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ABSTRACT

Experi ment al investigations were <carried out with
neutrons in the fields of neutron data measurements and
bul k sanpl e anal ysis based on the interactions of neutrons.
The principles and techniques of neutron interactions
required in the investigations together with some salient
features of the sources enployed are enunerated. Excitation
cross section curves and isoneric cross section ratio of

Ni (n,p) Co reaction over the neutron energy range of
between 5 and 15 MeV were determ ned using the activation
anal ysis technique in conmbination with high-resolution
gamma  spectroscopy. Char acteristics of t he i nci dent
neutrons produced via the DT reaction of a neutron
generator and D-D reaction of a cyclotron were determ ned
experimentally to account for the contributing effects of
background neutrons especially in the 5-13 MV neutron
energy range where existing data are scanty and rather
di screpant. The neasured data agree well with cal cul ated
data using nucl ear nodels but deviate significantly from
the recommended data based on existing literature data. The
measured ° . and -™ ¢ data made it possible to determne
the cross section curve for Ni (n,p.)% Co™ reaction
Furthermore the flux density distributions of thermal and
primary fast neutrons in different configurations of bulk
sampl es consisting of water, graphite and coal t oget her
with the attenuation characteristics were determ ned by the

activation analysis and pul se height response spectronetry
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techniques. From the results obtained, an experinental

geonetry has been proposed for on-line elenental anal ysi s
of coal and other mnerals. Simlarly the total hydrogen
content and O+C/H atomic ratio in household and notor oils
as well as crude oil sanples of different origins were
nmeasured by an inproved experinental arrangenent based on
the thermal neutron reflection technique. A detection limt
of 0.12 w % was obtained for hydrogen indicating the
possi bl e adaptation of this technique for quality contro

of petrol eum products.
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CHAPTER ONE

1.0 INTRODUCT ION

£.3 General Introduction

The discaovery of neutrons by Chadwick in 1932 has
helped in solving many problems hithertc encountered in the
study of atomic and nuclear structure (Marion and Fowler,
1960). Neutron is an uncharged particle and does not
experience the Coulomb repulsion farce. It has a wide
energy range from the "cold" region (i.e.< 0.025 eV) to the
"spallation” region (i.e.> 100 MeV) and does not ionize the
material through which it is traversing. These unique
properties aof the neutron qualifies it as a wvery valuable
tacl for exploring the structure of the nucleus. Following
its discovery, the results of research with neutrons which
led to the discovery of nuclear fission and the subsequent
realization of puclear chain reaction together with the
capability of harnessing nuclear enerqgy from fission
process for the generation of electricity has greatly
enhanced the importance of neutrons. The fusion reactor
technalagy (FRT) is an area of interest currently
attracting the attention of nuclear scientists globally
because it is deemed as an alternative to the existing

ruclear fission technology {(Cierjacks, 1983). All design



2
concepts of the proposed device of fusion reactor are based
on neutrons. Furthermore the use of neutrons for analytical
purposes has led to the development of very powerful
methods for quantitative determination of elements and
isotopes in various fields (Rakaviec, 1370). Typical fields
of applications of nuclear analytical methods based on
neutrons include medicine, bioclogy, material science,
agriculture, industry, miner al exploration and the
environment. Consequently, as it is today, the subject of
nuclear physics and indeed nuclear technology can be deemed

to have begun with the discovery of neutrans.

Neutron exists in nature with a short life time
(Curtiss, 1353), hence it must be produced artificially
through the means of npuclear reactions. The artificial
method of neutron production which dates back ta its
discavery involves its separation from the nucleus in which
it is closely bound (Beckurts and Wirtz, 1964). Modest
equipment such as small accelerators, research reactors,
radicactive and fission fragment sources which <can be
installed in laboratories and industries are available for
analysis and research with peutrons. However in the last
three decades, there has been consistent improvement in the
quality of accelerator—based neutronscources so as to meet
the requirements of developing new techniques and improving
the accuracy of micrascopic and macroscopic neutron data
(Csikai, 19839). Neutron data investigation is an area of

great impartance pursued for better understanding of
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nuclear structure properties, checking reaction models and
developing new techniques for applications in various
fields of endeavour. The adaptation af analytical
technigques based on neutrons for nuclear data studies and
bulk sample analysis can be used to initiate new ideas in
basic research and applications in different fields.
Consequently this wark is aimed at meeting two objectives:
& global cbjective and a 1local oaobjective. To meet the
global objective, an on-line method for the analysis and
non—destructive testing of bulk samples based on the
investigations of neutron fields in bulk samples consisting
of coal, water and graphite has been developed. Similarly,
excitation functions and isomeric cross section rvatics of
EBNi(n,szam+gCo reaction from 5 to 15 MeV neutron eneragy
were determined. The published results in the region
hetween $-13 MeV are very discrepant and there are na data
for the isomeric cross section ratios., The adaptation of
some of the principles and techniques developed elsewhere
at the local level forms the second aim of this work. This
is sequel to the opportunity at my disposal abroad where
all the experiments were conducted. Therefore, the
principles and techniques utilized in this work are
described in details to make the adaptation of each methaod
as easy as possible. In this regard, the experimental
set-up developed for the determination of bitumen content
in asphalt concrete based on the thermal neutron reflection

technique has been modified to improve the sensitivity for
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hydrogen in oil samples. Based on the improved set-up, the
total hydrogen content and the (O+C)/H atomic ratico in
different samples consisting of motor and household cils as
well as crude—cil samples from MNigeria and Hungary were

measured,

1.2 A Review of Previous Works

After its discavery and even before its properties were
fully understood, the neutron has been used to probe the
structure of the nucleus via the neutron-nuclei
interactions. Since then neutron physics has provided a
better understanding of the characteristics of nuclei. The
parameters which are used for describing the
characteristics of nuclei and their interactions are
referred to as nuclear data. In general, the term "nuclear
data" is broad and it includes; nuclear structure data,
nuclear decay data and nuclear reaction data. The
interactions of netrons clearly fall intoc the category of
nuclear reaction data where parameters such as the cross
sections, the excitation functions, the energy and the
angular distributions of emitted particles are important.
The matter of crass section is the very heart of neutron
physics and as such cross section measurements are of
fundamental impartance in nuclear research and

applications. A survey of the literature including the



S
bi~-annual IAEA publication "WRENDA" (The World Request List
for Nuclear Data) indicate the need for new cross section
data and improvement in the accuracy of measured,
calculated and recommended data (Muir, 19793 Day, 19813
Piksaikin, 1983). In this regard, the cross section curves
of some dosimetry reactions which are frequently used as
energy and fluence monitars as well as structural material
in the fusion reactors are of high priority (Csikai, 1983).
The 58Ni(n,p)58m+gCo reaction belongs to this category of
priority reactions. Since all design cancepts of the fusion
reactor are based on the D-T reaction in which 14 MeV
neutrons are produced, emphasis has now shifted to cross
section measurements in the sub-14 MeV and 14 MeV regions,
In recent past a number of investigations were conducted to
measure the activation cross sections and the isomeric
cross section ratios of this reaction from the threshold to
20 MeV. A survey of "The Index to Literature and Computer
Files on Microscopic Neutron Data" CINDA-94 (1994) reveals
that the data in the region between 8 and 12 MeV are
discrepant. Similarly, sa far there are no published data
for the isomeric ratiocs in the same region, hence the

measurement of these data were conducted.

The utilization of neutrons for the analysis of
different samples has kept its leading positions among the
nuclear technigues. In addition to the activation analysis
technigue, neutrons are alsc widely used in prompt

radiation analysis for the determination of concentration
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and spatial distributions of elements in different bulk
samples and matrices. Recent advances on the use of an-line
methods for the elemental analysis of bulk material have
been comprehensively vreviewed by Gozani, (1988), The
possible caombination of portable sealed-tube neutron
generator with assocciated alpha particle head (Gordon and
Peters, 1988) shows that an on-line method for the
elemental analysis of bulk samples can be developed.
Similarly, a pulsed fast/thermal neutron technigque for the
on—line characterization of cocal have been suggested
(Vourvopolous and Womble, 19893; Your vapal aus, 1993;
Vourvopolous and Shultz, 1993; Vourvopaolous and Humphrey,
199435, The development of such a method depends on careful
investigations of fast and thermal neutron flux
distributions in bulk samples. These investigations
together with the use of the thermal neutron reflection
technique are the other objectives wof this work, The
thermal neutron reflection technique is a neutron physical
method developed for the determination of bitumen content

in asphalt concrete by Buczko et al., (19753, Since then
the methad has been used for the investigations of
different materials (Al~Jobori et al., 1978; GSregedi et

al., 1982; Srzegedi et al., 1990 and Chimaye, 1991).
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1.3 Present Work

The present work is devoted to the utilization of
neutrons produced by isotopic and accelerator-based sources
for neutron data research and bulk sample analysis. In the
first part, accelerator-based neutron sources were emplaoyed
to measure the activation cross sections and isomeric cross
section ratios of SBNi(n,p)58M+gCo reaction from S to 15
MeV. In the region between 13 and 15 MeV, neutrons were
praduced by the D-T reaction aof a low-current neutron
generator. In order to achieve a high level of precision,
magnetic current of the accelerator analyzing magnet was
calibrated for energy by nuclear reaction and the averaage
energies of emitted neutrons at the sample positions were
determined experimentally. In the 5-13 MeV region neutrons
were praduced by a variable-eneray cyclotron wvia D-D
reaction using deuterium gas cell. The discrepancy in the
activation cross section data and the lack of isomeric
cross section ratio data in this region may be attributed
to the difficulties in determining the spectral
distribution of source neutrons. Consequently,
characteristics of the scurce spectra were determined by
pulse height response spectrometry and the activation

unfolding techniques.

