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In this study, prompt gamma analysis of Mercury, Chromium, Nickel, Boron, Cadmium
and Chlorine-contaminated water samples along with petroleum-contaminated soil
samples was carried out. The toxic elements and petroleum hydrocarbons (PHCs)contaminated samples were analyzed due to their significant adverse effect on the
environment. The samples were analyzed using Thermal Neutron Capture (TNC) and 14
MeV neutrons inelastic scattering (NIS)-based Prompt Gamma-ray Neutron Activation
Analysis (PGNAA) techniques. The study was undertaken at KFUPM 350 keV accelerator
and MP320 portable neutron generator laboratories using LaBr3:Ce, CeBr3 and BGO
gamma ray detectors.
For toxic element analysis in water samples, the minimum detection limit (MDC) of Hg,
Cr, Ni, B, Cd and Cl in water samples were measured to be 0.15±0.05 wt.%, 1.03 ± 0.31
to 2.98 ± 0.91 wt.%, 1.98 ± 0.60 to 3.88 ± 1.18 wt.%, 24.4±7.43 ppm, 95.6±29.1 ppm and
1.47 ± 0.45 to 4.20 ± 1.28 wt.% respectively.
In the analysis of petroleum contaminated soil samples, carbon, silicon, hydrogen and
oxygen concentrations were determined in benzene-contaminated soil samples. 14 MeV
neutron beam moderation effects from moisture and petroleum (benzene) contents in the
soil sample were quite significant. For a soil sample with fixed silicon concentration, the
xxii

intensity of silicon prompt gamma ray was decreasing with increasing moisture and
petroleum concentration in the soil samples. This trend was validated through Monte Carlo
simulation of the reaction. There is excellent agreement between experimental results and
results of the Monte Carlo simulations.

xxiii

ملخص الرسالة
االسم الكامل :ليادي فاتي أيوف
عنوان الرسالة :استخدام أشعة غاما الفورية لتحليل عينات التربة والمياه للدراسات البيئية
التخصص :فيزياء
تاريخ الدرجة العلمية :مايو2017
في هذه الدراسة ،تم استخدام أشعة غاما الفورية لتحليل محتوى العناصر في عينات المياه الملوثة بالزئبق والكروميوم
والنيكل والبورون والكادميوم والكلور وعينات التربة الملوثة بالمشتقات النفطية .تم تحليل محتوى هذه العناصر السامة
وكذلك الهيدروكربونات الناتجة عن المشتقات النفطية بسبب تأثيرها الضار على البيئة .تم تحليل محتوى العناصر عن
طريق اشعة غاما الفورية المنبعثة من العينات نتيجة اصطياد النيوترونات الحرارية ( 350كيلوالكترون فولت)
واالستطارة الالمرنة للنيوترونات الساقطة بطاقة مقدارها  14ميجا الكترون فولت .أجريت الدراسة باستخدام مسارع
جامعة الملك فهد للبترول والمعادن ومولّد النيوترونات المحمول كما تم استخدام ثالثة أنواع من كواشف أشعة غاما؛
"لنثانوم برومايد" و "لنثانوم كلورايد" و "بزموث جرمانيت".
تم تحليل محتوى الزئبق والكروميوم والنيكل والبورون والكادميوم والكلور في عينات المياه ليكون  0.05 ± 0.15نسبة
مئوية بالوزن 0.31 ± 1.03 ،إلى  0.91 ± 2.98نسبة مئوية بالوزن 0.60 ± 1.98 ،إلى  1.18 ± 3.88نسبة مئوية
بالوزن 7.43 ± 24.4 ،جزء في المليون 29.1 ± 95.6 ،جزء في المليون  0.45 ± 1.47 ،إلى  1.28 ± 4.20نسبة
مئوية بالوزن على التوالي.
في تحليل عينات التربة الملوثة بالبمشتقات النفطية ،تم تحديد تركيز الكربون والسليكون والهيدروجين واألكسجين في
عينات التربة الملوثة بالنفط  .لقد لوحظ خالل هذه الدراسة اعتماد شدة اشعة غاما الفورية على رطوبة العينات وعلى
محتوى المشتقات النفطية فيها .فبالنسبة لعينات التربة ذات تركيز سيليكون ثابت ،كانت شدة أشعة غاما الفورية تتناقص
مع زيادة الرطوبة وتركيز المشتقات النفطية في عينات التربة .ولقد تم استخدام طريقة "مونتي كارلو" للمحاكاة لدراسة
هذه العالقة ولقد كانت نتيجة هذه المحاكاة النظرية متوافقة تماما مع النتائج المخبرية.
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1 CHAPTER 1

INTRODUCTION

Environmental studies mainly deal with contamination of the atmosphere, soil and water.
The threats of soil and water contaminants to human health are well documented. The
accumulation and migration of heavy metals in the water and soil environment as a result
of human activities results in potential ecological and health risks [1]. Basic features of soil
contamination such as accumulation and irreversibility are different from those of air and
water contamination [2]. Soil accommodates many kinds of pollutants. Soil pollutants can
be transferred from a compartment of the environment to another, like groundwater, and,
consequently, have an effect on human health. Pollutants such as heavy metals
continuously draw much attention because of their toxicity and persistence in the
environment [2, 3]. In this study, work focuses on analysis of contamination of water and
soil samples for environmental studies. Main focus was on water contamination due to
toxic heavy metals from waste discharge of industries in to the surface and ground water.
Also the soil contamination due to hydrocarbon contamination in the soil surface was
studied [4].
The toxic elements boron, cadmium, mercury, chromium, nickel and chlorine were
important because of their adverse effects on the environment. The main sources of
pollution of cadmium and boron of environmental water are the manufacturing industries,
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fertilizer production facilities, atmospheric deposition, and sewage sludge [4].
Accumulation of high concentrations of cadmium and boron in humans is due to
consumption of crops grown on soil irrigated with cadmium and boron contaminated
sewage water over long periods of time. This accumulation could result in numerous
illnesses [4]. For example, the effects of high concentration of cadmium in humans can
induce diarrhea, bone fracture, severe vomiting, damage to the central nervous system,
cancer development, infertility, and ultimately death [5]. Higher concentrations of boron
can damage human organs and cause stunted growth of agricultural products [5]. Mercury
is a highly toxic element and its intake by humans may lead to memory loss, menstrual
disorders in women, cardiovascular homoeostasis in children, increased muscular fatigue
and reduced fertility rates. The increased intake of mercury by humans is due to its multiple
pathways such as eating fish, contaminated water, flu vaccines, and cosmetics [6, 7].
Despite its many useful industrial applications such as in textile manufacturing,
photoengraving, and wood preservation, chromium may also be harmful to humans and
animals due to its several adverse effects on health such as skin tumors, hepatotoxicity,
alteration in the reproductive function, bronchial asthma and nephrotoxicity [8,9]. Nickel
is one of the carcinogenic metals and long exposure to nickel has been connected with
increased risk of lung cancer, cardiovascular disease, neurological deficits, developmental
deficits in childhood, and high blood pressure [10]. Additionally, nickel has been identified
as a toxin that severely damages reproductive health and can lead to infertility, miscarriage,
birth defects, and nervous system defects [11].
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Ground water and surface water pollution is very serious in countries with freezing winter
weather [12]. For such countries chloride contamination of ground and surface water is
mainly due to direct addition of sodium chloride salt in environment during its spraying for
de-icing of roads, parking lots, and other impervious surfaces in freezing winter [13,14].
The direct addition of chlorine to environment causes concern about degradation of quality
of groundwater and surface water that may be used for drinking-water supply, aquatic
habitat and for industrial use [15]. Due to corrosive nature of chloride salts, chloride
contamination of feed water of steam-generating systems is also very harmful for steam
boilers even at the parts per billion level of contamination. In the boilers during evaporation
process, initial ppb range chlorine concentration, enriches exponentially resulting in
serious harm to boiler vessel. In shorts chloride in water has adverse effects on environment
and industry. The U.S. Environmental Protection Agency (USEPA) has set a maximum
contaminant level (SMCL) of 250 mg/L for chloride in drinking water [16].
Like surface and ground water pollution due to toxic elements, soil contamination with
hydrocarbon has alarming impact on the environment. It has attracted considerable public
attention during the past few decades [17]. Many countries encountered serious problems
of soil contamination by hydrocarbons [18,19]. Hydrocarbons are one of the most frequent
categories of constant organic contaminants in the environment and are known to be toxic
to numerous living organisms [20]. The occurrence of hydrocarbons in soils is not only
harmful to humans, but has also a negative impact on plant development and growth
[21,22]. Their destructive effects consist of reduction of photosynthetic pigments,
shortening of roots and aerial organs, inhibition of seed germination, and slowdown of
3

nutrient assimilation. It is also likely that some fractions of hydrocarbon can dissolve
biological membranes and, as a result, interrupt the building of plant root [23-27]. The
effective control in environmental pollutant in water and soil require their monitoring in
the environment. These require efficient and accurate techniques to determine the pollutant
quantity in the environment through environmental surface water, ground water and soil
samples analysis. There are several chemical and physical techniques available to carryout
environmental sample analysis. Particularly important are X-ray and gamma ray
techniques [28], inductively coupled plasma optical emission spectrometry (ICP-OES)
technique [29], Gravimetric technique [30], Sequential extraction procedures technique
[31], Laser Induced Breakdown Spectroscopy (LIBS) technique [32], etc… These
techniques have their merit and disadvantages such as long analysis and complicated
sample preparation. For instance, ICP-OES can’t detect very low concentration levels of
mercury in water. LIBS suffers from difficulty in quantifying inhomogeneous sample, lack
of background elimination and signal saturation effects for high concentration elements
due to self-absorption. Gravimetry lacks multi-elemental analysis, it usually analyzes a
single element at a time. The disadvantages of sequential extraction procedures are the
evidence for redistribution during fractionation and non-selectivity of reagents for each
fraction. X-ray technique is limited to surface analysis.

1.1

Prompt Gamma Ray Neutron Activation Analysis Approach

Prompt Gamma Ray Neutron Activation Analysis (PGNAA) is an analytical technique
used to determine elemental concentrations. PGNAA is a non-destructive, technique that
is capable of measuring multi-elemental concentrations in bulk liquid and solid samples.
4

The continuous development of gamma ray detection capability, such as improved energy
resolution and detection efficiency, has made PGNAA technique prominent in various
disciplines. PGNAA has a wide range of applications in industry, mining, quality control,
medical sciences, building construction and concrete corrosion, as well as environmental
sciences [33-43]. In Prompt Gamma Ray Neutron Activation Analysis (PGNAA) method,
the production of prompt gamma rays and irradiation of material with neutrons are
achieved through either neutron inelastic scattering (n, n’γ) or thermal neutron capture (nth,
γ ). Neutron Inelastic Scattering technique is denoted as NIS while Thermal Neutron
Capture technique is denoted as TNC.

1.1.1 Prompt Gamma Ray Production Through Thermal Neutron Capture
and Neutron Inelastic Scattering Reaction
Radiative neutron capture is the process in which a neutron is absorbed by a target nucleus
to form an (excited) compound nucleus. The compound nucleus de-excites back to the
ground state by emitting prompt and delayed gamma-rays (see Figure 1.1). The prompt
gamma-ray intensity is proportional to the number of atoms and the energy values of the
gamma –rays identify the nuclide. Each element emits a distinctive gamma-ray signature
as it returns to a stable state. To be measured, the element must have a high capture cross
section for thermal neutrons, and it must emit a gamma-ray within the energy window
being analyzed. The amount of atoms of an element present in the sample must be adequate
to produce a measurable intensity of gamma rays [44]. These gamma-rays are collected
and measured with a high-resolution gamma-ray detector. The energy resolution of the
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detector determines the capability of the detector to distinguish between two gamma rays
with very close energies.

Figure 1.1: Schematic diagram illustrating thermal neutron capture process and decay products [32].

Neutron Inelastic scattering is a scattering in which the energy of excitation is transmitted
to the scattering nucleus, and this excitation energy can be detected through the emitted
gamma rays. During neutron inelastic scattering, the product nucleus will be left in an
excited state after the emission of an inelastically scattered neutron. The nucleus will be
excited to a level equal to the energy of the incident neutron minus the energy of the emitted
neutron and the kinetic energy of recoil of the nucleus. The excited nucleus usually emits
its excitation energy as one or more prompt gamma rays. The scattered neutrons, on the
other hand, carry the remaining energy [45]. The illustration of neutron inelastic scattering
is shown in Fig. 1.2 below
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Figure 1.2: Schematic diagram illustrating inelastic scattering of neutrons from C, N and O gamma ray decay.
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2 CHAPTER 2

MONTE CARLO STUDIES
In this study, the Monte Carlo calculations were carried out for Thermal Neutron Capture
(TNC) and Neutron Inelastic Scattering (NIS)-based PGNAA setup shown in Figure 2.1
and Figure 2.3 respectively. This method basically obtains physical quantities by
simulating the interactions of a large number of individual particles, and recording some
of their properties. The average behavior of particles in the physical system is then inferred
from the average behavior of the simulated particles. The procedure used are described in
Appendix A.

2.1

Thermal Neutron Capture (TNC) Prompt Gamma Ray Yield
Calculations

2.1.1 KFUPM 2.5 MeV TNC PGNAA Setup Description
The portable neutron generator-based PGNAA setup, as shown in Fig. 2.1, mainly consists
of a cylindrical moderator made of high density polyethylene. The moderator has a central
cylindrical cavity that can accommodate a cylindrical specimen with a maximum diameter
of 9 cm and a length of 14 cm. A cylindrical 76 mm x 76 mm (diameter x length) CeBr 3
gamma-ray detector, with its longitudinal axis aligned along the moderator and sample's
major axis, views the sample at a right angle to the neutron generator axis. The empty
cylindrical 106 mm x 125 mm (diameter x height) polyethylene plastic sample container
has a mass of 96 g with a density of 0.92 g/cm3. Figure 2.1 shows the PGNAA setup with
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the high-density polyethylene cylindrical moderator, portable neutron generator and the
CeBr3 detector. In order to prevent undesired gamma-rays and neutrons from reaching the
detector, lead and paraffin shielding were provided around the gamma-ray detector.

Figure 2.1: Schematic diagram of the portable neutron generator-based PGNAA setup.

The detector is shielded against thermal neutrons and gamma rays through neutron and
lead shielding, respectively. Neutron shielding is made of paraffin and lithium carbonate
mixed in equal weight proportions.

2.1.2 Gamma Ray Yield Calculations from B, Cd, Hg, Cr, and NiContaminated Water Samples
The intensities of 368 keV mercury, 478 keV boron, 558 keV cadmium, (8483-8511, 8884,
9719) keV chromium and (8533,8998) keV nickel prompt gamma rays were calculated
from water samples containing 0.75-2.5 wt. % mercury concentrations, 0.31-2.5 wt. %
boron concentrations, 0.0625-0.500 wt. % cadmium concentrations, 2.9-15.7 wt. %
chromium concentrations and 20.3-51.7 wt. % nickel concentrations using the general
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purpose MCNP4B2 code [46]. The calculations were carried out for the 2.5 MeV neutrons–
based PGNAA setup shown in Figure 2.1. The simulations were carried out for prompt
gamma rays induced by 2.5 MeV neutrons thermalized in the high-density polyethylene
moderator. For this simulation study, the sample was divided into sub-cells of 1 cm
thickness. This allowed the transport of the neutrons and gamma rays of appropriate
statistical weight to the next adjacent cell, without any loss. The prompt gamma ray
intensity was then calculated in the detector volume using the F4 tally. Gamma ray yields
were calculated for 368 keV mercury, 478 keV boron, 558 keV cadmium, (8483-8511,
8884, 9719) keV chromium and (8533,8998) keV nickel prompt gamma rays produced due
to capture of thermal neutrons in mercury, boron, cadmium, chromium and nickel
contaminated water samples. The thermal neutrons were produced through moderation of
2.5 MeV neutrons in the moderator. The calculated yield curves of mercury, boron,
cadmium, chromium and nickel prompt gamma rays are plotted along with the
experimental data in Fig. 4.36, 4.37, 4.38, 4.41 and 4.42 respectively.

2.1.3 Gamma Ray Yield Calculations from Chlorine-Contaminated Water
Samples
The intensities of 517, 788, 1165, 1951, 2863, 6110, 6619, and 8578 keV chlorine prompt
gamma rays were calculated from saline water samples containing 0.0-8.0 wt. % chlorine using
the general purpose MCNP4B2 code [46]. Saline water samples were prepared by thoroughly
mixing water with 0.0-8.0 wt. % chlorine.
Figures 2.2 shows the calculated yield of 517, 788, 1165, 1951, 2863, 6110, 6619 and 8578
keV prompt gamma rays as a function of chlorine concentration in the saline water samples.
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As the chlorine concentration increases in the saline sample, the yield of the prompt gamma
rays also increases but each gamma ray line has a different slope. The calculated yield curves
will be compared with the experimental yields results later.

Figure 2.2: Shows the calculated yield of 517, 788, 1165, 1951, 2863, 6110, 6619 and 8578 keV prompt gamma
rays as a function of 0-10 wt.% chlorine in the saline water samples.

