

cm in radius was assumed. This case represents a "back of the envelope" calculation 

in terms of geometry (spherical) and material composition. Namely, in the void 

sphere, no multiple scattering and absorption processes take place and the neutron 

population decreases only by the distance from the source (i.e. proportional to r
-2

). If 
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the assumed neutron intensity of the source I0 = 10
8
 neutrons/s, the neutron flux n 

through the sphere of radius r = 2 m, can be estimated as follows: 
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      (3.21) 

 

The neutron dose rate at a certain distance is the product of flux and flux-to-

dose conversion factor, H
~

: 

 

   HD n

~~
        (3.22) 

 

Due to the fact that no scattering and absorption take place within the 

void/vacuum sphere, the conservative value of flux-to-dose conversion factor at 14 

MeV neutron energy was taken as 6 x 10
-10 

Sv cm
2
 (ICRP60, 1991). Using this value, 

the neutron-dose rate calculated at 2 m from the bare 14 MeV neutron source with 

intensity of 10
8
 neutrons/s is approximately 420 μSv h

-1
. The MC simulation estimate 

of the identical model gives a value of MC

nD
~

= 357 μSv h
-1

. As one can see, the MC 

simulation results deviates only by 15 % from the analytical solution. This estimate 

was assumed accurate enough (the statistical uncertainty was negligible) so that the 

simulated dose-rate calculations can be trusted. 

The radiation dose-rate values found in this test, depending on whether one 

uses a shielding material or not, indicate that it is important to evaluate the situation 

before a decision on deploying the radioactive sources can be made. To be able to 

work with radiating materials or instruments, all these safety measure have to be 

adhered to minimise the risk of exposure. The requirement is to maintain doses in the 

environment as low as possible. 

The calculations show that in a limited space, the instrument has to be 

shielded. Although paraffin is a better moderator than water, the advantages of water 

are so much larger that they surpass the lower moderation efficiency. With a water 

shield of 1 m thickness around the source the dose rates are getting close to the values 

required for a continuous operation of the source. If the conservative occupancy 

factor of 2000 hours is considered, the estimated dose rates from the shielded 

NuPulse instrument are below the limit by a factor of 2. Furthermore, according to the 

operational specifications of the D-T pulse neutron source, the source has to be 

"recharged", i.e. the neutron tube replaced, after every 80 hours of operation. 

The simulation results found in this evaluation were further compared to the 

experimental specification results of a nuclear logging instrument, containing an 

identical D-T source. The evaluation was carried out by the TÜV Rheinland Germany 

(TUV, 1999). The MC simulation for closely resembling experimental conditions (i.e. 

neutron dose rate estimates at 2 m in open air) was conducted. However, the 

simulations results indicate about 20-times higher dose rates compared to the 

measurements: ~360 μSv h
-1

 vs. 20 μSv h
-1

. We believe that the reason for that might 

be attributed to a failure of the experiment itself, since the simulations appear to be in 

good agreement with the analytical solutions. The possible explanation might have to 

do with several reasons: 

 

 The neutron-source strength during the experiment was not 10
8
 neutrons/s 

modelled as specified, or 
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 Inconsistency during the measurement occurred in terms of pile-up effects of 

the neutron detector, which can be rather significant at high source strength. 

A quick test to evaluate the neutron-source strength showed a factor of 4 

lower than the value stated by the manufacturer. Given all the limitations on radiation 

source deployment, an optimised concrete tank was constructed at the KVI for further 

NuPulse tests and calibrations. 

 

3.9.2 Concrete tank facility 

 

To optimise and calibrate the NuPulse instrument, a 10 cm thick concrete tank 

was constructed outside the KVI building on the eastern side as shown in figure 3.16. 