The second part of this work covers the use of
characteristic data of neutron interactions with bulk

matter for in—-situ or on-line quantitative analysis of
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minerals. As a preliminary step at developing an on-line
method for the elemental analysis af bulk samples, flux
density distributions of fast and thermal neutrons in
different configurations of samples consisting of coal,
water and graphite were determined. The possible use of
isctopic neutron socurces was considered by measuring the
attenuation characteristics of 252Cf and Pu-Be neutrons
traversing different thicknesses of coal sample. An
experimental set-up (the "BITATRON") developed for the
determinaticon of total hydroagen cantent in hydrocarbons
samples was modified to improve the sensitivity far
hydrogen. As a result of which the total hydrogen content

and the (0+C)>/H ataoamic ratio in motor and house oils as

well as crude-oil samples were measured.

1.4 Outline of Thesis

The basic principles of neutraon production and
interactions together with the experimental techniques used
in this wark are enumerated in chapter twa. The
characteristics of neutron fields used in measuring the
activation cross sections and the isomeric craoss section
ratics are described in chapter three. In chapter four,
results of the excitation functions and the isomeric cross

58

section ratios of Ni(n,p)58m+gCo reaction from S5 tao 1S

MeV are presented. Furthermore, in this chapter a



9
caompar ison between experimental and recommended data
together with data obtained recently by using madel
calculations is given. Chapter five contains results of the
neutron flux density distributions at different positions
in bulk samples as well as the attenuation characteristics
of neutrans traversing different thicknesses of coal. The
total hydrogen content and the O+C/H atomic ratic in  crude
oil samples of different origins and some commonly used oil
samples are stated in chapter &. Summary, conclusion and

recommendations are presented in chapter 7.
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CHAPTER TWO

2.0 PRINCIPLES AND TECHNIQUES OF NEUTRON INTERACTIONS

The utilization of neutrons for research and analysis
invelves a thorough understanding of the principles of
neutron production and interaction together with a
knowledge of the techniques involved in conducting the
investigations. In this respect, the fundamental properties
of neutrons as well as a classification of neutrons based
on their kinetic energies are outlined. Similarly, the
interactions of neutrons with npuclei and bulk matter as
well as the techniques of measuring these interactions are
discussed. The characteristics of neutron sources other
than fission reactors used in this work are described. The
advantages, disadvantages and the the fields of application
of each of the sources are discussed. The neutron
activation analysis, the thermal neutron reflection and the
pulse height response spectrometry technique adopted in the

investigations are enumerated.

2,1 Properties and Classifications of Neutrons

2.1.1 Basic properties of the neutron

Very soon after its discovery, a number of experiments
were performed to study the properties of the neutron.

Results of such measurements reveal that neutrons are



11
unstable and decay with a half-life of a few hundred of
seconds. They obey the Fermi-Dirac statistics and like
electraons exhibit wave properties. Some of the well-known
properties which are of fundamental importance in
understanding the characteristics of neutrons and their

interactions are summarized in Table 2.1.

Table 2.1 Some basic properties of the neutron.

mass (Kg) charge (e)] spin (h) jhalf~life (s)

1.675x10 27 0 /2 64148

(taken from Curtiss, 1993)

2.1.1 Classification of neutrons

To study the interactions of neutrons with matter, it
is desirable to classify neutrons according to their
kinetic energies. However, the classification of neutrons
in general do not have clearly defined boundaries but it is
often necessary for an understanding of the different types

of interactions. A common classification is given below:

8low neutrons: These are neutrons having energies in the

range between 0 keV and 1000 eV. However in this range a
number of sub-classifications caccur. These are the cold
neutrons, the thermal peutrons, the epithermal neutrons and
the resconance neutrons. Cold neutrons are those with an
average kinetic energy below the average thermal energy of

the surrounding medium. Thermal neutrons are neutrons which
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have average energy approximately equal to the energy of
atoms of the surrounding medium (f.e. En- 0.025 eV) at room
temperature. Epithermal neutrons are those thermal neutrons
whose energies are not completely in thermal equilibrium
with the atoms of the surrounding medium (§.2.0,02 8V < En

< 0.5 eV). Neutrons with average energy between | and 1000

eV are regarded as resonance neutrons.

Intermediate neutronsi Neutrons having kinetic energy in the

range between 1000 eV and 0.6 MeV are classified as
intermediate neutrons. Very little information is available
about the intermediate neutrons because of the difficulties
invaolved in finding efficient detectors for their
detection. Furthermore, sources of these types of neutrons
are very few and there has been little or no progress in

the study of their interactions with matter.

Fast neutrons) The region of energy between 1000 keV and SO

MeV is often considered as the fast range of neutron
energies. Neutrons with energy in the spallation region
(i.c.Enz 100 MeV) are regarded as ultra-fast or high energy
neutrons. Majority of the neutron sources that are widely
used in teaching and basic nuclear research are fast
neutron sources. Consequently, characteristics of
radicisaotope and accelerator-based neutron sources used in
this work together with the principles of neutron

interactions are discussed,.
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2.2 Interaction of Neutrons with Matter

The interactions of neutrons with matter can lead to a
variety of phenomena depending on the energy of incident
neutron and on whether the interaction is with a nucleus or
with a bulk matter. The interactions with nuclei are used
for probing the structure of the nucleus whereby impartant
parameters such as cross secticons are determined. However,
the interactions with bulk media are used for quantitative
and gqualitative assay of such media. The experimental
investigations conducted here are based on both types of

interacticons which are enumerated below.

2.2.1 Interactions of neutrons with nuclei

In general, the interactions of neutrons with nuclei
give rise to nuclear reactions depending on the type of
process involved. The process may be a compound nucleus
process or a direct reaction process or both depending on
the open channel. In direct reaction process, an incident
neutron is scattered from the nuclear potential without
actually entering the nucleus. This process is also known
as potential scattering process and may be elastic or
in-elastic. The direct elastic process is essentially a
billiard-ball type of interaction in which the energies of
both incident and emitted neutron are equal. Haowever, in
direct in-elastic scattering process, incident neutrons of

energies greater than that of the first excited state of a
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target nucleus may excite the target nucleus. De-excitation
of the excited nucleus takes place without the formation of
a compound nucleus wvia the following processes: direct
in-elastic process, charge exchange process, pick-up or
knock—out process. Interaction of neutrons leading to the
formation of a campound nucleus occurs when a target
nucleus absorbs an incident neutron for a relatively long
time compared with the time it would have taken the neutron
to move through a nuclear diameter. The target nucleus
having gained certain excitation energy may decay via a
variety of processes independent of the way in which it was
formed. Like the direct reaction process, de-excitation of
the campound nucleus may be via the processes stated abave
but in addition, radiative capture and fission processes
are equally likely. A schematic diagram of the processes
resulting from interaction of neutrons with a nucleus is

shown in Figure 2.1.

Iin certain cases a radicactive isomer may be formed
depending on the spins of the levels of gamma transition.
If the spin value belonging to one of the discrete levels
is substantially different from that of the ground level,
the mean—-life af the level would be long and as such
measurable. In such a case, the praduct radiocnuclide is
said to be in metastable or iscmeric state and may decay
via gamma-ray emission or internal transition. Neutron
induced nuclear reaction processes which are related to the

experiments in this work are outlined below:
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The (n,») reactiony This reaction is also known as the

neutron capture reaction and it is the most common reaction
in the activation of nuclei by thermal neutrons. The
incident neutron is completely absorbed by a target nuclieus
with the emission of a prompt y-ray. The process is

generally represented by the equation below.

The cross sections of this reaction for majority of
elements decreases with increasing neutron energy and it is
predominant in the thermal neutron energy region. However,
for some nuclei this reaction has high resonances abave the
thermal neutron energies but the craoss sections for fast
neutrons can be neglected when compared to those obtained
for thermal neutrons. A typical example is the

llsln(n,y)lle

In reaction which is recommended as a thermal
neutron flux monitor reaction because of its high thermal

neutron cross section.

The (n,n’) reaction: This reaction is an inelastic

scattering process in which the kinetic energy of emitted
neutron is less than the kinetic energy of incident neutron
thereby leading to the formation of residual radionuclide
in the excited state. The reaction is written as shown

below.

3
N
N
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The residual nucleus in the excited state decays to the
ground state of a stable nucleus via electron capture (EC),
internal conversion CIT) or beta-decay (f-decay)
accompanied by the emission of gamma-ray. The excited
nucleus is said to he in the isomeric or metastable state,

115 vy 115m

a typical example is the Intn,n reaction. The

prime denctes that the neutron is degraded in energy with

=
respect to the incident neutvon and the m of llumln denctes

that the product is a metastable state of the 19In
isctope. This reaction with a threshold of 0.8 MeV is a
useful dosimetry reaction far unfolding neutron fields and
it is also used as a fluence monitor for 3 MeV neutrons

because aof its relatively high reaction cross section in

this region.

The {(n,p) reactiont The (n,p? reaction is endecergic which

proceeds by the exchange of a proton by a neutron in  the
nucleus of the target atom. The process is written in the

form below.
A i A 1
ZX * o = Z-—!x + 4P 2.3

The probability of occcurrence of this reaction depends
aon the height of the Coulomb barrier which increases from
about 1 MeV at Z = 3 to about 12 MeV at Z = 90,wvhere 1 is
the atomic number of the praduct npucleus. In most cases,
the residual radionuclides are beta emitters and they often

decay to the original target nuclei. A typical example is
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the (n,p) reaction on 27&1 described by the expression

below.