2.2

Neutron Inelastic Scattering (NIS) Prompt Gamma Ray Yield
Calculations

2.2.1 KFUPM 14 MeV NIS PGNAA Setup Description
The neutron inelastic scattering based PGNAA setup shown in Fig. 2.3. The setup
mainly consists of a cylindrical polyethylene plastic sample container with 106 mm x
125 mm (diameter x height) dimensions. The sample container is placed at 0° angle with
respect to the 14 MeV neutron beam and at a center- to-center distance of 70 mm from
the 14 MeV neutron source. The neutron source was assumed to be point source. The
empty polyethylene container has a mass of 96 g with a density of 0.92 g/cm3. In the
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simulation study, the plastic container was modeled thereby resulting in non-zero
hydrogen gamma ray counts for zero-moisture concentration. The density of dry
soil was taken as 1.69 g/cm3 [49]. A cylindrical 76 mm x 76 mm (diameter x height)
LaBr3:Ce detector, placed at a center-to-center distance of 125 mm from the sample,
detects the gamma rays from the sample at an angle of 90° with respect to the 14 MeV
neutron beam axis. The detector was shielded against 14 MeV neutrons and gamma rays
through tungsten and lead shielding, respectively. The fast neutron flux from the tritium
target will be monitored using a cylindrical 76 mm x 76 mm (diameter x height) NE213
fast neutron detector, placed at a distance of 1.8 m from the target and making an angle
of 130o with respect to the beam.

Figure 2.3: Schematic of 14 MeV neutron-based setup used for analysis of soil bulk samples.
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2.2.2 Gamma Ray Yield Calculation from Moisture-Contaminated Soil
Samples
The intensities of 1.78 MeV silicon, 6.13 MeV oxygen, and 2.22 MeV hydrogen prompt
gamma rays were calculated from soil samples containing 0.0–15.0 wt% moisture using
the general purpose MCNP4B2 code [46]. The calculations were carried out for the 14
MeV neutron-based PGNAA setup shown in Fig. 2.3. The procedure used in the
present study was similar to the one described earlier [48, 49]. The simulations were
carried out for prompt gamma rays induced by 14 MeV neutrons inelastic scattering in
bulk soil samples.
For this simulation study, the sample was divided into sub-cells of 1 cm thickness.
This allowed the transport of the neutrons and gamma rays of appropriate statistical
weight to the next adjacent cell, without any loss.
In order to study prompt gamma ray production over the sample volume, 14 MeV
neutrons as well as thermal neutron intensities were calculated over the sample
diameter for 0–20% moisture concentrations using the F5 tally of a point detector. Fig.
2.4 shows the 14 MeV and thermal neutron intensity proﬁles over the sample diameter.
The 14 MeV point source was located at x = -5.3 cm. The fast neutron data is shown
with different symbols. The symbols are superimposed upon each other because the
change in intensity of 14 MeV neutrons for various moisture concentrations is
insigniﬁcant. The decrease in 14 MeV ﬂux is mainly due to 1/distance2 dependence of
ﬂux from the source. This is conﬁrmed by the 1/distance2 ﬁt made to the 14 MeV
neutron intensity data shown by the solid line. The calculated thermal neutron intensity
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is plotted with symbols connected with solid lines. The thermal neutron intensity
shows a dependence upon radial distance as well as moisture concentration. The
thermal neutron intensity ﬁrst increases with increasing radial distance from the source
then reaches a maximum around the sample center and ﬁnally starts decreasing
afterwards. The initial increase in thermal neutron intensity is due to increasing
moderation of fast neutrons due to increasing moisture concentration.

Figure 2.4: Calculated intensity profile of 14 MeV and thermal neutrons plotted over the sample diameter for 0–
20% moisture concentration (wt%).

The decrease in thermal neutron intensity beyond the sample center is due to the loss
of 14 MeV neutrons. Fig. 2.5 shows the thermal neutron intensity radial proﬁle on an
enlarged scale.
The location of maximum thermal neutron intensity is almost fixed around the center of
sample diameter and is independent of moisture concentration. The thermal neutron intensity over the sample diameter increases with increasing moisture concentration.
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Figure 2.5: Calculated intensity profile thermal neutrons plotted over the sample diameter for 0–20% moisture
concentration (wt%).

The prompt gamma ray intensity was then calculated in the detector volume using the F4
tally. The chemical composition of the soil sample used in the simulation is given in Table
2.1. There was no hydrocarbon contamination in the sample which may otherwise
moderate the 14 MeV neutrons. Water was added to a soil sample with a predetermined
mass, thereby increasing the total sample mass. The soil samples were thoroughly mixed
with water to achieve 0.0–15.0 wt% moisture concentrations. Gamma ray intensities were
calculated for 1.78 MeV silicon, 6.13 MeV oxygen, and 2.22 MeV hydrogen prompt
gamma rays. The 2.22 MeV hydrogen gamma rays were produced due to capture of thermal
neutrons in the hydrogen of the moisture in the sample. The thermal neutrons were
produced due to moderation of 14 MeV neutrons in the sample.
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Table 2.1: Chemical composition of dry soil sample used in the present study. [50]

Composition
SiO2
Al2O3
Fe2O3
MgO
CaO
Na2O
K2O
TiO2

Constituents (wt%)
88.01
2.99
1.28
1.57
4.18
0.64
0.85
0.48

In order to relate the variation in gamma ray intensity to change in thermal neutron flux
due to added moisture, the thermal neutron and the hydrogen prompt gamma ray intensities
were calculated inside the sample volume as a function of moisture concentration.
Furthermore, the ratio of hydrogen gamma ray intensity to thermal neutron intensity was/
calculated. Fig. 2.6 shows the thermal neutron intensity as well as hydrogen gamma ray/
thermal neutron intensity ratio plotted as a function of moisture concentration. The
hydrogen gamma ray/thermal neutron intensity ratio curve should reflect the variation of
gamma ray intensity as a function of moisture concentration only, excluding the effect of
thermal neutron flux. The gamma ray/thermal neutron intensity ratio curve initially exhibits
a plateau over a smaller moisture concentration range of 0.0–8.0% and then starts showing
a linear dependence upon moisture concentration over 8.0–20.0% range, as shown by the
solid and dotted lines in Fig. 2.6.
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Figure 2.6: Calculated thermal neutron intensity as well as hydrogen gamma ray intensity/thermal neutron
intensity ratio plotted as a function of moisture concentration (wt%).

Since both the thermal neutron flux as well as hydrogen gamma ray/thermal neutron
intensity ratio shown in Fig. 2.6 exhibit a linear dependence upon moisture concentration
beyond 8.0 wt%, it may be inferred that hydrogen gamma ray intensity will show a
quadratic dependence upon moisture concentration beyond 8.0wt%.This is confirmed by
linear correlation among hydrogen gamma ray intensity and square of moisture
concentration (wt%) plotted in Fig. 2.7.

Figure 2.7: Calculated hydrogen gamma ray intensity plotted as a function of [moisture concentration (wt%)] 2.
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Then, the intensities of 1.78 MeV silicon gamma ray and 6.13 MeV oxygen gamma rays
were calculated as a function of moisture concentration in the soil samples. As the moisture
concentration increases in the sample, the 14 MeV neutron flux decreases due to their
increasing moderation in the sample. This results in decreasing intensities of the 1.78 MeV
Si gamma rays and the 6.13 MeV O gamma rays with increasing moisture concentration in
the soil sample, this explain the negative slope of the intensities of 1.78 MeV Si and 6.13
MeV O prompt gamma rays with respect to sample moisture concentration. Although
moisture increase causes an increase in oxygen concentration in the sample, the decrease
due to lower 14 MeV flux is more significant than the increase due to higher oxygen
concentration, thereby resulting in a net decrease in intensity of 6.13 MeV O gamma rays.
The slope of the gamma ray intensity as a function of moisture concentration is higher for
silicon gamma rays (1.78 MeV) as compared to those of oxygen gamma rays (6.13 MeV).
This might be due to a higher attenuation of lower energy silicon gamma rays as compared
to the higher energy oxygen gamma rays in increasing moisture concentration. The
increasing moderation of 14 MeV neutrons with increasing moisture concentration
increases the thermal neutron flux in the sample. This results in an increase in the intensity
of 2.22 MeV hydrogen gamma rays from the soil sample. The 1.78 MeV Si prompt gamma
rays and 2.22 MeV H prompt gamma rays have opposite trends in intensity variation with
increasing moisture concentration in the soil sample. The results of these Monte Carlo
calculations will be compared to the experimental results later.
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2.2.3 Gamma Ray Yield Calculations from Benzene-Contaminated Soil
Samples
The intensity variations of 1.78 MeV silicon, 4.44 MeV carbon, 6.13 MeV oxygen, and 2.22
MeV hydrogen prompt gamma rays were calculated from soil samples containing 0-10.4 wt.
% benzene concentration using the general purpose MCNP4B2 code [46]. The calculations
were carried for the 14 MeV neutron–based PGNAA setup shown in Figure 2.3. The procedure
used in the present study was similar to the one described earlier in section 2.1.3.
The chemical composition of the soil samples used in the simulation is given in Table 2.1. The
soil samples were thoroughly mixed with benzene to achieve 0-10.4 wt. % benzene
concentrations. The gamma ray yields were calculated for 1.78 MeV silicon, 4.44 MeV carbon,
6.13 MeV oxygen, and 2.22 MeV hydrogen prompt gamma rays. The 2.22 MeV hydrogen
gamma rays were produced due to capture of thermal neutrons in the hydrogen of the benzene
in the sample. The thermal neutrons were produced due to moderation of 14 MeV neutrons in
the sample.
Figures 2.8 shows the calculated yield of 1.78 MeV Silicon prompt gamma rays, 6.13 MeV
Oxygen prompt gamma rays, 4.44 MeV Carbon prompt gamma rays and 2.22 MeV Hydrogen
prompt gamma rays as a function of benzene concentration in the soil samples. As the benzene
concentration increases in the sample, the 14 MeV neutrons flux decreases due to their
increasing moderation in the sample. This results in decreasing intensities of the 1.78 MeV Si
gamma rays and the 6.13 MeV O gamma rays with increasing benzene concentration in the
soil sample. This is clearly shown in Fig. 2.8 with the negative slope of the yield of 1.78 MeV
Si and 6.13 MeV O prompt gamma rays as a function of sample benzene concentration. An
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increase in benzene concentration causes an increase in carbon concentration in the sample,
thereby resulting in increase in intensity of 4.44 MeV C gamma ray, as shown in Figure 2.8.
Although the increase in benzene concentration result in increases in hydrogen concentration
in the sample but the increase in moderation of 14 MeV neutrons with increasing benzene
concentration result in insignificant increases in the thermal neutron flux in the sample. This
results in constant yield of 2.22 MeV H gamma rays from the soil sample as a function of
benzene concentration, as shown in Figure 2.8. The 4.44 MeV C gamma ray has opposite
trends in intensity variation with respect to 1.78 MeV Si and 6.13 MeV O prompt gamma rays
with increasing benzene concentration in the soil sample.

Figure 2.8: Calculated yield of 1.78 MeV Si, 4.44 MeV C, 2.22 MeV H and 6.13 MeV O prompt gamma rays from
soil sample as a function of benzene contents in soil sample.

Figure 2.9 shows results of similar calculations related to the effect of moisture on prompt
gamma yields of 1.78 MeV Si, 6.13 MeV O and 2.22 MeV H gamma rays from soil sample
containing 5.1, 7.4, 9.7, 11.9 and 14.0 wt. % water reported earlier [49].
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Figure 2.9: Calculated yield of 1.78 MeV Si, 2.22 MeV H and 6.13 MeV O prompt gamma rays from soil sample
as a function of moisture contents in soil sample.

The trends of to 1.78 MeV Si and 6.13 MeV O prompt gamma rays with increasing benzene
observed in this study agrees with the moisture study. However, yield of 2.22 MeV H gamma
rays as a function of moisture concentration shows initial almost constant intensity up till 8.0
wt.% moisture. Since benzene has 13 % less hydrogen concentration, in case of benzene this
constant yield of 2.22 MeV H gamma ray been observed uptill around 10.4 wt %, which is in
agreement with moisture study [49].
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3 CHAPTER 3
ENERGY RESOLUTION MEASUREMENTS OF CeBr3
and LaBr3:Ce DETECTORS
In this study, performance tests of the CeBr3 and LaBr3:Ce detectors were carried out. In
order to obtain the maximum yield of detected gamma rays, the performance of a large
cylindrical 100 mm x 100 mm LaBr3:Ce and 76 mm x 76 mm (height x diameter) cerium
tribromide (CeBr3) detectors were tested for gamma rays produced through radio-isotope
sources as well as from thermal neutron capture in contaminated water samples and
detector’s materials using a portable Deuterium-Deuterium reaction neutron generatorbased prompt gamma ray neutron activation analysis (PGNAA) setup. Finally the energy
resolution of the CeBr3 and LaBr3:Ce detectors were calculated for the well resolved
gamma rays.

3.1

Experimental Setup

The performance tests of the CeBr3 and LaBr3:Ce detectors were carried out using the
portable neutron generator based PGNAA setup described previously.
The samples were filled in cylindrical plastic bottles of 14 cm length and 9 cm internal
diameter. They were then irradiated using a pulsed beam of 2.5 MeV neutrons with 70 keV
voltage and a current of 70 μA. The prompt gamma-ray data from the samples was acquired
for 25 min.
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Detectors signals were acquired using standard NIM electronics modules as shown in
Figure 3.1. For each detector, the signal that was routed through a preamplifier and was
processed through a spectroscopy amplifier with shaping time of 1 μs. A Logical gate
signal was generated for each signal processed by the amplifier using single channel
analyzer and gate and delay generator modules. For dead time correction, one of the outputs
of the gate and delay generator was used to gate the Multichannel Buffer, while another
output was used to calculate the dead time correction.

Figure 3.1: Electronic Configuration Diagram

Dead time correction (DTC) was calculated to be less than 1% at the end of each
experimental run from the integrated counts in the stored spectrum Ntot and total gate
signals Ngates, counted independently through the relation [4, 51, 52]
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DTC =

𝑁𝑔𝑎𝑡𝑒𝑠−𝑁𝑡𝑜𝑡
𝑁𝑔𝑎𝑡𝑒𝑠

(3.0)

The dead time corrected counts under a peak YDTC–Corr were then obtained from the
experimental counts under the peak Yexp using the relation:
YDTC–Corr = Yexp(1 + DTC)

(3.1)

The dead time correction depends upon the sample as can be seen in the following section.

3.2

Energy Resolution Measurements of LaBr3:Ce Scintillation
Detector

In this part of the study, the energy resolution of the LaBr3:Ce detector was measured for
prompt capture gamma ray peaks from chromium, nickel, mercury, boron and cadmiumcontaminated water samples along with captured gamma rays from the detector materials
and radioisotope sources. For each run the data was taken for 20 minutes. For capture
gamma ray production, the procedure described earlier in section 3.1 was used. For
radioisotope sources measurement only the source was placed in the sample cavity. The
energy resolution of the large LaBr3:Ce detector was measured for 662 keV gamma-rays
from

137

Cs source. The pulse height spectrum of the large detector from

137

Cs source is

shown in Fig. 3.2. For 662 keV gamma-rays, the energy resolution of the detector was
measured to be 5.8%. This is 9% higher than the manufacturer's warranted energy
resolution (5.3%) of the detector.
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Figure 3.2: LaBr3:Ce pulse height spectrum taken with 137Cs source exhibiting 662 keV peak.

3.2.1 Measurement of the LaBr3:Ce detector intrinsic activity
The LaBr3:Ce detector (with 100 mm x 100 mm LaBr3:Ce crystal, coupled to a fast
photomultiplier model number R4144) was supplied to us by the manufacturer Saint
Gobain, France, as a single unit along with a matching voltage divider. The detector was
operated at negative 994 V voltage. The detector body has a common ground connection
with dynode and timing output with grounded-anode configuration of the photomultiplier.
The detector time resolution warranted by the manufacturer for 511 keV gamma rays was
608 ps. In the present study, the time resolution of the 100 mm x 100 mm detector was not
measured. The manufacturer quoted time resolution of our detector is better than the time
resolution for a 89 mm x 203 mm LaBr3:Ce detector reported earlier [53]. The energy
resolution of the 100 mm x 100 mm LaBr3:Ce detector quoted by the manufacturer for 661
keV gamma rays was 5.3%.
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The intrinsic activity of the 100 mm x 100 mm detector was determined using the procedure
described for the smaller 76 mm x 76 mm LaCl3:Ce [54, 55] and LaBr3:Ce detectors [4].
The activity/second was determined from the area under the 1468 keV peak of the detector
as shown in Fig. 3.3. The lack of a bend on the lower slope of the 1468 keV peak in this
spectrum (as observed in other smaller sizes LaBr3:Ce detectors) is due to poorer energy
resolution of the detector caused by the coupled fast photomultiplier with poorer energy
resolution. The detector activity was measured for 101sec and was found to be 142±1
counts/s. The photopeak efficiency (PE) of the large detector was calculated from the ratio
of the measured activity count rate (142±1 counts/s) and the calculated activity of 775 Bq
for a 100 mm x 100 mm LaBr3 detector. The PE of the large detector was found to be 0.183.
The activity of the 100 mm x 100 mm LaBr detector was calculated from extrapolation of
[56] data for smaller sizes LaBr3:Ce detectors to 100 x 100 mm2 LaBr3 detector. For smaller
cylindrical LaBr3:Ce detectors of 38 mm x 38 mm, 41 mm x 76 mm, and 51 mm x 76 mm
sizes (diameter x height), Menge et al. reported calculated activity of the detector for
1436+32 keV as 42.6 Bq, 99.0 Bq, and 153 Bq, respectively. They also reported photopeak
count rates (count/s) for expected/measured count rates for theses detectors as (3.32/3.55),
(10.7/10.6) and (21.1/21.8), respectively. From the ratio of measured count rate and
calculated activity, the photopeak efficiency was derived [56]. Previously, the PE of the 76
mm x 76 mm LaBr3:Ce and LaCl3:Ce detectors were reported to be 0.191 [54] and 0.16
[55], respectively.
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Figure 3.3: 100 mm x 100 mm LaBr3:C detector intrinsic activity pulse height spectrum exhibiting 1468 keV line
from lanthanum.