The tank is 3 m high with an inside diameter of 2 m. The tank is covered on top with a 

wooden platform that has a 12 cm diameter hole at the centre. At the axis of the tank a 

PVC tube is mounted that extends nearly to the bottom of the tank. The NuPulse 

instrument is lowered into the tank through a PVC tube by means of a pulley that 

hangs from the roof of the building above the tank. The PVC tube serves as a 

positioning structure for the instrument at the centre of the tank and also for 

balancing. There are open spaces between the top surface of the tank and the wooden 

platform such that a hosepipe can be inserted to pump water into the tank. To flush the 

water out, a tap is installed at the bottom of the tank. The probe cable extends to an 

adjacent room, designed to house the surface control unit of the instrument. 

The tank dimensions are such that the radiation exposure during system 

operation in the direct vicinity of the tank is minimised. With the tank filled with 

water up to 2.3 m height, there is at least 1 m of water around the neutron source 

target area. Under these conditions, the facility conforms to the required radiation 

safety standards. The tank represents a well-controlled setting where the response of 

the system to a given amount of material can accurately be tested. 

 

3.9.3 KVI borehole 

 

In 1999, a borehole was drilled in front of the KVI building according to the 

385
th

 anniversary celebration of the Rijksuniversiteit Groningen (RuG), the borehole 

has a depth of about 38.5 m and is about 10 cm in diameter. To protect the walls from 

collapsing, a PVC tube of about 2 m length and 6 mm thickness was inserted in the 

top surface. The borehole was intended and used for calibration of the MEDUSA-

system (Multi-Element Detector for Underwater Sediment Activity) (Koomans, 

2000). 

The KVI is built on the sediments deposited on the south-western side of the 

`Oer Hunzedal' valley that was formed by glacial melting water during the last phase 

of the Saalian about 138000 years BP
3
(before present). The valley system is filled 

with river, marine, eolian and organic deposits. The borehole at the KVI can be 

divided from bottom to top into four geological formations deposited at various time 

periods and environments as shown in figure 3.17. The lower 3.5 m (Peelo formation) 

of the borehole is composed of fine sands deposited by wind. In the formation Eem, 

                                                 
3
 Before Present (BP) is a year numbering system used for the past times, relating dates to the year 

1950. 
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that occupies the next 15 m layer, the sediments are of marine origin and contain shell 

fragments, fine sands and clays. The next layer of sediments ~17 m (Westland 

formation 1) are composed of Holocene marine sediments with a clear stratification 

of clay and sand. The upper 3 m (Westland formation 2) are mainly clay sediments. 

The NuPulse instrument will also be deployed at the KVI borehole for calibrations 

and field tests. The borehole diameter is big enough to accommodate the large 

diameter NuPulse module, see for example the detector crystal dimensions in table 

3.3. An electronic pulley is available to lower the instrument down to the bottom of 

the borehole, i.e. the bottom surface of the neutron generator at about 38.5 m below 

the surface as in figure 3.17. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16: The test tank facility. To the left a cross section view and to the right a 

picture view of the tank. The dimensions are drawn not to scale. 
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Figure 3.17: A schematic representation of the KVI borehole describing the position 

of various geological formations and the period of formation. The dimensions are not 

drawn to scale.  

 

 

3.10 Conclusion 

 

The current NuPulse instrument as described in this chapter has all the 

requirements to fulfil the objectives outlined in chapter 1. A thorough understanding 

of operation characteristics as well as limitations of each component allows proper 

comprehension of its output hence better interpretations and analysis of results.  

In the follow-up chapters, chapter 4 and 5, the experimental test results are 

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

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

gamma-ray data will be analysed and interpreted. Chapter 5 describes the analysis 

method used to interpret the fast-neutron spectra.  

 

 

Eem formation 
 

Deposited during the Eem interglacial of the Pleistocene (138000 – 
11000 years BP) 

Peelo formation 
 

Deposited during the Elster glaciation > 138000 years BP 

Westland formation 1 
 

Holocene marine sediments deposited in an environment comparable to 
present-day Wadden sea sediments < 11000 years BP 

Westland formation 2 
 

Deposited on the (inter-) tidal marsh in the last part of the Holocene. 
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