27 a1 tn, 932 Mg Ly Ty 2.4

The (n,a) reactiont This reaction is not as prominent as

the (n,p) reaction at low neutron energy because of the

high Coulamb barrier for the emission of an a-particle. The

barrier increases from about 1 MeV at Z = 2 to about 22 MeV

at Z = 90, but 1like (n,p? reactions, the probability

decreases with increasing atomic number. This explains why

the reaction is more prominent amang 1lighter elements. A
=

typical example is the Li(n,a}aH reaction and the

lOB(n,a)7Li reaction which are used for the detection of

thermal neutrons. Similarly, the 2?ﬂ1(n,a)24Na reaction is
a very useful dosimetry reaction in the region between O
and 20 MeV for flux measurements and unfolding of neutron

fields. The foarm of this reaction is given below.

=2 2 2.9

The (n,2n) reactioni This reaction is endoergic and it

occurs when the scattered neutron gives enough energy
exceeding the binding energy of the last bound neutron in
the nucleus of the target atom. The average binding energy
of neutron is between &6 MeV and 8 MeV therefore, only high
energy neutrons can be used to praduce such reactions. The

crass section curve of the (n,2n) reaction can be well
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described by the formula (Weisskopf and Erwing, 1340).

& &7 T
= . —- + - -
aﬂ,zn an” L 1-¢1 —T—) e ] 2.6
A+ 1
where, & = En-Bn. A is the excess energy, T is the
nuclear temperature and o is the neutron emission cross

nM

section which is equal ta the non—-elastic cross section

(aﬁE) for the medium and heavy nuclei., The (n,2n) reaction

can be written as:

i 1 A=-1 - | .
X + o" o= IX + 2,n 2.7
Typical examples of this reaction are the
93Nb(n,Zn)gszb which is used as a flux monitoring reaction
30 89
around 14 MeV neutron energy. Similarly the Zrin,2n) " Zr
reaction in combination with the 93Nb(n,2n)e2mNb reaction

have been recommended as energqy monitors for 14 MeV

neutrons (Csikai et al., 1986),

2.2.2 Interactions of neutrons with bulk matter

Interactions of neutrons with the masses of a material
in which encounters are made with many nuclei by the
neutrons can lead ta a number of physical effects that are
used in nuclear analytical technigues. Process like
slowing=down or moderation of fast neutrons which is very
useful in the fission reactor technology are predominant.
The slowing—down of neutrons is brought about by repeated

collisions with large masses of nuclei of the material.
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Elastic scattering process is the predominant way by which
the <collisions proceed. To understand some of the
principles and techniques in this work, the theory of

glowing-down process is summarized below.

Theory of slowing-down of fast neutrons: Consider a neutron

of mass ”1 and of initial energy 51 which collides with a
free atomic nucleus of mass A initially at rest. The
dynamics of the coallision in both in laboratory system and
centre of mass system is presented by the diagrams of
Figures 2.2a and 2.2b. respectively. The relationship
between the velocities in both frames of reference (i.e.

v., vm,and V.2 is illustrated in Figure 2.2c.

1
From the diagrams and using the cosine formula, the

following equations are obtained .

V2 = 2+ V2 4 29 .V .cos B 2.8
a m a m
and
Vo.cos ¢ = Va.cos & *V, 2.9
Since momentum is conserved , then the velocity of the
centre of mass is cbtained from the fact that the tatal

momentum in the centre of mass system is equal to that of

the laboratory system. Thus equation 2,10 is cbtained.

+* =
A Hll Vm Ml Vl 2,10

Given that Hl = { (1.2. mass aof a neutron)
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thus,
Vi
Vm = =<y 211
However the velocity of neutron in the centre aof mass

system befare collision is given below as:

A
U1 Vm - mvl 2.12

In addition to this, the momentum of the neutron and
that of the atomic nucleus in the centre of mass system are
equal and are oppositely directed before collision.
Consequently, after collision they must still be and
oppositely directed. Furthermore, in elastic collision
energy is conserved hence the velocity of the neutron and
that of the atomic nucleus must be the same as the
pre-ccllision velocities, thus the expression below is

aobtained.

va = T"'T_ Vl 2.13

The kinetic energy of the neutron after ceollision is given

below as:

2

2 2.14

1
E2 - *2-—-"1'\)
From equations 2.8, 2.11 and 2.13 the following

expressions are cbtained.
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vg - ——ﬁfz vf + vf 1 * 2 ' , €osd 2.15
(A+1) (A+L) (A+1)
vg - vf A%+ 2 Acos® + 1) 2.16
(ﬁ+1)2

multiplying equation 2.16 by M1/2 results in;

M Ve - M v %A % 2AcCos® + 1) 2.17
31 -3t 5 -
A+ 1)
2
E2 = E1 (A + 2 A gasa + 17 2.18
@ + 1)

where, E1 = peutron energy before collision
E2 = neutron enerqy after collision and
o - Scattering angle in the centre of mass system

The scattering angle in the laboratory system g is given by

A Cosp + |
Cosg = — 2.19
(A + 2 A Cose + 1)17¢

Introducing an auxiliary gquantity

T
=

A + 1)

equation 2.2.18 becomes

El = % CCl + a) + (1 - a)Cos@l 2.21
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The maximum energy loss occurs in a head-on-collision i.e.
collision for which e = 180° ===> Cosf§ = -1

mzasss=)> E = aE

> 2.22

1

This means that the energy cannot fall below aE1 as a result
aof a single elastic collision.

The energy loss per collision f.e. AE = EI_ E2 becomes:

For a head-on-collisionj

4A
E = ——-——?.E
2 A + 1) 1 2.24

Far hydrogen, A=1, therefore a=0 and AE=0

However, for large value aof A, equation 2.20 reduces toj

a = 1 = 2.25

The gecmetrical average of the ratio EzlEz which is in
E

fact equal to 1ln —El— defines a constant ¥ and is given

r = InE - 1nE, 2.26

The last term of equation 2.26 leads to a physical
interpretation on the average logarithmic energy decrement

per collision. The maximum loss of energy is given below as
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G + 1

The scattering is isatropic in the centre of mass system,

2
A + 1) A - 1)
S L = 14 1n—pr 2.28

-0 + 1)

b4 = i for hydrogen and for large A it can be

approximated as follows:

2 =~ Rea®

The quantity ¢ makes it possible to estimate the average
number of collisions () necessary to moderate a neutron

with incident eneraqgy Ei to E2 and it is given as:

n = 1In(E /E,, 2.30

3

2.3 Neutron Bources

Because of the very short life time of occurrence of
neutrons in nature, they must be produced artificially
through nuclear reactions. The reactions may be induced by
the a and » radiations from radicactive nuclei, or by
charged particles from accelerating devices, or by the
nuclear fission of heavy elements. Consequently, neutron
sources are classified based on the type of reaction
leading ta the praoduction of neutrons. The general

classifications descr ibed below are as follows;
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radicisctope neutron sources) fission neutron sources; and

accelerator-based neutron sources.

2.3.1 Radiocisotope neutron sources

Radicisotope neutron sources are the simplest sources
of producing neutrons. The source consists of a target
material mixed with a naturally decaying radicactive
component which supplies the bombarding radiation used in
the release of neutrons. This method of praduction of
neutrans dates back to the discaovery of neutrons when the
first observed neutrons were produced by bombarding targets
of boron and beryllium by a-particles from the decay of
pelonium. There are several types of radicactive neutron
sources differentiated by the nature of the target material
and by the radicactive nuclei producing the bombarding
radiation. Major draw backs of isotopic neutron sources
neutron source include the low yield of neutrons, broad
neutron spectra and the inability to be turned-off at will.

Widely known radiocisctope neutron sources are:

Radicisotope (a,n) neutron sources: The most common

reaction used far the production of neutrons via the (ga,n)
reaction is the reaction that led to the discovery of the
neutron.

9 4 12 1

i.e. 4Be + zHa = SC +0n + 5.71 MeV 2.31
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A beryllium target was bombarded by a-particles
produced by naturally occcurring radicactive elements such
as polonium, radium, plutonium, and americium,

Characteristics of these types of sources are summarized in

Tabhle 2.2.

Table 2.2 Characteristics of some Bef{a,n) neutron sources.

Source Half-life} E Neutron vield per 106 a's
A mMevd) T calcul ated exper iment

239Pu—89 24,000 vy S5.14 65 s7

2385, -Bel 87.4 v 5. 48 79 ' e

2419m—Ba 433 vy S5.48 8z 70

2 n-Bel| 18 y S.79 100 -

(Taken from Cierjacks, 1983).

Figure 2.3 shows the neutron spectra of the Pu-Be socurce
used in this wark which is typical of radicisctope (g,n?

sources.

Radioiscotope(y,n) sourcest Gamma-ray radicisotope emitters

are used to produce neutrons whenever they are mixed with
appropriate target nuclei. There are only two nuclei which
have thresholds for (y,n) reaction within the range of
energies of y-rays emitted by radicisotopes in their decay
processes. These photo neutron sources are deuterium and
beryllium and they produce neutrons based on the following
reactions.

gBe + = BBE + 1n - 1.666MaV 2,32
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Hep=taaetn - 2.226mev 2.33

In the nuclei of these sources, the binding energy of
the last neutron is low therefore it is possible to
liberate a neutron through the absorption of a yp-ray with
low enerqgy such as those produced by a common p-ray
emitter. One advantage of the photo neutron is that it is
possible to produce moncenergetic neutrons provided that
the incident yorays are moncenergetic. However , the
disadvantage is that for the production of neutrons of
useful intensities, incident y-rays of comparatively high
activity are required, necessitating ¢the use of large

shielding and remacte handling technigues.