3.2.2 Measurement of LaBr3:Ce detector activation spectrum
The detector activation spectrum was produced due to the interaction of thermal neutrons
with the detector material. The activation spectrum also contains gamma ray peaks due to
room background. The energies of the gamma-rays are listed in Table 3.1 [57].
Fig. 3.4 shows a gamma ray spectrum of the large LaBr3:Ce detector over 0.11 to 0.84
MeV energy range exhibiting prominent gamma-ray peaks of lanthanum, cerium, and
bromine from the detector material.

Figure 3.4: Prompt gamma-ray spectrum due to activation of the 100 mm x 100 mm LaBr3:Ce detector caused
by capture of thermal neutrons in La, Br and Ce elements present in LaBr3:Ce detector.
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Fig. 3.4 shows the lanthanum peaks at 163 and 789 keV along with the bromine peaks at
196, 276, 315, 367, and 512 keV. The Ce peak at 476 keV could not be resolved from the
Br peak at 512 keV and from the La peaks at 567 and 595 keV. Also, the La peak at 789
keV could not be resolved from the Br peak at 828 keV. The detector energy resolution
can be calculated from the activation spectrum for well resolved peaks of significant
intensities.
For comparison, the activation spectrum of a smaller 76 mm x 76 mm LaBr3:Ce detector
[4] is shown in Fig. 3.5 over 0.05 to 2.55 MeV range. The energy resolution of the large
detector is poorer as compared to that of the 76 mm x 76 mm LaBr3:Ce detector and many
peaks could not be resolved from adjacent ones.

Figure 3.5: Prompt gamma-ray spectrum due to activation of the 76 mm x 76 mm LaBr3: Ce detector caused by
capture of thermal neutrons in La, Br and Ce elements present in the LaBr3:Ce detector [4].
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Table 3.1: Energies and partial elemental cross section z(E)-barns of prominent capture gamma-rays used in
this study [57].

Element

B
Cl

Cr

La

Gamma-ray
energy (keV)

z(E)-barns

478
517
786
788
1164
1601
1951
1959
2863
3061
4980
5715
6110
6619
6628
7414
7790
8578
7099
7938
8483
8511
8884
9719
163
272
288
567
595
789
1436±32
2521
5126

716
7.58
3.42
5.42
8.90
1.21
6.33
4.10
1.82
1.13
1.23
1.82
6.59
2.53
1.47
3.29
2.66
0.88
0.146
0.424
0.169
0.233
0.780
0.260
0.489
0.502
0.73
0.335
0.103
Intrinsic
Intrinsic
0.212
0.114

Element

Al
Cd

Ce

Hg
H
Ni
Br
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Gamma-ray
energy (keV)

1623
171
245
558
651
475
662
737
1107
368
5967
2223
8533
8998
196
245
271
275
288
315
367
389
469
512
542
554
616
619
661
690
776
828
1044
1248
1317
1475
7577

z(E)-barns

0.0099
57
274
1860
359
0.082
0.241
0.026
0.040
251
62.5
0.333
0.721
1.49
0.434
0.80
0.462
0.158
0.253
0.460
0.233
0.049
0.290
0.210
0.114
0.838
0.39
0.515
0.082
0.083
0.990
0.285
0.323
0.0527
0.314
0.193
0.108

3.2.3 B, Cd, Hg, Cr and Ni Contaminated Water Sample Data
The energy resolution of the LaBr3:Ce detector was measured for capture gamma rays from
B, Cd, Hg, Cr and Ni-contaminated water samples. The spectra of the large detector were
recorded over 0.3 to 10 MeV gamma-ray energies. The detector spectra were acquired with
two different energy ranges. The gamma-ray spectra from mercury, boron and cadmium
were acquired over 0.09 to 0.61 MeV energy range with data acquisition time listed
separately for each sample in Table 3.2. The gamma-ray spectra from chromium, mercury,
and nickel were acquired over 1.33–10.0 MeV energy range. The mercury, boron,
cadmium, chromium and nickel samples were prepared by dissolving various chemical
compounds, such as boric acid, cadmium acetate, mercuric nitrate, chromium trioxide and
nickel nitrate, in water and filling them in the 90 mm diameter x 140 mm long plastic (PET)
bottles.
Table 3.2: Chemical composition and concentration of various elements samples used in the present study.

Chemical compound
Boric acid H3BO3
Cadmium acetate Cd(CH3CO2)2
Mercuric nitrate Hg(NO3)2
Nickel nitrate Ni(NO3)2
Chromium trioxide CrO3

Element

Concentration
(wt%)
2.5
0.25
3.1
22
52

B
Cd
Hg
Ni
Cr

Measurement time
(s)
720
480
1600
4600
6400

These samples were supplied by the Department of Chemistry, King Fahd University of
Petroleum and Minerals, Saudi Arabia. The concentrations of the various elements along
with corresponding sample measurement times are listed in Table 3.2. The samples'
measurement times vary from 480 s to 6400 s.
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Figs. 3.6, 3.7 and 3.8 show the detector pulse height spectra over 0.09 to 0.61 MeV
gamma-rays from the mercury, boron and cadmium samples superimposed upon
background spectra while Figs. 3.9, 3.10 and 3.11 show their respective backgroundsubtracted peaks.

Figure 3.6: Prompt gamma-rays pulse height spectra of mercuric nitrate contaminated water sample
superimposed upon background spectrum.

In order to superimpose the sample spectra upon the background spectra, both sample and
background spectra were normalized to the same counting time and same neutron flux.
This was obtained by normalizing both sample and background spectra in the region where
background is constant (sample independent). Then, the background spectrum was
subtracted from normalized spectrum to generate the difference spectrum.
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Figure 3.7: Prompt gamma-rays pulse height spectra of boric acid contaminated water sample superimposed upon
background spectrum.

Figs. 3.12 and 3.14 show detector pulse height spectra over 1.33– 10.0 MeV gamma-rays
from the chromium and nickel samples while Fig. 3.16 shows the detector pulse height
spectrum over 0.54– 9.42 MeV gamma rays from the mercury sample. Figs. 3.13, 3.15
and 3.17 are subsections of Figs. 3.12, 3.14 and 3.16 showing enlarged plots of chromium,
nickel and mercury peaks.

Figure 3.8: Prompt gamma-rays pulse height spectra of cadmium-acetate contaminated water sample
superimposed upon background spectrum.
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Fig. 3.6 shows the spectrum of mercury-contaminated water samples superimposed upon
the background spectrum over 0.09 to 0.61 MeV. The mercury peak at 358 keV interferes
with the bromine peak at 367 keV from the detector background. Fig. 3.9 shows the well
resolved 358 keV mercury peak in the difference spectrum, obtained after subtracting
background from mercury sample spectrum.

Figure 3.9: Difference pulse height spectra of mercuric nitrate contaminated water sample exhibiting 358 keV
mercury peak.

Similarly, Fig. 3.7 shows the boron contaminated water sample spectrum superimposed
upon background spectrum. The boron peak at 478 keV is interfering with cerium and
bromine peaks at 476 and 512 keV, respectively. Fig. 3.10 shows the well resolved 478
keV boron peak in the difference spectrum, obtained after subtracting background from
boron spectrum. The cadmium spectra acquired by the large detector are shown in Figs.
3.8 and 3.11. As shown in Fig. 3.8, the cadmium peak at 558 keV interferes with the cerium
and bromine peaks at 476 and 512 keV, respectively. Fig. 3.11 shows the well resolved
558 keV cadmium peak in the difference spectrum, obtained after subtracting background
spectrum from cadmium spectrum.
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Figure 3.10: Difference pulse height spectra of boric acid contaminated water sample exhibiting 478 keV boron
peak.

Fig. 3.12 shows the spectrum of chromium-contaminated water sample superimposed upon
the background spectrum over 1.33 to 10.0 MeV. The chromium peaks at 7099, 7938, 8884
and 9719 keV appear at the end of the spectrum. Also shown in Fig. 3.12, is the hydrogen
capture peak at 2223 keV due to capture of thermal neutrons in the high density
polyethylene.

Figure 3.11: Difference pulse height spectra of cadmium-acetate contaminated water sample exhibiting 558 keV
cadmium peak.
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The lanthanum and bromine peaks from thermal neutron capture in the detector material
appear at 5126 and 7577 keV, respectively. Fig. 3.13 shows the enlarged part of Fig. 3.12
over 7.28–10.0 MeV exhibiting the chromium peaks at 7099, 7938, 8884 and 9719 keV,
along with the background spectrum.

Figure 3.12: Prompt gamma-rays pulse height spectra of chromium trioxide (CrO3) contaminated water sample
superimposed upon background spectrum.

Similarly, Fig. 3.14 shows the spectra of nickel-contaminated water samples superimposed
upon background spectrum over 1.33–10.0 MeV. The nickel peaks at 8533 and 8998 keV
appear at the end of the spectrum.
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Figure 3.13: Enlarged pulse height spectrum of chromium trioxide contaminated water sample exhibiting 7099,
7938, 8884 and 9719 keV chromium peaks superimposed upon background spectrum.

Fig. 3.15 shows the enlarged part of Fig. 3.14 over 6.77 to 10.0 MeV exhibiting the nickel
peaks at 8533 and 8998 keV along with the single escape peak superimposed upon the
background spectrum. The high energy gamma-ray spectrum of mercury-contaminated
water sample, superimposed upon background spectrum, is shown in Fig. 3.16 over 0.54
to 10.0 MeV. The mercury peak could be seen at 5967 keV energy. The 5967 keV mercury
peak along with its associated single escape peak, superimposed upon the background, is
shown on an enlarged scale in Fig. 3.17.

Figure 3.14: Prompt gamma-rays pulse height spectra of nickel nitrate (NINO3) contaminated water sample
superimposed upon background spectrum.
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Figure 3.15: Enlarged pulse height spectrum of nickel nitrate contaminated water sample exhibiting 8533 and
8998 keV nickel peaks superimposed upon background spectrum.

The gamma ray peaks data from the detector material, as well as from boron, cadmium,
mercury, chromium and nickel samples was fitted to determine the energy resolution
(FWHM) of the detector using the least squares fit method. In order to investigate the effect
of light collection from the LaBr3:Ce crystal, the energy resolution (%) was plotted
against1/√Eγ in Figure 3.18.

Figure 3.16: Prompt gamma-rays pulse height spectra of mercuric nitrate (HgNO3) contaminated water sample
superimposed upon background spectrum.
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The slope of the fit is indicative of the light collection of the detector assembly. For
comparison, the energy resolution data of an 89 mm x 203 mm LaBr3:Ce detector coupled
to a photomultiplier with good energy resolution [53, 58], was also plotted against 1/√Eγ.

Figure 3.17: Enlarged pulse height spectrum of mercuric nitrate contaminated water sample exhibiting 5967 keV
mercury peak superimposed upon background spectrum.

Since both detectors contains 5% Ce each, the only difference between them is more
efficient light collection in the 89 mm x 203 mm LaBr3:Ce detector [53, 58].
Figure 3.18 shows the energy resolution data of the 89 mm x 203 mm LaBr3:Ce and 100 x
100 mm2 LaBr3:Ce detector plotted as a function of 1/√Eγ. The solid line through the data
represents linear least squares fit to the data of the type:
ΔE/E(%) = a/(√Eγ) + b.
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Figure 3.18: Energy resolution (%) of the 100 mm x 100 mm LaBr3:Ce detector and 89 mm x 203 mm LaBr3:Ce
detector [53, 58] plotted as a function of 1/√Eγ.

The values of the coefficients a and b of the fit to both detectors' energy resolution data are
listed in Table 3.3. The slope of the curve for 100 mm x 100 mm detector was calculated
to be 174.4 while for the 89 mm x 203 mm LaBr3:Ce detector its value was 80.9. The
almost two times smaller value of the slope for the 89 mm x 203 mm LaBr3:Ce detector
indicates almost two times better light collection for 89 mm x 203 mm LaBr3:Ce detector.
This is due to the fact that the photomultiplier used in the 100 x 100 mm2 LaBr3:Ce detector
has poorer energy resolution but superior timing resolution. The manufacturer claimed an
excellent time resolution of 608 ps for the 100 x 100 mm2 LaBr3:Ce detector as compared
to 880 ps reported for the 89 mm x 203 mm LaBr3:Ce detector.
Table 3.3: Coefficient of fit to energy resolution data of 100 mm x 100 mm and 89 mm x 203 mm LaBr3:Ce detector
[53,58]. Fitted equation: ΔE/E(%) = a/(√Eg) + b.

Detector size
100 mm x 100 mm
89 mm x 203 mm

Fit coefficient
Coefficient a
174.4
80.9
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Coefficient b
0.011
0.224

3.3

Energy Resolution Measurements of CeBr3 and LaCl3: Ce
Detectors

In this study, the CeBr3 and LaCl3: Ce Detectors energy resolution were measured from
gamma ray produced through thermal neutron capture in CeBr3 and LaCl3: Ce Detector’s
material as well as radiative gamma ray sources using MP320 portable deuteriumdeuterium neutron generator based prompt gamma ray neutron activation analysis
(PGNAA) setup.

3.3.1 Intrinsic Activity Spectra of CeBr3 and LaCl3: Ce Detectors
Ideally CeBr3 detector should be free of intrinsic activity because Ce and Br are both nonradioactive but it has intrinsic activity due to of 227Ac impurity in the detector material. The
intrinsic activity the of CeBr3 detector was measured following the procedure used
previously for intrinsic activity measurements of LaCl3:Ce detectors [54] and LaBr3:Ce
detector [55]. Detector intrinsic activity was measured when it was installed in the PGNAA
setup without any additional low background chamber to isolate detector intrinsic activity
from room background. For the sake of continuity, it will be briefly described here. The
detector signal, which was routed through a preamplifier, was processed through a
spectroscopy amplifier with shaping time of 1 microsecond. The amplifier signal was
processed by a Multichannel Buffer (ADC) for subsequent storage in a personal computer.
Fig. 3.19 shows intrinsic activity spectrum of the CeBr3 detector in units of counts/s/cm3
as a function of gamma ray energy, which was used to calculate intrinsic activity rate per
unit volume of the CeBr3 detector.

40

Figure 3.19: CeBr3 detector intrinsic activity spectrum in units of counts/s/cm3 as a function of gamma ray energy.

Fig. 3.19 also shows three prominent peaks of intrinsic activity of due to radioactive decay
of 227Ac impurity contaminants corresponding to 1510, 1746 and 1990 keV [59].
In the present study, the CeBr3 detector intrinsic activity was measured over two different
energy ranges namely; total intrinsic activity was measured over 0.33 to 3.33 MeV energy
range (called total intrinsic activity in the following paragraphs) while 227Ac activity (called
partial

227

Ac activity in the following paragraphs) was measured over 1.20-2.20 MeV

range. The total activity of the CeBr3 detector was measured to be 0.0220.001
counts/s/cm3 and while partial 227Ac activity was measured to be 0.0070.001 counts/s/cm3.
Previously intrinsic activity of two smaller 50 mm x 50 mm cylindrical CeBr3 detectors
namely detector # SBX 431 and detector # SFB 308 has been measured [59]. Figure 3.20
shows detector intrinsic activity pulse height spectrum superimposed upon detector energy
calibration spectrum taken with a 207Bi gamma ray source.
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Figure 3.20: CeBr3 detector intrinsic activity spectrum superimposed upon 207Bi source spectrum plotted as a
function of gamma ray energy.