2.3.2 Fission neutron sources

Heavy atomic nuclei decaying by spontanecus fission may
emit high intensity neutrons, hence some of these heavy
nuclei can serve as neutron sources. The low rates of heat
emission, and gamma radiation allow the fabrication of
simple, small 252tf sources that require no external power
supply nor maintenance but that can praovide moderately high
neutron flux. Like (a,n) neutron sources, the energy

spectrum is breoad but the shape can be well represented by

the Maxwellian expression given below

NCE) = k EY/ Zexp(-E/T) 2.34

where, K = 2/n/%? (1/79%’? is a constant,

E is the energy of neutrons,
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and T is the Maxwellian temperature (T = 1.42 MeV) taken

from Mannhart, (1987).

2520f source used in

The neutron energy spectra of a
this work (Figure 2.4) was measured by the pulse height
response spectrometer and was found ta follow the
Maxwellian distribution. The 252Cf source can be used for
the calibration of neutron detectors because the Maxwellian
temperature is a characteristic parameter of its epectrum.
Consequently, for the pulse height response spectrometer
described in section 2.4, a value of Maxwellian temperature

2520f neutron

(T = 1.412%0.016 MeV) was deduced from
spectyum which validates the use of the PHRS system to

measure the spectra of neutraons above 2 MeV neutron energy.

2.3.3 Accelerator-based neutron sources

The requirement of neutrons having higher energies and
intensities led to the production of neutrons by the methad
of artificially accelerated particles. Generally,
monoenergetic neutrons can be praoduced via nuclear
reactions in linear accelerator and cyclotron. In  linear
acceleratars, charged particles are accelerated in straight
paths while in cyclotrons, they are accelerated in spiral
aor circular paths. In both types of accelerators, charged
particles mainly deuterons are accelerated at high energies
to overcome the potential barrier and penetrate the nucleus
of appropriate target element. The neutrons hereby proaduced

have relatively high yield at a given eneray, good energy
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resclution and low degree of contamination from background
neutrons. These properties of enitted neutrons are
important in the determination of excitation functions and
other nuclear data studies. Compared with radiocisotope
neutron sources, accelerator-based neutron sources are
larger in size and are more expensive thereby requiring

correspondingly higher investments and cperational costs.

In most accelerator—-based neutron sources, the neutron
producing reaction usually consists of 1ight particles
interacting with light elements. This is because light
nuclei pravide 1low potential barriers ta bombarding
particles and 1light particles can be accelerated to
sufficiently high energies. Some of these reactions and

their most important parameters are summarized in Table 2.3

Table 2.3 Neutron praducing reactions in accelerator-based

neutron sources.

Nuclear @-value] Break-up Neutron anargy* Target
reaction threshold range
(MaV) (MeV) (MeV)

7Li(p,n)7Bu -1.64 0.2-1.0 Li
3uep,nHe | -0.76 8.35 0.7-3.0 Ti-T
ZHed,nHe | +3.27 4.50 2.0-5,0 Ti-D
Bcd,me | +17.53 | 3.71 13,0~20,0 Piwt
2 4

H(t,n) He +17.59 24.99 14,0-26.0 02 gas
* depends on angle of emission.

(Data taken from Barschall, 13983).
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Among the reactions in Table 2.3 those based on
hydrogen are prominent for producing neutrons over an
energy range of between 1 and 20 MeV. As can be seen,
reactions involving deuterons and tritons are non—-threshold
reactions having low @-values and low atomic npumbers.,
Because tritium beams are difficult to handle and the fact
that tritium is an active material which is seldom
available , neutron producing reactions based on deuterium
beams are preferred. Neutron sources operating based on
2u¢d, ") He and “H(d,n)?He are known as D-D and D-T sources
respectively. The letters D-D and D-T are written in the
context of capital letters describing the particle which
reacts with a corresponding target. In this respect, the
neutron generator and the variable-energy cyclotron are
widely used as sources of neutrons in the range between 2

and 15 MeV to determine excitation functions.

The neutron generators The design characteristics of a

neutron generator are such that high current beams of
deutercans are accelerated to penetrate tritium or deuterium
nuclei for the production of neutrons, The neutron

praoducing reactions are given below.

2 2 3 1

H+ "H= "He + "'n + 3.268 MeV 2.35

2 3

H+ H= 4

W *

n + 17.6 MeV 2.36

Fram the kinematice of the abave equations it is
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evident that the mean energies of emitted neutrons are 2.6
and 14.6 respectively. As earlier on stated the energies of
neutrons can vary as a function of emission angle.
Consequently the energy of D-D neutrons vary between 2 and
3 MeV while that of D~T neutrons vary between 13 and 15
MeV. It has been shown that the yield of D-T neutrons is
about 100 times greater than that of D-D npeutrons at
typical bombarding energy of 100 keV (Barschall, 1983),
therefore the D-T reaction in which 14 MeV neutrons are
produced are most widely used. Typical yields of neutrons
as a function of deuteron energy produced via the D-D and
D~T reactions of a neutron generator are displayed in

Figure 2.5.

The majar components of a neutron generator include: a
high voltage power supply, an ion source, an acceleration
system, a target assembly and a vacuum system. For
convenience neutron generators having source strength below
1012n/5 are classified as standard sources while those with
higher source strength are referred to as intense sources.
Both types can be constructed based on the traditional
deuteron accelerator or the sealed-tube generator. In this
work, a low-current neutron generator and a high-current
neutron generator were used to produce neutrons via the D-T
reaction. The characteristics of the beam and bombarding
neutron energies for the low-current neutron generator were

determined experimentally. Results of the measurements and

the operating parameters of this source used in the
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determination of excitation functions from 13 to 15 MeV are

aiven in chapter 3.

The cyclotrony The cyclotron is the first accelerator to

praduce protan beams of high enerqy without the use of
correspondingly high voltage (Burcham, 1963). It is based
an the principle of magnetic resonance in which an
electromagnet is used to accelerate charged particles in
circular orbits. At a given frequency, the energy of
accelerated particles is propartional tao the max imum
permissible radius therefore, the energy of accelerated
particles can be varied according to the cyclotron
frequency. Usually, beam extraction and transport take
place in a region of rapidly falling magnetic field thereby
render ing possible beam focusing onta a distant target. The
cyclotron wsed in part of this work is a compact,
isochronous and variable-energy MGC-20 cyclotron situated
at the premises of the Hungarian Institute of Nuclear
Research, Debrecen. It is designed for multi disciplinary
research programmes and consists of a high voltage power
supply, a radic frequency ion source, an electrostatic
deflector with passive magnetic channel and an
oil-diffusion vacuum system. The beam transport system is
designed to transport accelerated particles ta five target
rooms for different research purposes (Kormany et al.,

1983). In one the target vrooms, fast neutrons can be
produced by protons of energy between 2 and 20 MeV or by

deuterocns of energy between 1 and 10 MeV. In this work,
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deuterons of appropriate energies were used to bombard a
deuterium gas for the production of neutrons having
energies from S to 13 MeV. Characteristics of the neutron
fields praoduced were determined by experimental techniques

and are discussed in chapter 3.

2.4 Exper imental Techniques

Several experimental techniques used for investigating
neuwtraon interactions have been in existence since the
discavery of neutrons. The choice of a particular type of
technique depends on a number of factors but principally on
the parameter of neutron interaction under investigation.
Generally, the techniques are classified as either an
on-line technique or an off-line technique. Majority of the
on—line techniques are suitable for spectrum measurement
while the off-line techniques are suited for the
measurement of reaction products. Neutron spectrum are
aften measured by the time—-of-flight (TOF) system or by the
detection of reccil-protons resulting from neutron
interaction with hydrogen atoms (i.e., the pulse height
respanse system?. Similarly the thermal neutron reflection
technique using BFB counter in a special geometry for the
detection of thermal neutrons belongs to this group. Other
on—-line techniques such as the counter telescope and the
quadrupcle spectrometer are suitable for charged particles.

The off-line techniques include the mass spectraometry, the



38
accelerated mass spectrometry and the activation analysis
techniques. While the mass and the accelerated mass
spectrometries are used mainly for long-lived radicactive
and non-active products, the activation analysis technique
in combination with gamma-ray spectrometry is suitable for
radicactive products. The activation analysis, the pulse
height response spectrametry and the thermal neutron
reflection techniques were adapted for the investigations.
Detail description of the set-ups and the principles are

cutlined below.

2.4.1 The activation analysis technigue

This non—~destructive analytical methaod dates back to
1936 when it was first repoarted (Hevesy and Levi, 1936).
Some samples containing the mixtures of rare earths were
bombarded by neutrons to determine the contents of
dysprosium and eurcpium on the basis of the induced
activity. Activation analysis has since become one of the
most important methods of elemental analysis. The method
has been well adapted in biology, medicine, criminoclcogy and
ather fields because of the accuracy and the

repraoducibility of results.

Principle of fast neutron activation analysis: When a

sample is irradiated by a beam of particles different
nuclear reactions take place producing some radionuclides,
The radicnuclides produced can be identified through their

half~lives and the enerqy of the emitted radiations (gB-rays
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or y-rays). If the intensity of such a radiation is also
measured, then the concentration of the elements in the
sample from which the respective radio nuclei was produced
can also be determined. EBEoth charged particles (protons or
alphas) and uncharged particles (gammas or neutrons) can be
used for irradiation. The neutrons are the most
advantageous because of the large interaction CYoss

sections and the relative cheapness of production.

Basic equation of activation analysis: Consider a certain

activation process having a reaction cross section a(cmz).

Let N be the number of radicactive nuclei formed in time t,
n the number of the target nuclei, g the neutron flux, and
A the decay constant of the radio nuclide foarmed. Then the
increase in the number of radic nuclide as a function of
time t from the beginning of the activation can be

descr ibed by the differential equation

where the first term on the right-hand side expresses the
rate of increase in the number of radio nuclide formed by
the activation while the second term expresses their rate

of loss by decay.

The sclution of the first—order linear differential
equation after integraticon and substitution of the

canditions (£ = 0 and N = Q) can be written as thus:
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N = _i_:'_ﬁ (= o My 2.38

The activity A(t) at time t (i.e. the number of decays per
unit time) is given asj

ACE) = A N(E) = gon (1 — e M) 2.39

The product gon is the activity obtained after activation
lasting for infinite time and is known as the saturated

activity, A Cassuming t = w). The activity of the given

sat’
radico nuclide grows at a rate which diminishes with time
and in practice it is not reasonable to prolong activation
for more than 2 or 3 times the half-life of the radio
nuclide under investigation because further prolongation
only results in a rather small improvement in approaching
the saturation activity value. However, at a time tc after
the end of the irradiation, the wvalue of the activity
decreases exponentially and is given by the equation below.

ACE ) = ACE) e Mt 2.40

wher e tc is the cooling time. If the activity measurement
is performed during a time tm after the cocling time tc,

then the the expected number of decay events DN is

Dy = ?;:_” (1 - e M e (1 - ™, 2.41



41
The average number of counted decay events (CN) is less

than DN as a result of different effects such as the
limited efficiency of the detector (yp), the self-absaorption
correctian (c.}, the dead time correction (:d), cascade
caoincidence correction (sc), caorrection due to time

variation in neutron flux (;f) and the emission probability

af the measured y-line (Ir).

1 ]
i.e. CN = n"a"c"d"f'ly'nﬂ 2.42

Therefore from the equations above we have the basic

equation of the activation analysis as:

At

At e M L(t-e

Cy= ‘a"c"d"f'n'li el W
AHM

where m is the mass of the element in the sample,
M is the atomic number of the element,
f is the isctopic abundance aof the target isctope,
o is8 the crass section (in csz and

Na is the Avogadra’'s number

Activity measurement by the use of gamma spectrometersi

Most radionuclides formed in neutron activation analysis
are gamma or beta-gamma emitters. Further decay by the
emission of positrons, IT or EC is also accompanied by
gamma ray emission. The gamma-rays are emitted in groups

possessing specific line energy and as such a decaying
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radionucl ides may have one or more monoenergetic group of
gamma-rays. Thus the gamma ray energy 1is used as an
analytical property thereby making it possible to
differentiate individual radioc nuclides by a gamma

spectrometer.

Multichannel gamma spectrometers are the most useful
for neutron activation analysis because they make possible
the simultaneocus measurements in many channels (Derbertin
and Helmer, 1988). The moder n detectors are the
scintillation detector [e.g. the Nal(Tl) detectorl and the
semiconductor detectors [e.,qg. Ge-Li, S8i-Li and high purity
germanium detectorsl. For these detectaors the interaction
of gamma radiation with matter is used to differentiate
individual radio nuclide. A gamma ray spectra emitted by a
radionuclide is usually made up of photons, each group
being moncenergetic., A detector can convert a given
monocenergetic gamma-ray group into a well-defined photao
peak with continuous components via the fallowing
processes: photoelectric effect; pair—-production and
compton effect. The ability of a detector to produce
gamma-ray peaks from incident moncenergetic photons is
characterized by the peak width and the peak efficiency.
The width is commonly specified as the full width at half
maximum [(FWHM] or sometimes refer to as the resclution. The
peak efficiency of the detector is the ratio aof the number
of counts in the peak corresponding ta the absorption of

all the photon energy (i.e., in the full-energy peak) to
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the number of photons of that energy emitted by the source,
The choice of detectors in gamma spectrometry revolves
around a balance between the peak efficiency and the energy
resolution. The Nal(Tl) detectors have the advantage of
high photo peak efficiency, but have poor resclution, while
the Ge-Li detectors have an excellent resolution but peoor
efficiency (Knoll, 1979). The excellent resclution of the
germanium detectors allows the separation of many closely
spaced gamma lines, therefoare germanium detectors are used
when several radica nuclides are produced. An  impoartant
factor that is fundamental in gamma-ray spectrometry is the
efficiency curve of the detector. The set-ups of a 3"x 3"
Nal(Tl) detectar and that of a Ge-Li detector (45 cm3 in
volume) systems used for all gamma-ray spectrometry in this
woark are shown in Figures 2.6a and 2.6b respectively.
Efficiency curves for the Ge-Li detector as a function of

sample—-detector distance are displayed in Figure 2.7.

The data for the total and peak efficiency curves of
the flat surface NaI(T1) detector shawn in Figure 2.8 were
measured by gamma-ray standard scurces and fitted by the
expressions given in equations 2.44 and 2.45 respectively.

2 3

(E) = expla, + a, In(E) + a_ 1n(E)" + an InCcE) "1 2.44

iy 0 1 2

- 2 3
nP(E) axp[bo + b1 IncEY + b2 IndE) "+ b3 IncE) "1 2.45
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where, nT(E) is the total efficiency as a function
gamma-ray energy. The fitting coefficients for the total
efficiency curve are:

a. = —-29.840, a, = 18.8962, a, = -3.B69 and a_ = 0,343

O 2 3

and nh(E) is the photo-peak efficiency as a function of
gamma-ray energy. The fitting coefficients for the
photo-peak efficiency curve are:

bo = —84.643, b1= 56.947, b2 = —13.426, b3 = 1.380

A survey of the main sources of corrections:

1> True coincidence losses: The true or cascade coincidence
lasses may occur when one or more gamma-rays are in cascade
with the investigated gamma-ray within an interval of 10#7
s. In such cases, the detector is unable to differentiate
the individual events hence the counts registered under the
peak will be reduced. Correction to the measured peak area
is determined from the expression below provided the decay
scheme and the total efficiency of the gamma-ray are well

known, (Darcczy and Raics, 13982).

n, n;
¥ .8 n (i-s,.2 7,
_ el e 14° T4
€ n. "i 2.46
T pr n »
j=1 1 5=y 1S

where & is the +true coincidence correction and it is

defined as the probability of detecting a given gamma-ray
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quantum (y without the detection of any other from its
cascade.

n is the number of cascade chains containing the

measured ¥, n is the number of cascade gamma transitions

i

in the ithcnscade ¢hain excluding 7 .

B, 1is the branching ratic of the g~ (or f , EC, a )

transition populating the ith energy level.

Yij is the branching ratio of the Jth gamma-transition in

the 1th cascade chain.
‘1J = (‘t"s)id is the product of the total detection
efficiency and the sel f-absorption for the energy of the
Jth gamma line and the ith cascade chain.

§, = 1 if the i*P chain is initiated by 8, EC or a~decay.
Si = 1-2g5,, if the 1th chain is initiated by ﬁ+ decay.

2) Dead time correction: The dead-time correction is
defined as the ratioc of the live time (Tl) to the real time
(Tr)' It is caused when the activity of the sample is high
such that more than one gamma event arrives within the
resolving time aof the detector. In such a case, only one of
the events will be processed and the others will be lost.

Correction due to this factor can be effected by the

following formula.
£y T1/Tr 2.47

3) If the activity is significantly high (i.e. > 10%),

o
then in addition to the dead-time correction the random
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pile-up correction measurement may be needed. Random
pile-up occcurs when the two or more gamma-ray groups
emitted from independent decay are detected simultaneously
within the resclving time of the detector. Correction
arising from this factor is effected by feeding a pulse of
fixed frequency from a pulse gener ator intao the
pre-amplifier of the detector. The count rate «of the all
pulses in the spectrum including the pulse from the pulse
generator will be affected by the pile~up of the
investigated gamma-ray pulse. Consequently the r andom

pile~up correction can be calculated by the formula below;

where Ps and P_ are the peak areas of pulser with and
without sample respectively measured by the analyzer.

4) Carrection due tao time~variation in neutron flux: In
activation analysis the number of radicactive nuclei
denoted by N depends on a number of parameters as shown in
the equation below

N = g.n. ({l-exp(-At ] 2.49

irr)
wvhere, ¢ is the reaction cross section,
n is the number of nuclei in the sample,
A is the decay constant,

tirr is the irradiation time and
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@ is the neutron flux which is taken to be constant

during the irradiation.

Among the parameters above, time-variation of the
neutron flux caused by instability in the operating
parameters of the source can grossly affect the measured
activity especially if the reaction under investigation has
a half-life shorter than the irradiation time. The
correction factor g, due to this effect can be determined

f
by manitoring the neutron flux continuously with a BFS
long-counter system. In practice, the neutron flux is
proporticonal to the count rate, Hftirr' where M is the
total count recorded by the BF’3 counter during irradiation.