The detector intrinsic activity spectrum without

207

Bi source, shows low gamma ray

background below 1.4 MeV energy. The gamma ray intrinsic activity spectrum of the
detector over 1200-2200 keV energy range is due to gamma rays emitted by alpha emitter
contaminants of 227Ac impurity produced by alpha particles of energies 5716 keV (223Ra);
6000 keV ( 227Th) ; 6623 keV (211Bi) ; 6819 keV (219Rn) ; 7386 keV ( 215Po) [59].
For the SBX 431 detector they reported a total activity of 0.019 0.001 counts/s/cm3 while
the partial

227

Ac activity was 0 .0010.0005 counts/s/cm3. For the SFB 308 detector the

total activity was 0.0430.001 counts/s/cm3 while the partial

227

Ac activity was

0.0220.001 counts/s/cm3. The partial 227Ac activity of the KFUPM CeBr3 detector is 85
% higher than that of the SBX 431 detector and it is 3.1 times less than that of SFB 308
detector. This intrinsic activity variation may be due to different 227Ac contaminants in the
CeBr3 detector crystals used [59].
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Previously, the intrinsic activity rates of cylindrical 76 mm x 76 mm LaBr3:Ce detector
[55] and LaCl3:Ce detector[54] were determined from the 1468 keV peak activity. The
intrinsic activity-rate of the LaCl3:Ce detector was measured to be 0.157counts/s/cm3 while
for the LaBr3:Ce detector it was measured to be 0.182 counts/s/cm3.. Compared to the
intrinsic activities of LaCl3:Ce and LaBr3:Ce detectors, the total activity of the CeBr3
detector (used in the present study) is 7 and 8 times less than those of the LaCl3:Ce [54]
and LaBr3:Ce detectors [55], respectively.
The intrinsic activity of the cylindrical LaCl3:Ce detector was also recorded following a
procedure similar to the one used for the CeBr3 detector. Figure 3.21 shows the intrinsic
spectrum of the LaCl3:Ce detector showing the 1468 keV intrinsic activity peak due to the
decay of radioactive lanthanum impurity superimposed upon 207Bi source spectrum taken
with the detector. Details of the origin of this activity have been published earlier [51].

Figure 3.21: LaCl3:Ce detector Intrinsic activity spectrum superimposed upon 207Bi source spectrum.
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Quarati et al. [59] found that the intrinsic activity of a CeBr3 detector is an order of
magnitude less than the intrinsic activities of the LaBr3:Ce and LaCl3:Ce detectors of
equivalent size.

3.3.2 Activation Spectrum of CeBr3 and LaCl3:Ce Detectors
The activation spectra of CeBr3 and LaCl3:Ce detectors were acquired using the procedure
described earlier in section 3.2.2. The activation spectrum of the CeBr3 detector was
recorded for 40 min runs. it contains prompt gamma-rays peaks due to capture of thermal
neutrons in Br and Ce elements present in the detector along with small intrinsic activity
peaks due to

227

Ac contamination. Using a pulsed neutron beam improves the signal to

background ratio because the beam associated background is reduced and is produced only
during beam pulse duration. Energies and intensities of prominent prompt gamma-rays due
to capture of thermal neutrons in bromine and cerium in the CeBr3 detector are listed in
Table 3.1 [57].
The activation spectrum of the CeBr3 detector measured over 0.24-2.35 MeV energy is
shown in Fig. 3.22. It contains most of the prompt gamma-ray lines of bromine and cerium
from Table 3.1 over this energy range along with the 2.22 MeV hydrogen capture peak of
thermal neutrons in the moderator.
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Figure 3.22: Activation spectrum of the CeBr3 Detector.

Figure 3.23 shows an enlarged part of CeBr3 detector activation spectrum over 0.0- 1.10
MeV superimposed upon

137

Cs source spectrum. The spectrum shows well resolved

Br(196) , Br(271) and Br(367) peaks due to capture of thermal neutrons in bromine within
the CeBr3 detector material. Similar bromine energy peaks were also observed before along
with La(163) peak in activation spectrum of a 100 mm x 100 mm LaBr3:Ce detector, as
shown in Fig. 3.24 [60].

Figure 3.23: Portion of CeBr3 activation spectrum superimposed upon 137Cs source spectrum.
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The activation spectrum of the LaCl3:Ce detector was recorded for 30 mins. Fig. 3.25 shows
the LaCl3:Ce detector activation spectrum for gamma ray energies below 2.40 MeV. The
spectrum shows well resolved peaks of La(271), Cl(517), Cl(1165), Cl(1951-1959) and
H(2223) peaks. Similar lanthanum and cerium peaks were reported in the activation
spectrum of a 76 mm x 76 mm (diameter x height) LaBr3:Ce detector in Fig. 3.24 [4].

Figure 3.24: Activation spectrum of LaBr3:Ce detector taken from reference [4].

Figure 3.25: Activation spectrum of the LaCl3:Ce Detector.
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Due to short irradiation time, delayed gamma-rays from 140La (half life = 40.3 h) could not
be detected. Figure 3.26 shows an enlarged part of the LaCl3:Ce detector activation
spectrum over 2.13-9.69 MeV. The spectrum shows well resolved Cl(2470), Cl(2864),
Cl(6111), Cl(6620-6628), Cl(6978) and Cl(8679) peaks due to capture of thermal neutrons
in chlorine in the LaCl3:Ce detector material [57].
Later on, all the well resolved energy peaks of the CeBr3 and LaCl3:Ce detectors in full as
well as enlarged activation spectra were used to calculate each detector energy resolution
for the corresponding gamma ray energy.

Figure 3.26: Enlarged portion of Activation spectrum of the LaCl3:Ce Detector.

The energy resolution of the CeBr3 detector was measured over 368 keV to 2223 keV
energy using

207

Bi and

137

Cs gamma ray sources along with 2223 keV hydrogen capture

peaks during prompt gamma rays studies. Energies of these gamma rays are listed in Table
3.6. For energy resolution measurements using activation spectrum of the CeBr3 detector;
Ce(475), and Ce(1107) peaks along with Br(196), Br(271), Br(367), Br(512), Br(554),
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Br(1064) and Br (1317) peaks were analyzed. Also full energy peak and associated single
escape peak of H (2223) were analyzed. Energies of theses peaks are listed in Table 3.6.
For 368 - 2223 keV gamma rays, energy resolution of the CeBr3 detector varies from 6.64
0.04 % to 2.750.04 %. In Fig. 3.27 energy resolution data of the CeBr3 detector is plotted
as a function of gamma ray energy. Also shown in the Fig. 3.27 is a function of the type
E/E (%) = a /Eb fitted to the CeBr3 detector energy resolution data. In the fitted function
a and b are constants and E is the gamma ray energy given in keV. The fit is drawn with
a solid line. The values of the constants a and b of the fit are listed in Table 3.4.

Figure 3.27: Energy resolution E/E (%) data of the CeBr3 detector superimposed upon least square fit of type
E/E (%) = a /Eb

The energy resolution of the LaCl3:Ce detector was measured over 272 - 8579 keV energy
using 570, 1064 and 1770 keV gamma rays fron

207

Bi source along with 2223 keV

hydrogen capture peaks during prompt gamma rays studies.

For energy resolution

measurements using activation spectrum of LaCl3:Ce detector La(272), La(4502),
Cl(1165), Cl(2470), Cl(2864), Cl(6111), Cl(6620), Cl(6978), Cl(7790) and Cl(8579)
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peaks were analyzed. For 272 - 8579 keV gamma rays, the energy resolution of the
LaCl3:Ce detector varies from 7.09 0.02 % to 0.900.01 % .
Table 3.4: Coefficients of Fit of type E/E(%) = a /Eb to the Energy Resolution Data of (50 mm x50 mm) CeBr3
[59], (76 mm x76 mm) CeBr3, (76 mm x76 mm) LaCl3;Ce, (50 mm x 50 mm) LaBr3:Ce[59] and (100 mm x 100
mm) LaBr3:Ce [60] detectors.

Detector Type
CeBr3
CeBr3 [12]
LaBr3:Ce [12]
LaCl3:Ce
LaBr3:Ce [ 3]

Detector
Size
76 mm x76 mm
50 mm x50 mm
50 mm x50 mm
76 mm x76 mm
100 mm x 100 mm

E/E(%) = a /Eb
A
b
130
0.507
108
0.498
81
0.501
122
0.505
174
0.484

In Fig. 3.28, the energy resolution data of the LaCl3:Ce detector is plotted as a function of
as a function of gamma ray energy. Also in Fig. 3.28, the energy resolution data of the
LaCl3:Ce detector is a fitted with a function of the type E/E (%) = a /Eb, where a and b
are constants and E is gamma ray energy given in keV. The fit is drawn with a solid line.

Figure 3.28: Energy resolution E/E (%) data of the CeBr3 detector superimposed upon least square fit of type
E/E (%) = a /Eb
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The values of the constants a and b of the fit are listed in Table 3.4. Further energy
resolution data of 50 mm x 50 mm (height x diameter) CeBr3 and LaBr3:Ce detectors [59]
has been included in Table 3.4 for comparison with the present energy resolution data of
the 76 mm x 76 mm (diameter x height) CeBr3 and LaCl3:Ce detectors. Also, the energy
resolution data of a large 100 mm x 100 mm LaBr3:Ce [60] has been included in Table
3.4.
As expected, the fit coefficient b for both types of detectors has a value of about 0.5. The
value of the coefficient a shows dependence on detector volume and energy resolution at
661 keV. For detectors of the same type its value increases with detector volume. For
detectors of different types but with the same volume, its value is proportional to the energy
resolution of the detector for 661 keV gamma rays.
A comparison of coefficient a values of energy resolution fit to the data of 50 mm x 50 mm
CeBr3 detector data [59] and that of 76 mm x 76 mm CeBr3 detector of the present study
shows 20% larger value of the coefficient a for our 76 mm x 76 mm detector. Due to larger
volume of the 76 mm x 76 mm CeBr3 used in the present study, it might have resulted in
increasing light absorption with increasing Ce contents in the larger volume CeBr3 detector
and hence poorer light collection in the larger volume CeBr3 detector used in the present
study. Table 3.5 shows energy resolution ratios of the CeBr3, LaBr3:Ce and LaCl3:Ce
detectors of various sizes for 661 keV energies and ratio of corresponding coefficient a of
the fit to respective detector’s energy resolution data .
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Table 3.5: Ratios of Energy resolution and Coefficient of Energy Resolution Fit of (50 mm x 50 mm)

CeBr3 [59], (76 mm x 76 mm ) CeBr3, (76 mm x 76 mm ) LaCl3;Ce, (50 mm x 50 mm) LaBr3:Ce [59]
and (100 mm x 100 mm) LaBr3:Ce [60] detectors

Detector* Ratio

CeBr3 (50 mm)
/CeBr3(76 mm)
CeBr3(76 mm) /
LaBr3Ce(50 mm)
CeBr3(76 mm)/
LaCl3:Ce (76 mm)
LaCl3:Ce (76 mm)/
LaBr3:Ce (100 mm)

Energy Resolution (%) Ratio of Corresponding a
Ratio for 661 keV gamma coefficient of the fit
rays
1
0.830
1.517

1.333

1.071

1.066

0.774

0.701

*Detector is marked by detector diameter ( x mm) assuming a cylindrical ( x mm , x mm ) .detector.
As expected, the coefficient ratio has good agreement with the 661 keV energy resolution
data. The disagreement between the two values is only in the case when the two detectors
under comparison have different volumes.

3.4

Energy Resolution Measurements of the BGO Detector

Cylindrical 102 mm x 102 mm (height x diameter) BGO detector was acquired from
Scionix, Holland. The detector performance tests were carried out prior to its application
in the detection of the toxic elements chromium and nickel. In these tests the response of
the detector was measured for various monoenergetic gamma rays from radioisotope
sources as well as prompt gamma rays emitted from detector material due to thermal
neutron capture, following the procedure used for energy resolution measurements of the
CeBr3 and LaCl3:Ce detectors [61]. Also, the detector activation spectrum was analyzed
due to capture of thermal neutrons in detector material.
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The energy resolution of the BGO detector was measured over 0.36-8.99 MeV energy
using 207Bi, 137Cs and

133

Ba mono energetic gamma ray. Also used for this purpose were

the Bi(2505) , Bi(2828), Ni(8533) and Ni(8998) peaks of the activation spectrum of the
BGO detector and nickel contaminated water sample, along with H(2223) hydrogen
capture peak from the moderator, as shown in Fig. 3.29.

Figure 3.29: Prompt gamma-rays pulse height spectra of nickel nitrate Ni(NO3)2 contaminated water sample
superimposed upon background spectrum taken with a BGO detector for energy resolution measurements.

Additionally, two naturally occurring gamma rays, namely the La(789) and La(1468)
peaks, emitted by a 76 mm x 76 mm cylindrical LaCl3:Ce detector, were also recorded
using the BGO detector. Figure 3.30 shows the LaCl3:Ce detector gamma ray intrinsic
activity spectrum superimposed upon the background spectrum measured by a BGO
detector.
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Figure 3.30: Intrinsic activity spectrum of a LaCl3:Ce detector counted with a BGO detector along with
background spectrum of the BGO detector.

Figure 3.31 shows the La(789) and La(1468) gamma ray difference spectrum from the
LaCl3:Ce detector measured by the BGO detector. These La gamma rays were also
included in energy resolution measurements of the BGO detector.

Figure 3.31: Difference of Intrinsic activity spectrum of a LaCl3:Ce showing two peaks of La(1468) and La(789)
impurity in LaCl3:Ce detector measured by the BGO detector.
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The energy resolution of the BGO detector varies from (14.2 ± 1.70) % to (2.40 ± 0.02) %
over the 0.36-8.99 MeV energy range. In Fig.3.32, the energy resolution data of the BGO
detector is plotted as a function of gamma ray energy. The data is fitted by the function
E/E(%) = a/E(MeV), with a = 104.26. The fit is drawn with a solid line. As expected,
there is good agreement between the data and the fit.

Figure 3.32: Energy resolution of BGO detector plotted as a function of gamma ray energy. Solid line represents
fitted curve of type E Resol (%) =104.26 x E-0.519 to the experimental data
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4 CHAPTER 4
PROMPT GAMMA ANALYSIS OF B, Cd, Hg, Cr, Ni AND
Cl CONTAMINATED WATER SAMPLES
In this study, contaminated water samples have been analyzed through Thermal Neutron
Capture (TNC) technique using 76 mm x 76 mm (diameter x height) CeBr3 and 102 mm x
102 mm (diameter x height) BGO detectors. The measurements were carried out using a
portable neutron generator-based PGNAA setup shown in Fig. 4.1. Contaminated water
samples analysis is importance for environmental pollution studies due to their toxicity.

4.1

Experimental Setup

The prompt gamma measurements of toxic water samples were recorded using portable
neutron generator-based (PGNAA) setup shown in Figure 4.1. it consists of a cylindrical
moderator made of high density polyethylene. The moderator has a central cylindrical
cavity that can accommodate a cylindrical sample with a maximum diameter of 9 cm and
a length of 14 cm, respectively. A gamma ray detector, placed with its longitudinal axis
aligned along the moderator and sample's major axis, views the sample at a right angle to
the neutron beam axis. Figure 4.1 shows the PGNAA setup used in this study. In order to
prevent unwanted gamma-rays and neutrons from reaching the detector, lead and paraffin
shielding were provided around the gamma-ray detector. Neutron shielding was made up
of a mixture of paraffin and lithium carbonate mixed in equal weight proportions.
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Samples were poured in cylindrical plastic bottles of 14 cm length and 9 cm internal
diameter. They were then irradiated using a pulsed beam of 2.5 MeV neutrons with 70 keV
voltage and a current of 70 μA. The prompt gamma-ray data from the samples were
acquired for 25 min.
The detector’s signals were acquired using standard NIM electronics modules. The signal
that was routed through a preamplifier and then processed through a spectroscopy amplifier
with shaping time of 1 μs. A Logical gate signal was generated for each signal processed
by the amplifier using single channel analyzer and gate and delay generator modules. For
dead time correction, one of the outputs of the gate and delay generator was used to gate
the Multichannel Buffer, while another output was used to calculate the dead time
correction.

Figure 4.1: Schematic representation of the MP320 portable neutron generator used to measure the prompt
gamma-ray yield from the samples.

4.2

Sample Preparation

Boric acid (H3BO3), Cadmium acetate (Cd(CH3CO2)2), Mercuric nitrate (Hg(NO3)2),
Chromium oxide (CrO3), Nickel nitrate (Ni(NO3)2) and NaCl compounds were used to
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prepare boron, cadmium, mercury, chromium, nickel and chlorine contaminated water
samples. The concentrations of boron, cadmium, mercury, chromium, nickel and chlorinecontaminated water samples were independently measured in the Department of
Chemistry, King Fahd University of Petroleum and Minerals, Dhahran, Saudi Arabia using
chemical methods, such as Atomic Absorption Spectrometry. B, Cd, Hg, Cr, Ni and Cl
samples were thoroughly mixed with pure water and thereafter poured in cylindrical plastic
bottles with 140 mm length and 90 mm internal diameter. Table 4.1 shows the
concentration of B, Cd, Hg, Cr, Ni and Cl samples mixed in water.
Table 4.1: Concentrations of B, Cd, Hg, Cr, Ni and Cl Samples Mixed in Water.

Elements
B
Cd
Hg
Cr
Ni
Cl

4.3

Concentrations (wt. %)
0.31, 1.25 and 2.50, wt. %
0.0625, 0.125, and 0.250 wt. %
0.75 , 1.25 and 2.5 wt. %
2.9, 4.35, 5.8, 7.5, 11.4 and 15.7 wt. %
20.3, 24.2, 28.3, 36.4 and 51.7 wt. %
2, 4, 6 and 8 wt. %

Prompt Gamma-ray Analysis of Contaminated Water Samples
Using CeBr3 Detector.