In terms af the BF3 counter where the flux is constant with

time, equatiaon 2.49 can be written as:

N = o;n Rtﬂ [l—exp(—hirr 21 2.30
irr

vhere, 5 is the efficiency of the BFa counter.
If for a fixed time interval At much shorter than the
irradiation time during which the maonitor count Hi can be

assumed to be constant, then equation 2.50 becomes)

n

_eony [1-exp(~-AAt)] _ _ 2.51
N =R 3 I I exmCAch, 14833
where the factor exp[-h(tirr— iAt) gives the decrease in

the number of nuclei produced in the ith interval.
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The correction factor g, is cbtained by dividing eqguation

L
2.50 by equation 2.51. Thus, the expression below is

cbtained.
M
—?rtl-exp(—x tlrr)]
&, = L£.2 2.52
[1-exp(-AAt))]

n
= "i exp-IA(t

. ;ribt p
i=1

At i

5) SBelf-absorption corvrectian: This correction is caused by
the absorption of the detected pgamma-ray in the sample
itself. Cansider a sample af thickness d, with activity

A and a cross sectional area of X shown in Figure 2.95.

If the density of the material of the sample is p then
the activity'dﬁ in a thin layer dx will be given as

follows.
dA = p X A dx 2.53

Due to the self absorption of gamma-ray, the measured
activity dﬁm will be less than the expected activity gqgiven

in the equation belaw.
i.e. dAm = dA exp(—ux) 2.54
where p is the linear absorption coefficient of the

gamma~-ray which depends on the gamma energy and sample

material. From equations 2.53 and 2.54, the measured total
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activity will be given as fallows:

AL = .I dA = R p-X.A  expl-ux) dx
= p X A_ [l-exp(-pd)] 2.55
Jd

Similarly from equation 2.53, the initial total activity A

will be given asj

A=pXAh d 2.56

The sel f-abscorption correction £, which is defined as
the ratio of measured activity to the emitted activity

(i.e. Am!A) is given by the expression below.

£, = (1 - exp(—pddl 2.57
wd

whare d is the thickness in gcmﬁz and u is the absorption

coafficient in cng-l.

2.4.2_The thermal neutron reflection technique

General principles: In general, neutrons produce by a

laboratory neutron source have energies far above the
thermal region. When fast neutrons collide with the nuclei
of a medium, the neutrons begin to lose their kinetic
energy through elastic and inelastic processes until they
have velocities in equilibrium with the velocities of the

atoms in the medium (Curtiss, 19539). Under practical
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conditions, some neutrons will be lost through the capture
process while others may escape through the boundaries of
the finite medium thereby giving rise to thermal neutrons.
The escape of thermalized neutrons can be as result of
transmission through the boundary of the medium or via
reflection from the nuclei of the medium. However the
intensity of thermal neutrons leaving the medium depends on
the slowing-down proacess which in turn depends on the
nuclei of the medium. As discussed earlier on in this
chapter, in the moderation of fast neutrons, the elastic
process is by far the most dominant mode of interaction in
which the kinetic eneray of the colliding neutron is

practically transferred to the target nuclei.

The average energy loss per collision is given asj;

AE E, —>— 2.58

where, AE is the mean energy loss per collision.

E1 is the energy of the incident neutron.

where, A is the mass number of the puclei.
As can be seen from equations 2.58 and 2.59 the intensity
of thermal neutrons strongly depends on the mass number of
the medium. Therefoare in this regard hydrogen which has a
mass number of 1 has a significant role to play in the

slowing-down of fast neutrons. Consequently, nuclear
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techniques based on physical parameters of neutrons such as
moderation and reflections are widely used in the analysis
of bulk media mainly for the determination of hydrogen or
moisture content. The thermal neutron reflection technique
which was develaoped faor the determination of bitumen
content in asphalt concrete (Buczko et al., 1975) is based
on the same principle. Subsequently, the experimental
arrangement the "BITATRON" designed for this purpose has

been used for related investigations.

The experimental arrangements: The scheme of the

experimental set-up which was manufactured for a road
construction company but was modified for this work is

shown in Figure 2.10,

It consists of a 18.5 GRBg. Pu-Be isotopic neutron
source embedded in a polyethylene block 30 c¢m in diameter.
The advantages of the Pu-Be source include the fact it does
not emit penetrating gamma radiations and its long
half-life. The extended polyethylene serves as the
slowing—down medium and provides the necessary shielding
against fast neutrons. In order to minimize the effect of
background neutrons from the shield, the sample is cavered
with cadmium sheet except the side facing the sample. A
proportional counter filled with 1OBFB gas and having a

sensitive length of 80 mm and a diameter aof 20 mm is placed

at the semi-infinite surface between the source and sample.
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The counter which is connected to a pre—-amplifier and an
amplifier is fed from a high voltage power. The output of
the amplifier is connected to a single channel analyzer
having a timing and a scaling stages. A printer is
interphased with the timing and scaling stage so as to
enable the detected number of counts to be recorded and
printed for a fixed time interval. The relative excess
count p, normalized to the physical density p, can. be

determined using the expression belaow.

n=( - I.)/p I. 2.60

where, I and I‘ are the count rate measured with and

without the sample respectively.

Organic materials having well—-known hydrogen content
are used ta plot a calibration curve since the excess count
rate p for a given sample depends linearly on its hydrogen
content. From the calibration curve, total hydrogen content

in the investigated sample can be determined.

2.4.3_The pulse height response spectrometry technique

The pulse height response spectraometry system (PHRS) is
an arrvangement for the measurement of neutron spectra based
on the elastic scattering process of neutrons with
hydrogen. It consists of an organic scintillator detector
coupled to a photo multiplier tube and appropriate

electronic modules. The system firset came into use as a
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neutron spectrometer as far back as 1960 (Knoll, 1979). In
comparison with the time-of-flight spectrometer, it is
compact and represents a good compromise between counting
efficiency and energy resalution. Consequently, the system
can be used for on~line checking of the source spectrum and
for the measurement of leakage spectra behind samples of

thickness of up to 2 m.

Properties and principles of the system: The neutron

detector, usually an organic scintillator uses the
principle of elastic scattering on light nuclei to generate
a pulse height spectrum. This is achieved through the
detection of recail-protons produced when fast neutrons
collide with hydrogen nuclei. Since the gamma-rays produced
are alsco detected through compton—-electron recoil process,
a detector consisting of an NE-213 stilbene scintillator is
preferred because it can discriminate gammas from neutrons.
The scintillation response produced by a gamma-ray due tao
the ionization of electrons is faster than that due to
proton iconization because electrons are lighter. A
pul se-shape discriminator can be employed to distinguish
scintillation pulses according to neutron events or gamma
events. The main components of the organic scintillator are
hydrogen, carbon and little amount of oxygen. When an
incoming neutron of energy En is incident on the organic
scintillator, a recoil-proton of average energy Ep is
produced fram the elastic scattering of neutron with

hydrogen. Fraom the kinematics of neutron elastic scattering
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(section 2.2.2), the vrelationship between the average
energy of recoil-protons and that of the incoming neutron

in the centre-of-mass (CM) system given as:

E = 1/2 (1~cos$) E 2.61
P n

where, & is the scattering in the CM system.

It is well-known that hydrogen is by far the most dominant
element in neutron elastic scattering and since all
scattering angles in the centre~af-mass system are
possible, the energy spectrum of the recoil-proton should
be rectangular. However, due to edge effect, multiple
scattering from hydrogen and carbon as well as non—~linear
behaviour of organic scintillator, the response spectrum is
distarted. Enerqgy calibraticn of the detector is per formed

by the campton distributicn from 22Na gamma-ray standard.
The channel number corresponding to half-height of the
compton peak is associated with the maximum energy of
compton distribution. Then, the neutron spectrum is
ocbtained by de-~conveolution of the pulse height response
spectrum using an unfolding code containing the parameters
of the detector and the channel number corresponding to

hal f-height of the compton peak.

The pulse height response spectrometer: A block diagram of

the system used in this wark is shown in Figure 2.11. It
consists of an NE-213 stilbene liquid scintillator detector

of volume 98 cm3 connected to a photo multiplier tube and
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fed from a high voltage power supply of 1.16 kV. The cutput
of a preamplifier connected to the photo multiplier tube is
fed into the input aof a delay-line amplifier. The
delay-line amplifier accepts input of either polarity from
the preamplifier and amplifies the pulses by an adjusted
gain factor. As a result of amplification, twoc output
pulses are proaduced from each input pulse. One is positive
UNI-palar (UNI)Y and the other is Bl-polar (BI)>. For eneray
measurements, the UNI-polar cutput is preferrvred because it
has low signal-to-noise ratic. The pulse-shape analyzer is
used to discriminate the UNI-polar output pulses by the
"rise~time discrimination” method as a result of which the
pulse height response spectrum can be fed into the an MCA

via a linear gate stretcher.

When the gate is opened linear pulses which are
stretched in duration pass through without distortion but
while closed, all pulses are blocked. The time-tac—-ampl itude
converter is desirable to cbtain rise-time spectra for both
neutron events and gamma events. The rise-time spectrum for
bath neutrons and gammas and the rise-time spectrum after
the elimination of gamma events obtained with this system

are displayed in Figures 2.12a and 2.12b respectively.
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CHAPTER THREE

3.0 CHARACTERIZATION OF NEUTRON FIELDS

In general neutron fields are characterized by the
following parameters; the mean energy, angular yield and
energy distributions of neutrons as well as the neutron
flux density distributions. An accurate knowledge of these
parameters is required for precise measurements of
differential and integral neutron data. Measurements of
neutron cross section curves from threshold to 20 MeV are
carried ocut with accelerator-based neutron sources. In most
accelerators, the beam components are separated according
to their masses by a magnetic analyzer which must be
calibrated wusing nuclear reactions having well known
resonance and threshold energies. A review of the main
characteristics af recommended resonance reactions
indicates that there is only one calibration point at Eps
200 KeV (Marion, 1966). In the case of neutron generators
for which the energy of bombarding deuteron beam is usually
less than S00 keV, empirical formulae for calculating
angular distributions of the yield and energy of neutrons
have been given (Csikai e¢ @l., 19856). Nevertheless, due to
instability in neutron generator operating parameters and
target conditions, the flux and the energy of neutrons must

be determined during irradiations. .
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Similarly, it is well known that the spectral
distribution ¢f neutrons produced via the 2H(d,n)aHe
reaction at Ed 2 4.5 MeV is quasi-monoenergetic and it is
caused mainly by the contamination from breakup neutrons.
The degree of contamination depends on the incident
deuteron energy and the material of the gas target (Cabral
et &l., 1930; Gallert et al., 1993: Gallert et al., 1934).
Consequently, the characteristics of neutrons produced by
the 14 MeV neutron generator and the variable-energy
cyclotron used were determined. The experimental techniques

employed as well as the results obtained are described

belaw.

3.1 En-rgz Calibration of Low-valtage Accelerator

by 1IB(p,y)‘zc Reaction

3.1.1 Introduction

The determination of nuclear reaction rates at low beam
energies requires a knowledge of the beam enerqgy to a high
precision (Freye et al., 1977). The eneragy and the yield of
neutrons produced in the 2H(d,n)aHa and chd,n)4Hn
reactions depend on the bombarding beam energy and the
angle of emission. The absolute energy of the accelerated
beam can be measured by direct and indirect methads. The
direct method has a limitation because static voltmeters

are available up to 100 kV with an accuracy of *1 kV. Among

the indirect methods the use of resconant and non resonant
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nuclear reactions for calibrations of low-enerqgy
accelerators are the most reliable (Csikai, 1987).
Furthermore, the current of the magnetic analyzer used as a
relative tool must also be calibrated for beam energy using
nuclear reactions, In this work, the current of the
magnetic analyzer of a low—current neutron generator used
for crass section measurements was calibrated for beam
enerqy by observing the resonance in the Ile(p,y)Izc

reaction.

3.1.2 Expearimental procedures

The low-current neutron generator used for activation
cross section measurements has a 100-200 kY variable high
valtage power supply tube and a radico~frequency (RF) ion
source for proaducing ion beams. The discharge vessel of the
RF ion scurce is made of pyrex glass and the gas is ionized
by means of an oscillatar operating within a frequency
range of 15-100 MHz with a power consumption of 100-400 W,
The ions from the plasma are extracted by applying a
valtage of about S kY inside the discharge balloon. The
ions leaving the discharge ballcon are introduced into an
accelerating and a focusing electric field provided by the
icn optical accelerating systems located inside the tube.
The accelerated icn beam has an energy eqguivalent to the
potential drop across the high voltage terminal and the
ground. A magnetic analyzer cperating with a current of

abaut 1.8 A is used to deflect the protons from the mixed
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beam while the quadropcole lenses are used to focus the
magnetically analyzed beam onto the target. The target is a
pellet af 19 mm diameter made from amorphous boron  powder
by an hydraulic pressing machine having a pressure of about
100 bar and was mounted in a target holder at 50° with
respect to the beam direction. Direct cocling was applied
to the target via a jet of LN2 supply. The y-ray emitted at
0° relative to the directiocn of the beam was detected by a
NaI(Tl) scintillation detector which was connected to a
compatible computer-based multi channel analyzer. A
schematic diagram of the measuring arrangement is shown in

Figure 3.1.

3.1.3 Results and discussion

Energy calibration of the NaI(T1) detectar was
per faormed by p-ray lines from by a set of standard sources.
The proton induced resonance was chserved by measuring the
intensity of the emitted y-rays at 4441.4 keV as a function
af the accelerating wvoltage. The terminal voltage was
controlled by measuring the current through a bank of

resistors. The measured data are given in Table 3.1.

A plat of the gamma intensity as a function of
terminal voltage is shown in Figure 3.2. In order to reduce
the contributions of room background the detector was

placed inside a cylindrical lead shield.
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Table 3.1 Intensity of proton-induced y-ray as a function

of terminal voltage.

Terminal | Lon Magnetic] Intensity
voltage] current ] current
(k¥ () <A (c.p.s.)
130,0 S0.0 1.80 0.0
150.0 80.0 1.78 0.0
160,0 50,0 1.78 58.9
165.0 50.0 1.78 140.3
170,0 50.0 1.78 1727
180.,0 S50.0 1.78 180.5

The enerqy spread of the proton beam was determined from
the 75% and 25 % points of the high-eneray edge of the

gamma yield.,

Furthermore, the resonance beam enerqy was deduced
from the inflection point of the curve shown in Figure 3.2
after a least square fitting of the measured data. The
terminal voltage was calibrated for energy by accepting a
value of 163.5 keV at the rescnance. The results obtained
reveals a width (FWHM) of 5.5 * 0.4 keV at & rescnance of

163.5 keV.

3.2 Angular Energy Distribution of D-T Neutrons

Produced by a Neutron Generator

3.2.1 Introduction

The total yield of neutrons emitted in all directions
by a neutron generator is proportional to the number of

charged particles bombarding the target (i.e. the beam
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current). However the energy and relative yield of emitted
neutrons depends on the type of nuclear reaction producing
the neutrons, the energy of the bombarding particles and
the angle of emission of the neutrons relative to the
direction of the bombarding beam. Therefare, the angular
energy distribution of emitted neutrons must be determined
especially for precise measurements of neutron activation
cross sections. In this work, irradiations with 13-15 MeV
neutrons were performed at a low-current D-T neutron
ageneratar. The average neutron energy at a given angle of
emission was determined from the measured cross section of

901r(n,2n)892r reaction, while the neutron flux was

monitored by the 93Nb(n,2n>gszb reaction. The experiment
is based on the fact that the ((n,2n) crass section of
zirconium varies rapidly as a function of neutron eneray
around 14 MeV while the (n,2n) cross section of nicbium as
function of neutron energy shows negligible variation in
the same energy region. The advantage of this methad is
that the energy monitors (Zr and Nb foils) can be
irradiated together with the samples under investigation in
a stack. It has been shown that the eneragy of neutrons as a

function of emission angle can be calculated by the

following formula (Csikai et al., 19B6).

n
i
En(Ed,OJ = EQ +1EEE! cos § 3.1
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where En is the neutron energy in MeV.
Ed is the deuteron energy in keV.

# is the emission angle.

EO and E1 are coefficients for different deuteron
energies and are summarized in Table 3.2,

Table 3.2 Values of parameters in equation 3.1 far the
calculation of angular dependence of neutron
eneray.

E D~-T Reaction (MeV)
s E E E
(keV) (] 1 2
S50 14.06520 0.42329 0.00682
100 14,07883 0.57613 a.01222
150 14.08942 0.66776 0. 01600
200 14. 039680 0.72427 ©0.,013908
250 14.10286 0.76661 0.02167
300 14.10803 0,.80001 0.02374
325 14.10723 0,79477 0,02347
3.2.2 Experimental procedures
Irradiation: High—-purity rectangul ar-shaped metallic

samples of Zr and Nb having dimension of 15 x 10 x 1mm were

irradiated with fast neutrons of energies between 13 and 1S

3

MeV produced via the H(d,n)4Ha reaction using an analyzed

deuteron beam of 190 keV. In order to reduce the number of

scattered neutrons from the target holder of the generator,

an 0.3 mim thick air—-jet cooled aluminum backed

titanium—tritium target was used in a scattering-free

arrangement shown in Figure 3.3. The Ir samples and the
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caorresponding Nb  flux monitoring foils were fastened
back-to~back round an aluminum ring of 20cm diameter with
the beam spot af 0.5 cm diameter at the centre. The samples
and the carresponding flux monitors were placed at 0', 40',
90°,110° and 150° relative to the direction of the deuteron
beam. A BI-‘:3 counter was used to monitor the time-variation

af the neutron flux during the S hours irradiation.

Activity measurements) The gamma—r ay activities of

irradiated zirconium samples and those of nicbium flux
monitors were measured by a Ge-Li detector system described
in chapter 2. Total error of the full-energy-peak
efficiency in the region between 180 keV and 1500 keV has
been found to be 1.0%. Activities af each of the zirconium
samples were measured via the 909 keV gamma-line after 24
hours cooling time. Immediately after which the activities
of each of the nicbium fails were also measured via the
934.5 keV gamma-line. The nuclear data used in this

measurement are given below in Table 3.3

Table 3.2 Nuclear data of the energy and flux monitor

reactiaons

E Hal f—- 1 %) n
Radionuclide ¥ (kew) | life r e %)
89
Zr 909.2 3.27 d 99,0 0.87
I2my, 934.5 10.15 d | 99.1 0.85

Nuclear data taken from Reus and Westmeier (1983)
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90Zr(n,.’-.’n}Bng reaction as a

The crass section of
functicon angle was calculated based on equation 2.4.10
using the ASEASY computer code. Similarly, the neutron flux
at each sample position was monitored by the
93Nb(n,2n)92mNb reaction for which a value 460 * 5§ mb was
accepted as the cross secticn value taken from Csikai et
al. (19391). The gamma ray counts were corrected for the
effects of variation of neutron flux with time during the

irradiation, true coincidence, dead-time, gamma-r ay

sel f-absarption and detector efficiency.

3.2.3 Results and discussion

Results of the cross section as a function of angle
obtained in this experiment are summarized in Table 3.4.
The uncertainties given faor the measured Cross
sections arise mainly from the neutron flux determination.
It has been shown by Csikai e¢ al., (1331) that the (n,2n)
cross section of zirconium depends on neutron energy in the
14 MeV region and can be well approximated by a second

aorder polynomial given in equation 3.2

= i
olE ) = ¥ a_.E 3.2
n jm=g ¥ P

where, a = -13244.5 mb

a, = 1668.16 mb/MeV

a, = -48.543 mb/ (MeV)

2
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Table 3.4 Measured cross sections of 90Zr(n,2n)892r

reaction at different emission angles.