The prompt gamma-ray analysis of contaminated water samples were carried out using the
CeBr3 detector based PGNAA setup utilizing a portable neutron generator, following the
procedure described earlier in section 4.1. A pulsed beam of 2.5 MeV neutrons was
produced via D(d,n) reaction using 70 A deuteron beam current and 70keV energy. The
deuteron pulse had a width of 800 micro seconds and a frequency of 250Hz. The prompt
gamma-ray data from contaminated water samples were acquired for preset number of time
using Multichannel Buffer based data acquisition system. The data collection time for
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samples typically varied from 20-30 mins. Due to the low neutron flux of the portable
neutron generator, the data collection time for chromium and nickel samples typical varied
from 60-130 mins. The neutron flux was monitored during each run using a cylindrical
NE213 detector with pulse shape discrimination. The neutron monitor spectrum was used
for neutron flux normalization during data correction.

4.3.1 Boron, Cadmium, Mercury, Chromium and Nickel Contaminated
Water Samples Data.
Figure 4.2 shows the pulse height spectra of prompt gamma-rays from water samples
containing 2.5 wt.% mercury, 0.25 wt.% boron and 0.25 wt.% cadmium superimposed
upon the background spectrum.

Figure 4.2: Enlarged prompt gamma-ray experimental pulse height spectra of boron, mercury and cadmium
contaminated water samples superimposed upon background spectrum taken with pure water sample, showing
location of boron, mercury and cadmium peaks and their interference with detector activation peaks.

Due to the finite energy resolution of the detector, the energy of the centroid of the resultant
peak of the unresolved interfering peaks is given by a cross section-weighted average
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energy of the peaks. For Br(367) and Br(389) peaks, the resultant peak centroid energy is
378keV, which was verified experimentally. Similarly for Br(469), Ce(475) and Br(512)
peaks, the cross section-weighted energy of resultant peak centroid is 486keV. The cross
section-weighted centroid energy of Br(512) and Br(542) interfering peaks is 522keV.The
cross section-weighted centroid energy of Br(554), Br(616) and Br (619) interfering peaks
is 576keV. All resultant peak centroid energies have been verified experimentally.
Figures 4.3 and 4.4 show pulse height spectra of prompt gamma-rays from water samples
containing 0.75, 1.25 and 2.5 wt.% mercury superimposed upon each other along with a
background spectrum taken with a pure water sample. In order to show the effect of
increasing concentration of mercury on the pulse height spectrum, pulse height spectra for
different mercury concentrations are plotted over 0.32 to 0.64 MeV. Figure 4.3 shows the
368 keV mercury peak on enlarged scale to indicate its interference with 367 and 389 keV
peak from activation of bromine in CeBr3 detector.

Figure 4.3: Prompt gamma-rays pulse height spectra of three mercury contaminated water samples containing
0.75, 1.25 and 2.50wt% mercury superimposed upon background spectrum taken with pure water.
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Since mercury peaks contain the contribution of Br(367) and Br(389) peaks, difference
spectra of mercury peaks for 0.75, 1.25 and 2.5 wt. % concentrations were generated by
subtracting the background spectrum from each of them. Figure 4.4 shows the enlarged
difference spectra of mercury peaks for 0.75, 1.25 and 2.5 wt % mercury concentrations.

Figure 4.4: Enlarged prompt gamma-rays pulse height spectra of water samples containing 0.75, 1.25 and
2.50wt% mercury after background subtraction.

Figures 4.5 and 4.6 show pulse height spectra of prompt gamma-rays from water samples
containing 0.031, 0.125, and 0.25 wt. % boron superimposed upon each other along with
background spectrum taken with a pure water sample. In order to show the effect of
increasing concentration of boron on the pulse height spectrum, pulse height spectra for
different boron concentrations are plotted over 0.31-0.42 MeV energies. Figure 4.5 shows
the 478 keV boron peak interference on enlarged scale with the Br(469) and 475 keV peak
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of cerium from the activation of the CeBr3 detector. Since boron peaks contain the
contribution of Ce(475) and Br(469) peaks, difference spectra of boron peaks for 0.031,
0.12 and 0.25 wt. % concentrations were generated by subtracting the background
spectrum from each of them. Figure 4.6 shows the difference spectra of boron peaks for
0.031, 0.125, and 0.25 wt. % boron concentrations.

Figure 4.5: Prompt gamma-rays pulse height spectra of three boron contaminated water samples containing 0.031,
0.125 and 0.250 wt% boron superimposed upon background spectrum taken with pure water.
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Figure 4.6: Enlarged prompt gamma-ray pulse height spectra of water samples containing 0.031, 0.125 and 0.250
wt% boron after background subtraction.

Figures 4.7 and 4.8 show the pulse height spectra of prompt gamma rays from water
samples containing 0.0625, 0.125 and 0.25 wt. % cadmium superimposed upon each other
along with background spectrum taken without sample. In order to show effect of
increasing concentration of cadmium on the pulse height spectrum, pulse height spectra for
different cadmium concentration are plotted over 0.32-0.64 MeV energies. Figure 4.7
shows the 558 keV cadmium peak on enlarged scale to indicate its interference with 554,
616 and 619 keV peaks from activation of bromine in the CeBr3 detector. Since the
cadmium peak contains the contribution of bromine peaks, the difference spectra of
cadmium peaks for 0.0625, 0.125 and 0.25 wt. % concentrations were generated by
subtracting the background spectrum from each of them. Figure 4.8 shows the difference
spectra of cadmium peaks for 0.0625, 0.125 and 0.25 wt. % cadmium concentrations.
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Figure 4.7: Prompt gamma-rays pulse height spectra of three cadmium contaminated water samples containing
0.0625, 0.125 and 0.250wt% cadmium superimposed upon background spectrum taken with pure water.

Figure 4.8: Enlarged prompt gamma-rays pulse height spectra of water samples containing 0.0625, 0.125 and
0.250wt% cadmium after background subtraction.

Figure 4.9 shows the pulse height spectra of prompt gamma-rays from water samples
containing 2.9, 4.35, 5.8, 7.5, 11.4 and 15.7 wt. % chromium concentrations superimposed
upon background spectrum over 1.84 to 10.1 MeV energy range. The combined Cr(8483)
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and Cr(8511) chromium peaks , are quite prominent along with Cr(8884) and Cr(9719)
peaks.

Figure 4.9: Prompt gamma-rays pulse height spectra of water samples contaminated with 2.90-15.7 wt. %
chromium oxide (CrO3) over 1.84-10.1 MeV energy range superimposed upon background spectrum.

Figures 4.10 and 4.11 show the enlarged pulse height spectra of prompt gamma-rays from
chromium-contaminated water samples. Figure 4.10 shows the pulse height spectra
superimposed upon each other along with beam associated-background spectrum taken
with pure water sample over 8.19-9.83 MeV energy.
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Figure 4.10: Enlarged prompt gamma-rays pulse height spectra of water samples contaminated with 2.90-15.7 wt.
% chromium oxide (CrO3) over 8.19-9.83 MeV energy range superimposed upon background spectrum.

Figure 4.11 shows the enlarged difference spectra (background subtracted) of chromium
peaks over 8.23-9.87 MeV energy. Figures 4.10 and 4.11 show unresolved Cr(8483) and
Cr(8511) chromium peaks along with Cr(8884) and Cr(9719) peaks. Also shown in the
Figure is the Single Escape (SE) peak corresponding to the Cr(9719) peak.

Figure 4.11: Difference pulse height spectra of water samples contaminated with 2.90-15.7 wt. % chromium oxide
(CrO3) contaminated water sample.

65

Figure 4.12 shows the pulse height spectra of prompt gamma-rays from water samples
containing 20.3, 24.2, 28.3, 36.4 and 51.7 wt. % nickel concentrations superimposed upon
the background spectrum over 1.84 to 10.1 MeV. The Ni(8533) and Ni(8998) nickel peaks
, are quite prominent.

Figure 4.12: Prompt gamma-rays pulse height spectra of water samples contaminated with 20-51.7 wt % nickel
nitrate Ni(NO3)2 over 1.84-10.1 MeV energy range superimposed upon background spectrum.

Figures 4.13 and 4.14 show the enlarged pulse height spectra of prompt gamma-rays from
nickel-contaminated water samples. Figure 4.13 shows the nickel-contaminated water
samples pulse height spectra superimposed upon each other along with beam associatedbackground spectrum taken with a pure water sample over 8.23-9.46 MeV energy.
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Figure 4.13: Enlarged prompt gamma-rays pulse height spectra of water samples contaminated with 20-51.7 wt
% nickel nitrate Ni(NO3)2 over 8.23-9.46 MeV energy range superimposed upon background spectrum.

Figure 4.14 shows the enlarged difference spectra (background subtracted) of nickel peaks
over 8.32-9.12 MeV energy. Figures 4.13 show the resolved Ni(8533) and Ni(8998) nickel
peaks.

Figure 4.14: Difference pulse height spectra of water samples contaminated with 20-51.7 wt % nickel nitrate
Ni(NO3)2 contaminated water sample.
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4.3.2 Chlorine Contaminated Water Samples Data
The Prompt gamma ray measurements from saline samples were carried out using the
CeBr3 detector-based PGNAA setup utilizing the portable neutron generator described
earlier in section 4.1. The setup is also shown in Fig. 4.1. Prompt gamma rays from chlorine
have several intense lines with energies varying from 0.5 MeV to 8.58 MeV. In order to
obtain optimum resolution of these gamma rays, measurements were carried out with two
different pulse height amplifier gain settings. One setting, with larger amplifier gain was
used to record low energy gamma ray energy signals below 2.22 MeV by adjusting the
hydrogen peak location near the end channel of the spectrum, as shown in Fig. 4.15. Figure
4.15 shows the low energy activation spectrum of CeBr3 detector due to capture of thermal
neutrons in CeBr3 detector material. Prompt gamma peaks due to capture of thermal
neutrons in Ce, Br and H (from moderator material) are quite prominent in Figure 4.15.

Figure 4.15: Prompt gamma-ray spectrum due to activation of the CeBr3 detector caused by capture of thermal
neutrons in Br and Ce elements present in CeBr3 detector along with hydrogen capture peak from the moderator.
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The other amplifier gain setting was used to record high energy gamma ray energies up to
9.9 MeV by adjusting the location of the hydrogen peak near the beginning channels of
the spectrum, as shown in Fig. 4.16. In order to calibrate the detector for higher energy
gamma rays, the detector spectrum was acquired from NiNO3 sample as shown in Figure
4.16. High energy

Ni(8533) and Ni(8998) keV gamma rays along with

Br(7577)

gamma rays peak from the detector material are quite prominent.

Figure 4.16: High energy calibration spectrum

For each amplifier setting, the detector background spectrum was recorded with an empty
plastic container inserted into the moderator cavity. A pulsed beam of 2.5 MeV neutrons
was produced via the D(d,n) reaction using a 70 A deuteron beam current and 70 keV
energy. The deuteron pulse had a width of 800 micro seconds and a frequency of 250Hz.
The background spectrum of the CeBr3 detector contains prompt gamma-ray peaks due to
the capture of thermal neutrons in Br and Ce elements present in the CeBr3 detector
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material. The energies and intensities of prominent prompt gamma-rays due to the capture
of thermal neutrons in cerium and bromine are listed in Table 3.1 [57].
The background spectrum must be subtracted from the sample spectrum to obtain
background free prompt gamma ray spectrum of the sample. The prompt gamma-ray data
from chloride-contaminated water samples were acquired for a preset time using the
Multichannel Buffer based data acquisition system. The typical data collection time for
saline samples varies from 20-30 mins. The neutron flux was monitored during each run
using a cylindrical NE213 detector with pulse shape discrimination. The neutron flux was
monitored through a beam current monitor from the neutron generator. Any fluctuation in
beam current was considered while normalizing the data.
Figure 4.17 shows the low energy prompt gamma-rays spectrum from saline water samples
containing 4.0 wt. % chlorine superimposed upon background spectrum over 0.41-2.29
MeV energy range. Chlorine peaks at 517, 788, 1116 and 1951-1959 keV along with 2223
keV hydrogen peak from the moderator are quite prominent.

Figure 4.17: Low energy pulse height spectrum of saline water spectrum with 4 % chlorine contamination
superimposed upon background spectrum.
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Figure 4.18 shows low energy gamma-rays spectra from saline water samples containing
2, 4, 6 and 8 wt. % chlorine superimposed upon background spectrum over 0.41-2.32 MeV
energy range. Chlorine peaks at 517, 788, 1116 and 1951 keV along with 2223 keV
hydrogen peak from the moderator are quite prominent.

Figure 4.18: Shows the pulse height spectra of prompt gamma-rays from saline water samples containing 2, 4, 6
and 8 wt. % chlorine superimposed upon background spectrum over 0.41-2.32 MeV energy range.

Figure 4.19 shows the high-energy prompt gamma-rays spectra from saline water samples
containing 4 wt. % chlorine superimposed upon background spectrum over 1.10-9.98 MeV
energy range. Chlorine peaks at 6110, and 8578 keV along with 2223 keV hydrogen peak
from the moderator are quite prominent. Fig. 4.20 shows enlarged part of Fig. 4.19 over
2.57-8.75 MeV range showing 2864, 3062, 4980, 5715, 6110, 6619 and 8578 keV chlorine
peaks.
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Figure 4.19: High energy pulse height spectrum of saline water spectrum with 4 % chlorine contamination
superimposed upon background spectrum.

Figure 4.20: Enlarged spectrum of high energy pulse height spectrum of saline water spectrum with 4 % chlorine
contamination superimposed upon background spectrum.

Figure 4.21 shows high energy gamma-rays spectra from saline water samples containing
2, 4, 6 and 8 wt. % chlorine superimposed upon background spectrum over 1.10-9.90 MeV
energy range. Chlorine peaks at 8578 keV along with 2223 keV hydrogen peak from the
moderator are quite prominent.
72

Figure 4.21: Shows the pulse height spectra of prompt gamma-rays from saline water samples containing 2, 4, 6
and 8 wt. % chlorine superimposed upon background spectrum over 1.10-9.90 MeV energy range.

Low and high energy gamma ray spectra shown in Figures 4.18 and 4.21 were analyzed
using pulse height windows corresponding to 517, 788, 1165, 1951, 2863, 6110, 6619 and
8578 keV chlorine prompt gamma rays. For each gamma ray energy, the difference
spectrum was generated for 2 %, 4%, 6% and 8 % chlorine sample spectra by subtracting
background spectrum from each sample spectrum and normalizing to the same neutron
flux. Figures 22-29 show the difference spectra of 517, 788, 1165, 1951, 2863, 6110, 6619
and 8578 keV chlorine gamma rays 2, 4, 6 and 8 wt. % chlorine in saline water. Fig. 4.22
shows 517 keV chlorine peak over 0.42-0.66 MeV energy, Fig. 4.23 shows 778 keV
chlorine peak over 0.66-0.91 MeV energy, Fig. 4.24 shows 1164 keV chlorine peak over
1.09-1.24 MeV energy, Fig 4.25 shows 1951 keV chlorine peak over 1.78-2.13 MeV
energy, Fig. 4.26 shows 2863 keV chlorine peak over 2.71-2.96 MeV energy, Fig. 4.27
shows 6110 keV chlorine peak over 5.84-6.28 MeV energy and Fig. 4.28 shows 6619 keV
chlorine peak over 6.39-6.83 MeV energy. Fig. 4.29 shows 8578 keV chlorine peak over
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8.43-8.83 MeV energy. For all the peaks, the gamma ray yield increases with increasing
chlorine concentration.

Figure 4.22: Enlarged prompt gamma-ray pulse height spectra of saline water samples containing 2, 4, 6 and 8
wt. % chlorine contamination plotted over 0.42- 0.66 MeV energy range after background subtraction.

Figure 4.23: Enlarged prompt gamma-ray pulse height spectra of saline water samples containing 2, 4, 6 and 8
wt. % chlorine contamination plotted over 0.66- 0.91 MeV energy range after background subtraction.
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Figure 4.24: Enlarged prompt gamma-ray pulse height spectra of saline water samples containing 2, 4, 6 and 8
wt. % chlorine contamination plotted over 1.09- 1.24 MeV energy range after background subtraction.

Figure 4.25: Enlarged prompt gamma-ray pulse height spectra of saline water samples containing 2, 4, 6 and 8
wt. % chlorine contamination plotted over 1.78- 2.13 MeV energy range after background subtraction.

Figure 4.26: Enlarged prompt gamma-ray pulse height spectra of saline water samples containing 2, 4, 6 and 8
wt. % chlorine contamination plotted over 2.71- 2.96 MeV energy range after background subtraction.
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Figure 4.27: Enlarged prompt gamma-ray pulse height spectra of saline water samples containing 2, 4, 6 and 8
wt. % chlorine contamination plotted over 5.84- 6.28 MeV energy range after background subtraction.

Figure 4.28: Enlarged prompt gamma-ray pulse height spectra of saline water samples containing 2, 4, 6 and 8
wt. % chlorine contamination plotted over 6.39- 6.83 MeV energy range after background subtraction.

Figure 4.29: Enlarged prompt gamma-ray pulse height spectra of saline water samples containing 2, 4, 6 and 8
wt. % chlorine contamination plotted over 8.43- 8.83 MeV energy range after background subtraction.
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The prompt gamma-ray yield of the chromium and nickel-contaminated water samples
were measured using the portable neutron generator based PGNAA setup utilizing the
BGO detector following the procedure described in Section 4.1. The six chromium samples
with 2.9, 4.35, 5.8, 7.5, 11.4 and 15.7 wt. % chromium concentrations and five nickel
samples with 20.3, 24.2, 28.3, 36.4 and 51.7 wt. % nickel concentrations were irradiated in
the portable neutron generator based PGNAA setup utilizing the BGO detector with similar
accelerator beam parameters given in Section 4.5 for the measurement using the CeBr3
detector. For the BGO detector based measurements the data collection time for chromium
and nickel samples typical varied from 40-120 minutes.
Figure 4.30 shows the pulse height spectra of prompt gamma-rays from water samples
containing 2.9, 4.35, 5.8, 7.5, 11.4 and 15.7 wt. % chromium concentrations superimposed
upon background spectrum over 1.64-9.75 MeV taken with the BGO detector. The
Cr(7938) peak, unresolved Cr(8483, 8511) and Cr(8884) peaks and Cr(9719) peaks are
quite prominent.
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Figure 4.30: Prompt gamma-rays pulse height spectra of water samples contaminated with 2.90-15.7 wt. %
chromium oxide (CrO3) over 1.67-9.98 MeV energy range superimposed upon background spectrum.

Figures 4.31 and 4.32 show the enlarged pulse height spectra of prompt gamma-rays from
chromium-contaminated water samples. Figure 4.31 shows the pulse height spectra
superimposed upon each other along with beam associated-background spectrum taken
with a pure water sample over 7.54-9.98 MeV energy.

Figure 4.31: Enlarged prompt gamma-rays pulse height spectra of water samples contaminated with 2.90-15.7 wt.
% chromium oxide (CrO3) over 7.54-9.98 MeV energy range superimposed upon background spectrum.
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Figure 4.32 shows the enlarged difference spectra (background subtracted) of chromium
peaks over 7.74 -9.84 MeV energy. Figures 4.31 and 4.32 show unresolved Cr(8483-8511)
and Cr(8884) chromium peaks along with Cr(9719) peak.

Figure 4.32: Difference pulse height spectra of water samples contaminated with 2.90-15.7 wt. % chromium oxide
(CrO3) contaminated water sample.

Figure 4.33 shows the pulse height spectra of prompt gamma-rays from water samples
containing 20.3, 24.2, 28.3, 36.4 and 51.7 wt. % nickel concentrations superimposed upon
background spectrum over 1.72-9.60 MeV taken with the BGO detector. The Ni(8533) and
Ni(8998) nickel peaks , are quite prominent.
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Figure 4.33: Prompt gamma-rays pulse height spectra of water samples contaminated with 20-51.7 wt % nickel
nitrate Ni(NO3)2 over 1.67-9.60 MeV energy range superimposed upon background spectrum.

Figures 4.34 and 4.35 show the enlarged pulse height spectra of prompt gamma-rays from
nickel-contaminated water samples. Figure 4.34 shows the nickel-contaminated water
samples pulse height spectra superimposed upon each other along with beam associatedbackground spectrum taken with a pure water sample over 8.26-9.31 MeV energy. Figure
4.35 shows the enlarged difference spectra (background subtracted) of nickel peaks over
8.26-9.31 MeV energy. Figures 4.34 and 4.35 show barely resolved Ni(8533) and Ni(8998)
nickel peaks.

Figure 4.34: Prompt gamma-rays pulse height spectra of water samples contaminated with 20-51.7 wt % nickel
nitrate Ni(NO3)2 over 1.67-9.60 MeV energy range superimposed upon background spectrum.
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Figure 4.35: Difference pulse height spectra of water samples contaminated with 20-51.7 wt % nickel nitrate
Ni(NO3)2 contaminated water sample.

4.5

Results and Discussion

Finally, integrated yield of boron, mercury, cadmium, chromium, nickel and chlorine
samples gamma ray spectra were calculated by integrating the difference spectra peaks.
The integrated yield data was normalized to the same neutron flux and data acquisition
time. Fig. 4.36 shows the integrated yield from difference spectra of boron, cadmium and
mercury-contaminated water samples as a function of boron, cadmium and mercury
element concentration in water samples. The lines in Fig. 4.36 represents results of
calculated yield of prompt gamma-ray obtained from Monte Carlo calculations following
the procedure described elsewhere [62]. There is an excellent agreement between the
theoretical yield and the experimental yield of prompt gamma-ray from boron, cadmium
and mercury samples measured by CeBr3 detector as a function of concentration of the
respective element in water samples.
81

Figure 4.36: Integrated yield of Hg(368), B(478) and Cd(558) keV prompt gamma-rays from mercury, boron and
cadmium contaminated water samples plotted as a function of mercury, boron and cadmium concentration
respectively. The solid line shows normalized-calculated yield of the gamma-rays obtained through Monte Carlo
calculations.

Then integrated yield of chromium and nickel gamma ray spectra were calculated by
integrating the difference spectra of Cr(8483, 8511) , Cr(8884) , Cr(9719) peaks ,
Ni(8533) and Ni(8998) nickel peaks. The integrated yield data was normalized to the same
neutron flux and data acquisition time. Figure 4.37 and 4.38 shows the integrated yield
from difference spectra of chromium and nickel-contaminated water samples as a function
of chromium and nickel elemental concentration in these water samples.
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Figure 4.37: Experimental yield of Cr(7938), Cr(8511), Cr(8884) and Cr(9719) prompt gamma rays from
chromium measured by the CeBr3 detector plotted as a function of chromium concentration in water samples.
Data is fitted with Monte Carlo simulations results shown as lines.

Figure 4.38: Experimental yield of Ni(8533) and Ni(8998) prompt gamma rays from nickel measured by the CeBr3
detector plotted as a function of nickel concentration in water samples. Data is fitted with Monte Carlo simulations
results shown as lines.

The lines in Fig. 4.37 represent results of calculated yield of prompt gamma-ray obtained
from Monte Carlo calculations for the chromium-contaminated water samples following
the procedure described elsewhere [62]. The lines in Fig. 4.38 represent results of
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calculated yield of prompt gamma-ray obtained from Monte Carlo calculations for the
nickel-contaminated water samples. The experimental results and the results of Monte
Carlo calculation are in good agreement in Figures 4.37 and 4.38 within experimental
uncertainties.
Figs. 4.39-4.40 show integrated gamma rays yield of the eight chlorine gamma rays as a
function of chlorine concentration in saline water samples. Experimental data points for
each gamma ray line are superimposed on calculated yield of the respective gamma ray.
There is an excellent agreement between the experimental results and results of Monte
Carlo calculations.
Fig. 4.39 shows the integrated yield of 517, 788, 1165 and 1951 keV gamma rays as a
function of chlorine concentrations in saline water samples. Among this group of chlorine
gamma rays, maximum slope of the gamma ray line has been observed for 517 keV gamma
ray line while minimum slope for 1951 keV gamma ray line.

Figure 4.39: Integrated intensity of 517, 788, 1165 and 1951 KeV chlorine peaks from saline water samples plotted
as a function of chlorine concentration of the saline water sample over 0- 8 wt. % chlorine concentration. The lines
are results of Monte Carlo Simulation.

84

Fig. 4.40 shows the integrated yield of 2863, 6110 and 6619 and 8578 keV chlorine gamma
rays as a function of chlorine concentrations in saline water samples. Among this group
of chlorine gamma rays, maximum slope of the gamma ray line has been observed for 2863
keV gamma ray line while minimum slope has been observed for 6610 keV gamma ray
line.

Figure 4.40: Integrated intensity of 2863, 6110, 6619 and 8578 KeV chlorine peaks from saline water samples
plotted as a function of chlorine concentration of the saline water sample over 0- 8 wt. % chlorine concentration.
The lines are results of Monte Carlo Simulation.

Figure 4.41 and 4.42 shows the integrated yield from difference spectra of chromium and
nickel-contaminated water samples as a function of chromium and nickel elemental
concentration in these water samples.
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Figure 4.41: Experimental yield of Cr(7938), Cr(8483, 8511, 8884) and Cr(9719) prompt gamma rays from
chromium measured by the BGO detector plotted as a function of chromium concentration in water samples. Data
is fitted with Monte Carlo simulations results shown as lines.

The lines in Fig. 4.41 represent results of calculated yields of prompt gamma-ray obtained
from Monte Carlo calculations for the chromium-contaminated water while the lines in
Fig. 4.42 represent results of Monte Carlo calculations for the nickel-contaminated water
samples. The experimental results and the results of Monte Carlo calculation are in good
agreement within experimental uncertainties.

Figure 4.42: Experimental yield of Ni(8533) and Ni(8998) prompt gamma rays from nickel measured by the BGO
detector plotted as a function of nickel concentration in water samples. Data is fitted with Monte Carlo simulations
results shown as lines.
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4.5.1 Minimum Detection Limits of Boron, Cadmium, Mercury, Chlorine,
Chromium and Nickel in Water Samples using CeBr3 Detector
The minimum detection limit (MDC) of KFUPM portable neutron generator-based
PGNAA setup was determined for the 76 mm x 76 mm CeBr3 detector based system. The
detection limit for an elemental concentration MDC measured under a peak with net counts
P and associated background counts B (under the peak) can be approximated using the
equation [63]
𝜂𝑝
√[(1 + 𝜂 )]
𝐵
𝑀𝐷𝐶 = 3.29𝐶 {
⁄
}
√[𝑡 ′ ( 𝑃 ) (𝑃)]
𝐵 𝑡
where C is the element's concentration in the peak, t′ is the counting time, P/t is net count
rate, and ηP and ηB are the number of channels used to integrate the peak and background
areas to calculate P and B counts. If ηP and ηB are equal and t′ and t are equal then the
equation reduces to:
𝐶
𝑀𝐷𝐶 = 4.653 ( ) √𝐵
𝑃
where C/P is concentration (wt%)/counts, i.e. the calibration constant of the setup for a
speciﬁc gamma ray peak. This is the Currie Equation of Minimum Detection Limit (MDL)
of counts given by Knoll [64], with counts converted into element concentration.
The error in MDC i.e.
𝐶
𝜎𝑀𝐷𝐶 = ( ) √2𝐵
𝑃
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For 90 mm x 140 mm (diameter x height) cylindrical water sample, the measured
minimum detection limit MDC and its standard deviation  MDCB for boron, mercury and
cadmium are listed in Table 4.2. For comparison sake MDC data of 76 mm x 76 mm
cylindrical LaBr3:Ce detector [4] has also been included in Table 4.2.
For the CeBr3 detector, the measured values of minimum detection limit MDCB and 
MDCB

are 24.4 ppm and 7.43 ppm respectively. Compared to a LaBr3:Ce detector of

equivalent volume, the CeBr3 detector has 23 % higher detection sensitivity. This
improvement might be due to absence of lanthanum contamination in CeBr3 detector and
absence of its associated interfering peaks in background peaks at La(487) closely
interfering boron B(478) peak.
For the CeBr3 detector, the measured values of minimum detection limit of cadmium
MDCCd and 

MDCCd

are 95.6 ppm and 29.1 ppm respectively. The detection sensitivity

MDCCd of the CeBr3 detector is 18 % poorer than that the a LaBr3:Ce detector. Although
due to absence of interference of La(549) and La(567) in the background spectrum of CeBr3
detector , it was expected to have improved detection sensitivity for the cadmium detection.
Due to excessive doping of Ce in CeBr3 deteriorated the energy resolution hence decreasing
the detection sensitivity. This effect becomes more pronounced at higher energies.
For mercury detection, the measured values of minimum detection limit of mercury
MDCHg and  MDCHg are 0.15 wt. % and 0.05 wt. % respectively. The detection sensitivity
of the detector for the mercury is quite poor due to complete overlap of Hg(368) peak with
Br(367) and Br(389) peaks in the detector background.
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Minimum detection limit (MDC) values for 0.5-8.58 MeV Chlorine Gamma Rays are
measured in wt. % range due to the weak thermal neutron flux from the 2.5 MeV portable
neutron generator-high density polyethylene - moderator setup. For the 106 mm x 125 mm
(diameter x height) cylindrical water samples, the measured minimum detection limits
MDC and their standard deviations for eight chlorine prompt gamma rays with 517, 788,
1165, 1951, 2863, 6110, 6619 and 8578 keV energies varies from 1.75 wt % to 4.20 wt.
%. The detailed MDC values for each gamma ray along with its standard deviation MDC
are listed in Table 4.2.
For the CeBr3 based PGNAA setup the optimum values of MDCMDC have been
measured to 1.47 0.45 and 1.750.53 wt % respectively for 1951/1959 and 788 keV
chlorine gamma rays. Although there are gamma rays with higher intensities such as 517
keV and 6110 keV but they have poorer values of MDC i.e 3.481.06 and 2.340.71
respectively. Within standard the error ( ) limits, value of MDC for 6110, 6619 and
8578 keV gamma rays keV overlaps with our optimum values of MDC for 1951/1959 and
788 keV chlorine gamma rays. Larger values of MDC of 3.48 wt % - 4.20 wt. % have been
measured for 517, 1165 and 2863 keV.
The smaller values of MDC have been measured for those gamma rays with higher
intensities and relatively smaller background under the gamma ray peak. Similarly, larger
values of the MDC have been observed for less intense peaks or peaks having higher
background underneath due to gamma rays produced from CeBr3 detector material. Inspite
of large production cross section of 7.58 barn and 8.91 barn, the MDC for 517 and 1165
keV chlorine gamma rays have larger values of 3.48 and 3.87 wt % respectively. This is
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due to strong interference of Br(513) gamma ray with Cl(517) gamma ray and interference
of Ce(1107) gamma ray with Cl(1165) gamma rays.
A comparison of the MDC values of the various chlorine gamma rays in the low energy
range reveals that the optimum choice of gamma ray energy for chlorine detection may be
either 1951 keV or 788 keV gamma ray with corresponding MDC of 1.470.45 and
1.750.53 respectively. In the higher energy range the optimum choice of gamma ray
energy is 6110 keV or 6619 keV gamma ray with MDC values of 2.340.71 and 2.410.73
respectively.
For an Am–Be source based PGNAA setup, Khelifi et al have reported a value of MDC of
22.3 ppm for 6110 keV chlorine gamma ray for detection of chlorine in water samples [65].
In this study, an Am–Be source with much higher neutron flux than our neutron generator
was used.
This study has provided useful data on MDC values of chlorine gamma rays for a large
volume CeBr3 detector based PGNAA setup utilizing a portable neutron generator.
The measured minimum detection limits MDC and their standard deviations MDC for
chromium and nickel samples are listed in Table 4.2 for the CeBr3 and the BGO detectors.
For both the detectors, MDC values were calculated for both resolved and un-resolved
gamma ray peaks. For the CeBr3 detector, MDC was calculated for unresolved Cr(8483,
8511) peaks while for the BGO detector, MDC was calculated for unresolved Cr(8483,
8511, 8884) peaks and Ni(8533, 8998) peaks.
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For chromium detection the minimum detection limit MDCCr and MDC-Cr are 1.03 wt. %
and 0.31 wt. % respectively have been measured for the CeBr3 detector using Cr(8483,
8511) gamma rays . For the BGO detector the minimum detection limit MDCCr and MDCCr are 1.95

wt. % and 0.59 wt. % respectively have been measured for the Cr(8483, 8511,

8884) gamma rays. For nickel detection the minimum detection limit MDCNi and MDC-Ni
are 1.98 wt. % and 0.60 wt. % respectively have been measured for the CeBr3 detector
using Ni(8533) gamma rays . For the BGO detector the minimum detection limit MDC Ni
and MDC-Ni are 4.72 wt. % and 1.43 wt. % respectively have been measured for the
Ni(8533-8998) gamma rays.
Comparison the minimum values of MDC values of chromium and nickel for both the
CeBr3 and the BGO detector have revealed that inspite of almost 3 times poorer energy
resolution of the BGO detector (4 % for the CeBr3 detector as compared to 11 % for BGO
detector at 661 keV gamma rays) as compared to the superior CeBr3 detector, the MDC
values of the BGO detector for chromium and nickel are about 2-2.4 times poorer than
those of the superior CeBr3 values.
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Table 4.2: Minimum detection limit (MDC) of boron, cadmium, mercury, chromium, nickel and chlorine in water
samples using CeBr3, BGO and LaBr3:Ce [4] detector based PGNAA setup.

Element

Cr

E(keV)

7938
84838511
848385118884
8884
9719
8533
8998
85338998
517
788
1165
1951
2863
6110
6619
8578
478
558
368

Ni

Cl

B
Cd
Hg

CeBr3 Detector

BGO (3 x 3)

LaBr3:Ce Detector
[4]
MDC
MDC
-

MDC(wt.%)
1.03

MDC(wt.%)
0.31

MDC(wt.%)
2.70
-

MDC(wt.%)
0.82
-

-

-

1.95

0.59

-

-

1.41
2.98
1.98
3.88
-

0.43
0.91
0.60
1.18
-

6.77
6.58
4.72

2.06
2.00
1.43

-

-

3.48
1.75
3.87
1.47
4.20
2.34
2.41
2.81
24.4 Ppm
95.6 Ppm
0.15 wt%

1.06
0.53
1.18
0.45
1.28
0.71
0.73
0.81
7.43 Ppm
29.1 Ppm
0.05 wt%

-

-

-

-

30.1 ppm
78.3 ppm
-

9.3 ppm
23.8 ppm
-



MDC calculation over unresolved peaks by taking total counts under the region of
peaks.
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5 CHAPTER 5
PROMPT GAMMA ANALYSIS OF MOISTURE
(WATER)-AND BENZENE-CONTAMINATED SOIL
SAMPLES
The moisture and petroleum (benzene) contamination effect on yield of silicon, carbon,
oxygen, and hydrogen prompt gamma rays was studied from soil samples containing
different water and benzene proportion via neutron inelastic scattering (NIS) using 14 MeV
neutrons based PGNAA setup. The prompt gamma rays were produced using 14 MeV
neutron beams and were detected using a LaBr3:Ce gamma ray detector.

5.1

Experimental Setup

The prompt gamma ray spectra from the soil samples and standards were recorded using
the 14 MeV neutron based PGNAA setup shown in Fig. 5.1. The setup is located at the end
of the zero-degree beam line located in a reinforced concrete shielded room. It mainly
consists of a cylindrical sample 106 mm x 125 mm (diameter x height) dimensions placed
7.0 cm away from a tritium target at a 0o angle with respect to the 14 MeV neutron beam.
A cylindrical 76 mm x 76 mm (diameter x height) LaBr3:Ce detector, placed at a centerto-center distance of 125 mm from the sample, detects the gamma rays from the sample at
an angle of 90° with respect to the 14 MeV neutron beam axis. The detector was shielded
against 14 MeV neutrons and gamma rays through tungsten and lead shielding respectively.
The tungsten blocks are placed between the target and the gamma ray detector to prevent
detector from direct beam of 14 MeV neutrons. Lead blocks inserted between the detector
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and tungsten shield to prevent 14 MeV neutron-induced gamma ray background. Paraffin
was placed next to the tungsten blocks to shield the detector from concrete room scattered
neutrons. The paraffin shield is a mixture of lithium carbonate and paraffin wax in equal
weight proportions.

Figure 5.1: Schematic of 14 MeV neutron-based setup used for analysis of soil bulk samples.

5.2

Sample Preparation

In this study, the soil samples were prepared by mixing 1863.8 g of dry soil with 5.1, 7.4,
9.7, 11.9 and 14.0 wt.% moisture (water) shown in Table 5.1. The soil and water were
thoroughly mixed together and soil completely absorbed the water. Then, the dry soil and
as well as soil mixed with moisture samples were ﬁlled in plastic containers with 106 mm
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x 125 mm (diameter x height) dimensions. However, the benzene samples were also
prepared by mixing 1863.8 g of dry soil with 2.2, 4.4, 6.5, 8.5 and 10.4. wt.% benzene. The
soil and benzene were thoroughly mixed together and soil completely absorbed the
benzene. Then, the dry soil and as well as soil mixed with benzene samples were filled in
plastic containers with 106 mm x 125 mm (diameter x height) dimensions.
Table 5.1: Concentrations of Moisture and Benzene Samples Mixed in Soil

5.3

Sample

Concentrations (wt. %)

Moisture

5.1, 7.4, 11.9 and 14.0 wt.%

Benzene

2.2, 4.4, 6.5, 8.5 and 10.4. wt.%

Prompt Gamma Ray Analysis of Contaminated Soil Samples
Using LaBr3:Ce Detector.

The prompt gamma ray analysis of contaminated soil samples were recorded using the 14
MeV neutron based PGNAA setup described section 5.1. A pulsed beam of 14 MeV
neutrons was produced via the T(d, n) reaction using a pulsed 110 keV deuteron beam with
200 ns pulse width and a frequency of 31 kHz. Pulsed ion beams are produced in the preacceleration stage of the KFUPM 350 keV accelerator using a diverter system. 200 ns
pulses of 26 keV deuteron dc beams are produced by deﬂecting the dc deuteron beam
across a water-cooled aperture through a 2000 V voltage pulse of 200 ns duration and 31
kHz frequency, directly applied across the deﬂector plates of the diverter system.
The typical pulsed beam current of the accelerator was 60 μA averaged over the duty cycle
of the 350 keV accelerator. The fast neutron ﬂux from the tritium target was monitored
using a cylindrical 76 mm x 76 mm (diameter x height) NE213 fast neutron detector, placed
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at a distance of 1.8 m from the target and making an angle of 130° with respect to the beam.
The neutron ﬂux spectrum was recorded through the proton recoil spectrum of the NE213
liquid scintillation detector during each run. In neutron spectroscopy, neutron detectors are
operated at a speciﬁc discrimination level to suppress background neutrons and gamma ray
signals. Therefore, the neutron detector signals are acquired in coincidence with a single
channel analyzer SCA whose lower level is set at a ﬁxed gamma-ray energy (also neutron
energy). The neutron detector signals were acquired through a single channel analyzer,
whose lower level was set at half-Cs pulse height bias that was electronically set by using
the half-height of Compton edge spectrum of the 137Cs gamma ray source.
The neutron spectrum counts were integrated for each run and were used later on for neutron ﬂux normalization. The prompt gamma-ray spectra of the LaBr3:Ce detector were recorded for a preset real time. The neutron and gamma ray detectors' spectra were acquired
with a PC-based data acquisition system utilizing fast multichannel ADC buffer module
‘ETHER-NIM 90E’ manufactured by EG&G-ORTEC. The module utilizes Scintivision
software to analyze the pulse height spectra of the detectors. Each detector spectrum was
acquired in 512 channels.
For prompt gamma ray analysis, empty and ﬁlled sample containers were then irradiated
in the 14 MeV neutron-based PGNAA setup. The prompt gamma-ray data from the samples were acquired for 20–30 min. The typical dead-time of the pc-based data acquisition
system was less than 1%. The empty container measurements were only repeated a few
times because they had almost a constant spectrum. The empty container spectrum was
used later on for background subtraction. The prompt gamma-ray data from the samples
were acquired using the personal computer-based data acquisition system described earlier.
96

For the identification of high-energy silicon, carbon, oxygen and hydrogen gamma ray
peaks in the soil sample spectrum, gamma ray yields from samples with known elemental
composition such as silica fume, benzene and water samples were recorded. For the identification of the silicon peak, the gamma ray spectrum was recorded from the silica fume,
which contains 43.2 wt. % concentration of silicon [49]. For the carbon peak identification,
gamma ray spectrum was recorded from pure benzene sample which contained 92.3 wt. %
carbon. Similarly, for identification of hydrogen and oxygen peaks water samples were
used.

5.3.1 Moisture Contaminated Soil Samples Data
Fig. 5.2 shows the spectrum of a dry soil sample superimposed upon a background
spectrum taken with an empty container spectrum over 0.59–6.87 MeV range. The 1.78
MeV gamma ray peak from silicon and the 6.13 MeV peak from oxygen are quite
prominent, along with the 789 and 1468 keV intrinsic peaks of lanthanum, 1.07 MeV as
well as 2.62 MeV peak from lead shielding.
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Figure 5.2: Prompt gamma ray spectra of dry soil sample superimposed upon background spectrum and plotted
over 0.59–6.87 MeV energy range.

Fig. 5.3 shows the prompt gamma ray spectra of silica fume and water samples
superimposed over the 1.59–2.92 MeV range showing 1.78, 2.22, 2.09 and 2.62 MeV
prompt gamma rays from silicon, hydrogen and lead (shielding material), respectively.
The Single Escape peak (SE) corresponding to the 2.62 MeV full energy peak of lead is
also shown in Fig. 5.3.

Figure 5.3: Prompt gamma ray spectrum of silica fume sample superimposed upon water sample and plotted over
1.59–2.92 MeV energy range.
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After the identiﬁcation of silicon and oxygen prompt gamma ray peaks in the gamma ray
spectrum, gamma ray spectra from dry soil and soil mixed with 5.1, 7.4, 11.9 and 14.0
wt.% moisture were recorded to study the effect of moisture using the PGNAA setup. In
order to show the effect of moisture on silicon, hydrogen, and oxygen prompt gamma ray
intensity, enlarged soil spectra containing 5.1–14 wt.% moisture are superimposed upon a
dry soil sample spectrum, as shown in Figs. 5.4–5.6. Fig. 5.4 shows enlarged soil spectra
containing 5.1–14.0 wt.% moisture over 1.65–1.95 MeV range showing 1.78 MeV gamma
ray peaks from silicon. Effects of moisture on gamma ray intensity is quite signiﬁcant and
the intensity of 1.78 MeV Si gamma rays decreases with increasing moisture concentration,
with its maximum intensity observed for the dry soil sample.
Fig. 5.5 shows the 2.22 MeV hydrogen peak along with lead 2.09 MeV peak along with
the single escape (SE) peak of lead 2.62 MeV full energy peak plotted over 1.95–2.55 MeV
energy range for samples containing 5.1–14.0 wt% moisture. The increasing trend of the
hydrogen peak intensity with increasing moisture concentration is quite prominent.

Figure 5.4: Enlarged prompt gamma ray spectra of soil samples containing 5.1–14 wt% moisture superimposed
upon dry soil sample plotted over 1.65–1.95 MeV energy range showing silicon peak.
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Figure 5.5: Enlarged prompt gamma ray spectra of soil samples containing 5.1–14 wt% moisture superimposed
upon dry soil sample and plotted over 1.95–2.55 MeV energy range, showing hydrogen and lead peaks.

Fig. 5.6 shows the 6.13 MeV oxygen full energy peak on an enlarged scale plotted over
5.92–6.24 MeV energy range for samples containing 5.1–14.0 wt% moisture
concentration. The decreasing peak intensity of the 6.13 MeV oxygen full energy peak with
increasing moisture concentration is clearly visible in Fig. 5.6.

Figure 5.6: Enlarged prompt gamma ray spectra of soil samples containing 5.1–14 wt% moisture superimposed
upon dry soil sample and plotted over 5.92–6.24 MeV energy range, showing oxygen full energy peak.
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5.3.2 Benzene Contaminated Soil Samples Data
Figure 5.7 shows the prompt gamma ray spectra from pure benzene and pure water samples
superimposed upon each other over 0.09-6.49 MeV range. The 4.44 and 2.22 MeV gamma
ray peaks from carbon and hydrogen, respectively, are quite prominent in Fig. 5.7 along
with 6.13 MeV peaks from oxygen. Figure 5.8 shows the prompt gamma spectra of pure
silica fume and pure water samples superimposed over the 0.76-8.20 MeV range showing
1.78, 2.22 and 6.13 MeV prompt gamma rays from silicon, hydrogen and oxygen
respectively. Also shown in the Fig. 5.8 is lead Pb peak from the shielding material.

Figure 5.7: Prompt gamma ray spectra of pure benzene and pure water bulk samples superimposed upon each
other over 0.09 to 6.49 MeV energy range, showing carbon, hydrogen and oxygen peaks.

After the identification of silicon, hydrogen, carbon and oxygen prompt gamma ray peaks
in the gamma ray spectrum, gamma ray spectra from dry soil and soil mixed with 2.2, 4.4,
6.5, 8.5 and 10.4 wt. % benzene were recorded to study the effect of petro-hydrocarbon
contamination using the PGNAA setup. The prompt gamma-ray data from the samples
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were acquired for 20-30 minutes. Figure 5.9 shows the pulse height spectra of soil samples
containing 2.2, 4.4, 6.5, 8.5 and 10.4 wt. % benzene concentration superimposed upon a
spectrum of dry soil sample over 0.50-6.90 MeV energy range.

Figure 5.8: Prompt gamma ray spectra of LaBr3:Ce gamma ray detector from pure silica fume, and pure water
bulk samples superimposed upon each other plotted over 0.76 to 8.20 MeV energy range , showing silicon,
hydrogen and oxygen peaks.

In order to show the effect of benzene concentration on silicon, carbon, hydrogen, and
oxygen prompt gamma ray yields, enlarged soil samples spectra for silicon, carbon,
hydrogen, and oxygen gamma ray are plotted in Figs. 5.10- 4.13 respectively.
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Figure 5.9: Prompt gamma ray spectra of soil samples containing 2.2-10.4 wt.% benzene plotted over 0.50 to 6.90
MeV superimposed upon dry soil sample spectrum and showing silicon, carbon, oxygen, hydrogen and lead peaks.

Figure 5.10 shows enlarged 1.78 MeV silicon peak spectra from soil samples containing
2.2, 4.4, 6.5, 8.5 and 10.4 wt. % benzene concentration along with dry soil sample over
1.66-2.41 MeV. Effects of benzene concentration on silicon gamma ray yields are quite
significant and the yield of 1.78 MeV silicon gamma rays decreases with increasing
benzene concentration, with its maximum yield observed for the dry soil sample.
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Figure 5.10: Silicon prompt gamma ray spectra of soil samples containing 2.2-10.4 wt.% benzene shown on
enlarged scale over 1.66-1.90 MeV and superimposed upon dry soil sample spectrum.

Figure 5.11 shows enlarged 4.44 MeV carbon peak spectra from soil samples containing
2.2, 4.4, 6.5, 8.5 and 10.4 wt. % benzene concentration along with dry soil sample over
4.20-4.68 MeV energy range. Effects of benzene on carbon gamma ray yields is quite
significant and the yield of 4.44 MeV carbon gamma rays increase with increasing benzene
concentration, with its maximum yield observed for the soil sample with 10.4 wt. %
benzene concentration.

Figure 5.11: Carbon prompt gamma ray spectra of soil samples containing 2.2-10.4 wt.% benzene shown on
enlarged scale over 4.20-4.68 MeV and superimposed upon dry soil sample spectrum.
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Figure 5.12 shows the enlarged 6.13 MeV oxygen peak spectra from soil samples
containing 2.2, 4.4, 6.5, 8.5 and 10.4 wt. % benzene concentration along with dry soil
sample over 5.80-6.43 MeV. Effects of benzene on oxygen gamma ray yields is quite
significant and the yield of 6.13 MeV oxygen gamma rays decreases with increasing
benzene concentration, with its minimum yield observed for the soil sample with 10.4 wt.
% benzene concentration.

Figure 5.12: Oxygen prompt gamma ray spectra of soil samples containing 2.2-10.4 wt.% benzene shown on
enlarged scale over 5.80-6.43 MeV and superimposed upon dry soil sample spectrum.

Figure 5.13 shows the enlarged 2.22 MeV hydrogen peak spectra from soil samples
containing 2.2, 4.4, 6.5, 8.5 and 10.4 wt. % benzene concentration along with dry soil
sample over 1.98-2.46 MeV. Effects of benzene on hydrogen gamma ray yields are not
quite significant and gamma ray yield spectra for different benzene concentration are
overlapping with each other.
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Figure 5.13: Hydrogen prompt gamma ray spectra of soil samples containing 2.2-10.4 wt.% benzene shown on
enlarged scale over 5.80-6.43 MeV and superimposed upon dry soil sample spectrum.

5.4

Results and Discussion

The concentration of moisture was measured from moisture contaminated soil samples
through LaBr3:Ce detector using 14 MeV neutron inelastic scattering based PGNAA setup
shown in Fig. 5.1. The background was subtracted under the 1.78 MeV Silicon, 4.44 MeV
carbon, 6.13 MeV oxygen and 2.22 MeV hydrogen peaks spectrum by subtracting the
background spectrum from the sample spectrum. For 6.13 MeV oxygen peaks the
background under each peak was obtained by linear interpolation between two points, one
on the lower energy side and the other on the higher energy side of the peak. The net counts
under the peak were then obtained by integrating the counts in a window chosen on the
background-subtracted peak. The net counts under each peak were further normalized to
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the integrated counts of the NE213 neutron monitor spectra to correct for any variation in
neutron ﬂux.
The corrected net counts for 1.78 MeV Si, 2.22 MeV H, and 6.13 MeV O peaks were
plotted as a function of sample moisture concentration and are shown in Figs. 5.14 and
5.15. Fig. 5.14 shows the integrated counts of the 1.78 MeV silicon peak and 6.13 MeV
oxygen peak plotted as a function of sample moisture over 0.0–16.0 wt% concentration
range. The ﬁtted lines to the experimental data are the result of Monte Carlo calculations
discussed in Section 2.2.3. Within the experimental uncertainties, the experimental results
shown in Figs. 5.14 and 5.15 are in good agreement with the results of Monte Carlo
calculation.

Figure 5.14: Integrated intensity of 1.78 MeV silicon peak and 6.13 MeV oxygen peak from soil samples plotted
as a function of moisture concentration of the soil samples over 0–16 wt% moisture concentration. The ﬁtted line
are results of Monte Carlo simulations.
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Figure 5.15: Integrated intensity of 2.22 MeV hydrogen peak from soil samples plotted as a function of moisture
concentration of the soil samples over 0–16 wt% moisture concentration. The ﬁtted line is results of Monte Carlo
simulations.

The corrected net counts for the Si, C, O and H peaks were plotted as a function of sample
benzene concentration and are shown in Fig. 5.16. Figure 5.16 shows the integrated yield
of the 1.78 MeV silicon, 4.44 MeV carbon, 6.13 MeV oxygen and 2.22 MeV hydrogen
peaks plotted as a function of soil sample benzene concentration over 0.0-10.4 wt. % range.
As expected the yield of 4.44 MeV carbon gamma rays increases with benzene
concentration. The yield of silicon and oxygen gamma rays decreases with increasing
benzene concentration due to loss of 14 MeV neutron beam flux from scattering and
moderation in benzene contents. The yield of hydrogen gamma rays is insensitive to
increasing benzene concentration due to insignificant increase in hydrogen concentration
with increasing benzene concentration. The lines fitted to the experimental data are the
result of Monte Carlo calculations discussed in Section 2.2.4. Within the experimental
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uncertainties, the experimental results shown in Figures 5.16 are in good agreement with
the results of Monte Carlo calculation.

Figure 5.16: Integrated yield of 1.78 MeV silicon, 4.44 MeV carbon, 6.13 MeV oxygen and 2.22 MeV hydrogen
peaks from soil samples contaminated with 0.0-11 wt. % benzene concentration plotted as a function of benzene
concentration. The lines fitted to the experimental data are results of Monte Carlo simulations.

This study has provided useful results on prompt gamma analysis of benzene-contaminated
soil samples, moisture-dependent correlations of NIS and TNC prompt gamma ray
intensities from the same sample. The data obtained in the present study can be used to
develop a scheme to correct for loss of NIS gamma ray intensity due to the presence of
sample moisture.
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6 CHAPTER 6
CONCLUSION
In this study, toxic elements and petroleum hydrocarbons (PHCs) contaminated samples
were analysed using Thermal Neutron Capture (TNC) and 14 MeV neutrons inelastic scattering (NIS) based Prompt Gamma-ray Neutron Activation Analysis (PGNAA) techniques.
The study was undertaken at KFUPM 350 keV accelerator and MP320 portable neutron
generator laboratories using LaBr3:Ce, CeBr3 and BGO gamma ray detectors. The toxic
elements Mercury, Chromium, Nickel, Boron, Cadmium and Chlorine were chosen along
with petroleum hydrocarbon (PHC) due to their significant adverse effect on the environment.
In the analysis of Hg, Cr, Ni, B, Cd and Cl-contaminated water samples minimum detection
limit (MDC) have been measured for a CeBr3 detector based PGNAA setup using thermal
neutron capture technique. For CeBr3 detector, the MDC±MDC of Hg, Cr, Ni, B, Cd and
Cl were measured to be 0.15±0.05 wt.%, 1.03 ± 0.31 to 2.98 ± 0.91 wt.%, 1.98 ± 0.60 to
3.88 ± 1.18 wt.%, 24.4±7.43 ppm, 95.6±29.1 ppm and 1.47 ± 0.45 to 4.20 ± 1.28 wt.%
respectively.
For the analysis of petroleum contamination soil samples, measurement were carried out
using a LaBr3:Ce detector based 14 MeV PGNAA setup using neutron inelastic scattering
technique. Effect of moisture and petroleum contamination in prompt gamma yields of
carbon, silicon, oxygen and hydrogen for the soil samples were measured. The study
showed the moderating effect of hydrogen in moisture and petroleum causing loss of 14
MeV neutron flux and a reduction in silicon (Si) intensity. This established the decrease
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silicon (Si) intensity with increase moisture and petroleum concentration in moisture and
petroleum contamination soil samples respectively.
Additionally, energy resolution of the CeBr3, and the LaCl3:Ce detectors, were measured
for 0.3 to 8.6 MeV gamma rays. The energy resolution of the detectors, which varies as
1/Eγ was found to be varied from 7.09 ± 0.02 to 0.90 ± 0.01 % over this energy range.
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Appendix A: MCNP Description

A.1

Monte Carlo N-Particles (MCNP) Code

Monte Carlo N-Particles code (MCNP) is general purpose software package for simulating
nuclear processes. Monte Carlo method obtains physical quantities by simulating the
interactions of a large number of individual particles, and recording some of their
properties. The average behavior of particles in the physical system is then inferred from
the average behavior of the simulated particles. Model of the PGNAA setup such as NISand TNC-based setups were obtained through Monte Carlo simulations. The MCNP code
is used to transport neutral particles. It can be used in several transport modes; neutron
only, photon only, electron only or combined neutron/photon transport where neutron
interactions produce photons. The code can be used to replicate a statistical process such
as the interaction of nuclear particles with materials. It is particularly useful for complex
problems that cannot be modeled by computer codes that use mathematical techniques such
as deterministic methods. The isolated probabilistic events that comprise a process are
simulated sequentially. The probability distributions governing these events are
statistically sampled to describe the entire process. In general, the simulation is performed
on a digital computer since the number of trials necessary to effectively describe the
phenomenon is usually quite large. The statistical sampling process is based on the
selection of random numbers. Monte Carlo technique is preeminently realistic (a
theoretical experiment). It consists of actually following each of many particles from a
source throughout its life to its death in some terminal category (absorption, escape, etc.).
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Probability distributions are randomly sampled using transport data to determine the
outcome at each step of its life [46]. During the transport process the code specifically
transports the predetermined particles and reaction channels. Generally, neutrons and
gamma rays are the common neutral particles to be transported in the design of low energy
nuclear physics experiments. Common nuclear interactions encountered by the neutral
particles in such experiments are: capture, elastic and inelastic scattering etc. In the
following brief, descriptions of these processes relevant to MCNP code are given.

A. 1.1 Theory of Particle Interactions
A.1.1.1

Neutron Interactions

There are many ways in which neutron can interact with the nucleus. It can be one of two
main types, either scattering (including elastic and inelastic) or absorption. When a neutron
is scattered by a nucleus, the direction and the speed of neutron change but the number of
protons and neutrons of the nucleus remain the same just as it had before the interaction.
When a neutron is absorbed by a nucleus, several fission can be induced or radiations can
be emitted such as (n, ), (n, f), (n, ) etc… The MCNP code takes care of the transport of
the respective particle with built-in theoretical basis for the required reaction. The PGNAA
setups design calculations of this study mainly needed inelastic scattering as well as capture
processes of the particles.
Inelastic Scattering
Scattering moderates or reduces neutrons energy and provides the basis for some neutron
detectors. Inelastic scattering is a process in which the kinetic energy of an incident particle
is not conserved. The nucleus undergoes internal rearrangement and move to excited state
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from which it finally releases radiation [47]. The treatment of inelastic scattering depends
upon the particular inelastic reaction chosen. Inelastic reactions are defined as (n, y) reactions such as (n, n'), (n, 2n), (n, f), (n, n', α) in which y includes at least one neutron. For
many inelastic reactions, such as (n,2n), more than one neutron can be emitted for each
incident neutron. The weight of each exiting particle is always the same as the weight of
the incident particle minus any implicit capture. Various scattering laws that are sampled
independently from the cross-section files for each exiting particle govern the energy of
exiting particles. Which law is used is prescribed by the particular cross-section evaluation
used. In fact, more than one law can be specified, and the particular one used at a particular
time is decided with a random number.
The exiting particle energy and direction in the target -at rest- (laboratory) coordinate system are related to the center of mass energy and direction as follows [46]:

é E + 2m ( A +1) EE¢ ù
¢
E
cm
cm
ú , and mlab = mcm Ecm + 1
¢ +ê
E¢ = Ecm
2
E¢ A +1 E¢
êë
úû
( A +1)

(2.1)

Where:

E¢= Exiting particle energy (laboratory)

¢ = Exiting particle energy (center of mass)
Ecm
E= Incident particle energy (laboratory)

mcm = Cosine of center of mass scattering angle

mlab = Cosine of laboratory scattering angle
A = Atomic weight ratio (mass of nucleus divided by mass of incident particle.)
Neutron Capture
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MCNP treats neutron capture in one of two ways: analog or implicit. Either way, the incident incoming neutron energy does not include the relative velocity of the target nucleus
from the free gas thermal treatment because non-elastic reaction-cross sections are assumed
to be nearly independent of temperature. In MCNP, "absorption" and "capture" are used
interchangeably, s c and

s a are used interchangeably also [46].

a. Analog Capture: In analog capture, the particle is killed with probability s a / s T
where s a and s T are the absorption and total cross sections of the collision nuclide
at the incoming neutron energy respectively. The absorption cross section is specially defined for MCNP as the sum of all (n, x) cross sections, where x is anything
except neutrons. Thus s a is the sum of s n,g , s n,a , s n,d . . . etc. For all particles
killed by analog capture, the entire particle energy and weight are deposited in the
collision cell.
b. Implicit Capture: For implicit capture, the neutron weight Wn is reduced to Wn'
such that Wn' = [1- (s a / s T )]Wn , the fraction (s a / s T ) of the incident particle
weight and energy is deposited in the collision cell corresponding to that portion of
the particle that was captured. Implicit capture is the default method of neutron
capture in MCNP [46].
A.1.1.2

Photon Interactions

Photons interact with mater via three different ways: photoelectric effect, pair production
and scattering.
Photoelectric Effect
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The photoelectric effect consists of the absorption of the incident photon of energy E, with
the consequent emission of several fluorescent photons and the ejection (or excitation) of
an orbital electron of binding energy e < E, giving the electron a kinetic energy of E - e.
Zero, one, or two fluorescent photons are emitted. The description of those three cases is
as follows [46]:
(1) Zero photons greater than 1 keV are emitted. In this event, the cascade of electrons
that fills up the orbital vacancy left by the photoelectric ejection produces electrons
and low-energy photons. These particles can be followed in Mode P E problems,
or be treated with the TTB (Thick-Target Bremsstrahlung) approximation, or be
assumed to deposit energy locally. Because no photons are emitted by florescence
(some may be produced by electron transport or the TTB model), the photon track
is terminated. This photoelectric "capture" of the photon is scored like analog capture in the summary table of the output file. Implicit capture is not possible.
(2) One fluorescent photon of energy greater than 1 keV is emitted. The photon energy

E¢is the difference in incident photon energy E, less than the ejected electron kinetic energy E - e, and less than the residual excitation energy e¢ that is ultimately
dissipated by further Auger processes. This dissipation leads to additional electrons
or photons of still lower energy. The ejected electron and any Auger electrons can
be transported or treated with

the TTB

approximation.

In

general,

E¢ = E - (E - e)- e¢ = e - e¢
(3) Two fluorescence photons can occur if the residual excitation e¢ of process (2) exceeds 1 keV. An electron of binding energy e¢¢ can fill the orbit of binding energy
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e¢ , emitting a second fluorescent photon of energy E¢¢ = e¢ - e¢¢ . As before, the residual excitation e¢¢ is dissipated by further Auger events and electron production
that can be modeled with electron transport in Mode P E calculations, approximated
with the TTB model, or assumed to deposit all energy locally. These secondary
transitions come from all upper shells and go to L shells.
Pair Production
This process is considered only in the field of a nucleus. The threshold is

2mc2 = [1+ (m / M)] @1.022 MeV , where M is the nuclear mass and m is the mass of the
electron. There are three cases [46]:
(1) In the case of electron transport (Mode P E), the electron and positron are created
and banked and the photon track terminates.
(2) For Mode P problems with the TTB approximation, both an electron and positron
are produced but not transported. Both particles can make TTB approximation photons. If the positron is below the electron energy cutoff, then it is not created and a
photon pair is created as in the following case.
(3) For Mode P problems when positrons are not created by the TTB approximation,
the incident photon of energy E vanishes. The kinetic energy of the created positron/electron pair, assumed to be E - 2mc2 , is deposited locally at the collision
point. The positron is considered to be annihilated with an electron at the point of
collision, resulting in a pair of photons, each with the incoming photon weight, and
each with energy of 2mc2 = 0.511 MeV . The first photon is emitted isotropically,
and the second is emitted in the opposite direction. The very rare single-annihilation
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photon of 1.022 MeV is omitted.
Incoherent (Compton) Scattering
To model Compton scattering it is necessary to determine the angle q of scattering from
the incident line of flight (and thus the new direction), the new energy E ¢ of the photon,
and the recoil kinetic energy of the electron, E - E¢ . The recoil kinetic energy can be deposited locally, and can be transported in Mode P E problems, or can be treated with the
TTB approximation. Incoherent scattering is assumed to have the differential cross section

s 1 (Z, a, m )dm = I(Z, v)K(a, m ) where I(Z, v) is an appropriate scattering factor modifying
the Klein-Nishina cross section in Equation (2.2).
The differential cross section for the process is given by the Klein-Nishina formula:

K(α,µ)dµ =

′ 2 𝛼′
2 𝛼
π𝑟0 ( ) [
𝛼
𝛼

+

𝛼
𝛼′

+ 𝜇 2 − 1] 𝑑𝜇

(2.2)

Where ro is the classical electron radius 2.817938 x 10-13cm, a and a ¢ are the incident and
final photon energies in units of 0.511 MeV [ a = E / (mc 2 ) , where m is the mass of the
electron and c is the speed of light], and a¢ = a /[1+ a (1- m )][46].
Coherent (Thomson) Scattering
Thomson scattering involves no energy loss, and thus is the only photon process that cannot
produce electrons for further transport and that cannot use the TTB approximation. Only
the scattering angle q is computed, and then the transport of the photon continues. The
differential cross section is s 2 (Z, a, m )dm = C 2 (Z, v)T(m )dm where C(Z, v) is a form factor
modifying the energy-independent Thomson cross-section T(m ) = p ro2 (1+ m 2 )dm [46].
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A.1.2 MCNP Code Features
Various features, concepts, and capabilities of MCNP are summarized in this section. Files
created in MCNP contains the information to describe the various parts of the setup design
including: a) Geometry specification, b) Materials and cross-section evaluations, c) The
neutron, photon, or electron source location and characteristics, d) The desired type of
answers or tallies, e) Variance reduction techniques used to improve the efficiency [46].
Experimental Geometry Specification
MCNP geometry treats an arbitrary three-dimensional configuration of user-defined
materials in geometric cells bounded by first- and second-degree surfaces and fourthdegree elliptical tori. The cells are defined by the intersection, unions, and complements of
the regions bounded by the surfaces. Surfaces are defined by supplying coefficients to the
analytic surface equations or, for certain types of surfaces, known points on the surfaces.
MCNP has a more general geometry than is available in most combinatorial geometry
codes. Instead of combining several predefined geometrical bodies as in a combinatorial
geometry scheme, MCNP gives the user the flexibility of defining geometrical regions
from all the first and second degree surfaces of analytical geometry and elliptical tori and
then of combining them with Boolean operators. The code does extensive internal checking
to find input errors. Additionally, the geometry-plotting capability in MCNP helps the user
check for geometry errors [46].
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Material and Nuclear Cross-Section Data Library
MCNP code uses continuous-energy nuclear and atomic data libraries. Over 500 neutron
interaction tables are available for approximately 100 different isotopes and elements.
Multiple tables for a single isotope are provided primarily because data have been derived
from different evaluations, but also because of different temperature regimes and different
processing tolerances. Photon interaction tables including coherent and incoherent
scattering, photoelectric absorption exist for all element from Z=1 through Z=94. Cross
sections for nearly 2000 dosimetry or activation reactions involving over 400 target nuclei
in ground states are part of the MCNP data package. Users may select specific data tables
through unique identifiers for each table [46].
Neutron and Gamma Source Specification
In MCNP the user is allowed to specify a wide variety of source conditions without making
code modifications. Independent probability distributions may be specified for the source
variables of energy, time, position and direction, and for other parameters such as starting
cell(s) or surface(s). Information about the geometrical extent of the source can also be
given. The source selection list in the input file is symbolized by SDEF, which is followed
by some source parameter, such as position, energy, radiation type…etc. [46].
Tallies and Output
Tallies represent the digital record of the random events from neutron interaction with the
sample elements. MCNP can be instructed to make various tallies related to particle
current, particle flux, and energy deposition. MCNP tallies are normalized to be per starting
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particle except for a few special cases with criticality sources. Currents can be tallied as a
function of direction across any set of surfaces, surface segments, or sum of surfaces in the
problem. Charge can be tallied for electrons and positrons. Fluxes across any set of
surfaces, surface segments, sum of surfaces, and in cells, cell segments, or sum of cells are
also available. Similarly, the fluxes at designated detectors are standard tallies [46].
Estimation of Monte Carlo Errors
MCNP tallies are normalized to be per starting particle and are printed in the output accompanied by a second number R, which is the estimated relative error defined to be one
estimated standard deviation of the mean S x divided by the estimated mean x (R = Sx / x) .
In MCNP, the quantities required for this error estimate are computed after each complete
Monte Carlo history, which accounts for the fact that the various contributions to a tally
from the same history are correlated. For a well-behaved tally, R will be proportional to

1/ N where N is the number of histories. Thus, we must increase the total number of
histories fourfold in order to halve R. For a poorly behaved tally, R may increase as the
number of histories increases. The quantity R should be less than 0.10 to produce generally
reliable confidence intervals. For a given MCNP run, the computer consumed time T proportional to N. Thus:

R=C

T , where C is a positive constant. There are two ways to reduce R (estimated

relative error); by increasing T and / or decreasing C. Computer budgets often limit the
utility of the first approach. For example, if it has taken 2 hours to obtain R = 0.10 , then
200 hours will be required to obtain R = 0.01. For this reason, MCNP has special variance
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reduction techniques for decreasing C, the constant C depends on the tally choice and / or
the sampling choices [46].
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