Angle Neutron Flux Cross—section Uncertainty
(N/s8g.cm.s) () (mbd) Ac(®) (mb)
o 1117000 753.90 * 25,20
40° 1115000 673.60 * 22.60
90° 1056000 567.80 + 18.90
110° 933000 560, 30 + 18.70
150° 9839000 357.50 + 13,10

From the above expression the neutron energy at each
angle of emission was calculated by accepting that the
cross section as a function of emission angle equals the
cross section as a function of energy (i.e. a(En) = gl(H).
Results cbtained are stated in column 2 of Table 3.5.
Column 3 aof this Table contains the results obtained based
on the empirical formula (equation 3.2). As can be seen,
slight deviations exist between the measured and the
calculated neutron energies which may be attributed ta the

target conditions.

Table 3.5 Deduced and calculated mean energy of neutrons

as a function emission angle

Angle Neutron energy (Mel)
measur ed calcul ated

0° 14.58 * 0.25 14.77

40° 14,30 * 0,24 14.61

90° 13.91 + 0.23 14.09

110° 13.88 £ 0.23 13.86

150° 13.30 % 0,22 13.52




76

3.3 Spectral Distribution of D-D Neutrons Produced

by an MGC-20 Cyclotren

3.3.1 Introduction

The compact MGC-20 cyclotron described in chapter 2 is
regularly used as a neutron source to produce neutrons via
D-D reactions for the investigation activation Cross
section curves from S tao 13 MeV. Like all D-D neutron
sources where gas cells are used, the neutron spectrum is
aften contaminated by neutrons from secondary sources. The
secondary neutrons are due to the following processes: (1)
Break-up of deuterons at Ed Z 4,5 MeV caused by "stripping”
when fast moving deuterons strike a target nucleus; (2)
Break-up of deuterons in the Coulomb electrostatic fields
of construction materials i1.e. X(d,npiX process; (3
Sel f-target build up in the beam stop i.e. D(d,n) process;
(4) Production of neutrons as a result of the interactions
of deuterons with the beam stop and the entrance window
I.e. X(d,xn)Y process and (5) Production of neutrons via
D(d,2n)2p process at E, = 8.9 MeV. At 0° angle of emission,
the contributions due to the first three processes have
been shown to be significant (Drasg and Schwerer, 1987).
Recently, an improved D2 gas cell system which eliminates
the gas-ocut runs method of estimating the degree of
contamination has been developed (Gallert ¢ al., 1994).

However, the contributions of secondary neutrons to the

signal-ta-background ratio (S/B) at a given neutron scource
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comes from the break-up processes and must be determined.
In this respect, the energy spectra of neutrons produced at
the cyclotron by deuteron of energy between 4 and 10 MeV
were measured by the PHRS system. For comparison, the
activation unfeolding technique in combination with the
SULSA computer code (Sudar, 1985) were used to determine

the neutron spectrum at Ed = 8.0 MeV.

3.3.2 Experimental procedures

Irradiation: Neutrons of average energies ranging from 5 to

13 MeV were produced by the variable-eneragy MGC—-20
cyclotron. The energies aof the analyzed deuteron beam which

can be determined by the formula expressed in equation 3.3:

2 K.ﬁ.vz

E, = K.A.p /(1 + 2.E. ) 3.3

d

where, v is the NMR frequency, and K is a characteristic
parameter of the cyclotron, for this cyclotron K = 26.453 %
0,052 keU/(HHz)2 (Jozsa et al., 1988).

A and E. are parameters related to the accelerated ions,
for deuterium jions, A = 0,05002482 and E.u 1.875628 x 106
MeV. Some parameters of the beam at the different

bombarding energies are summarized in Table 3.6.

A simple polynomial expression (equations 3.4) is given
for estimating the energy loss in the window of the gas
cell for 3 MeV 2 Eds 12 MeV is obtained from the sclid line
displayed in Figure 3.4,
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z
AEw== a_+ al'Ed “ az.Ed 3.4

where, a = 0.4547

a,= 0.00188

Table 3.6 Energy data of deuteron beam used for the

production of neutrons at the cyclotron.

YOME Ed(in) Ed(out) Energy lass
(MHz ) (MeV) (MeV) AE (MeV)
17.386 4,00 3.713 0.297
21.000 5.820 S5.575 0,245
22.932 6.946 6.729 0,217
23.580 7.343 7.132 0.211
24,910 8.193 7:.997 0.196
26.824 9.497 9.319 0,178
27.144 9.724 9.550 0.174

A schematic diagram of the experimental arrangement
shown in Figure 3.5. consists of a D2 gas target, sample
holder and the NE 213 detector. The gas target is a 40 mm
long cell filled with D2 gas at 1.8 bar and covered by S um

Nb and 8 pum W foils as aperture and beam stop respectively.

The spectra of neutrons produced at the different
bombarding energies were measur ed by the neutron
spectrometer kept at 0° with respect to the beam direction.
In order to avoid pile~-up af pulses in the detectoar, a low

beam current (< 10 nA) was applied for 30 minutes preceding
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the irradiation of the foils whose activation cross section
are being measured. Thereafter, a beam current of 3 upA

was applied for the cross section investigation.

As a check of this method the neutron spectrum at Ed-
8.0 MeV was determined by the activation unfalding
technique. In this respect, threshold energy monitor foils
were irradiated together with the investigated samples in a
stack. Nuclear data of the thresheold energy reactions

accepted for this purpose are presented in Table 3.7.

Table 3.7 Nuclear data of threshold energy monitors

Reaction Half-1life 3 E 1
r 4 thr y
(keVy  feevd | oo
118, n 1910 4,49 n 336.2 | 0.8 | 45.91
2721 ¢tny a3 2MNa 15.03 h 1368.5| 6.5 | 100.0
SCre(n,p) tMn 2.58 h g46.8 | s.5 | 98.87
Qi tn,p)*Cse 43.7 h 983.5 7.0 | 100.0
1037.5 97.5
1312.1 100,0
Fcactn,a "Cmn 2.58 h g46.8 | 6.5 | 98.87
Bt tn, 83 2co 70.78 d | ©10.8 | 2.0 | 99.44
ﬁ
Bbn,zn 7™ | 10.15a | 943.5 | 9.7 | 100.0
197 putn, 2031 %an | 6.18 @ 3ss.7 | 8.8 | 87.0

Data evaluation and analysis: The proton spectra measured

by the neutron specrometry system are unfolded by a

camputer code (Olah, 1994 and are stored in binary files.
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The stored data are converted from binary to ASCII
files and are evaluated by the ASEASY computer code to
obtain the neutron flux density as a function of neutron
energy [(@(E)1. The values of @(E) are plotted against the
corresponding neutron energy by the PLOT40 computer code.
Neutron spectra corresponding to Ed = 3.87 MeV and Ed =
9.39 MeV measured by the PHRS system are displayed in

Figure 3.6.

In the case of activation unfolding technique, the
neutron spectra were determined from measured specific
activities of the irradiated detector foils by the SULSA
camputer soft-ware. For this reasan, the activities aof the
energy monitor reactions were measured by the Ge-Li
detector system described in section 2.3.1 and corrections
for the effects of true coincidence, gamma-yray
sel f-absarption, detector efficiency and neutron flux
variation with time were made to the calculated sample
activities, The specific activities obtained for the
monitor reactions together with the uncertainties in
percentage which are the input of SULSA code are stated in
Table 3.8.

The SULSA code determines the neutron spectrum from an
iterative solution of generalized least square methaod
without an input spectrum. The cross section data belonging
to the monitor reactions as well as the coarresponding
covariance matrices used with this code are taken from the

IRDF-30 (1930) nuclear data file.
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Table 3.8 Measured specific activities of the energy

monitors
Monitor Specific |Uncertainty
reaction activity
lonlgtcps) %)
8ri o0 "%k 9.630 2.755
Oretn,p)"CMn| 12.245 2.486
S¢catn, e Mn] 2.832 3,240
S8Ni tn,p> Ccol| -88.527 2.470
Bben, 207N 10.675 2.517
18, n 3115101 107,257 1.444
197 pucn, 203 ?au] 142.608 1.511
27 a1 (n, 002 Nal  14.132 2.595

Figure 3.7 shows the neutron spectra obtained by this
method at Ed = 8.0 MeY together with that obtained by the

PHRS at the same deuteron energy.

3.3.3 Results and discussion

The neutron spectra shown in Figure 3.6 cobtained at Ed

= 3.87 MeV and Ed = 9,39 MeV carresponding ta the minimum
and maximum neutron energy respectively, indicate that  the
production of break-up neutrons increases with deuteron
energy. The dependence of reaction rates on neutron energy

[i.e. R = g(E).¢(E)] were determined for 5BNi(n,p)SSCo and

“7a1cn,a0%*Na reactions in the knowledge of @(E) obtained

from the measured spectra and g(E) adopted from recent
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evaluation (ENDF/B-V1, 1930), The ratios of reaction rates
integrated over the group of break-up neutrons to the total

(f.e. RB/RT) and that integrated over the group of

monoenergetic neutrons to the total (i.e. RH/RT) are

presented in Table 3.9.

Table 3.9 Ratiocos of reaction rates integrated over the
groups of breakup and moncenergetic neutrons to
the total at different incident neutron energies

for “SNitn,p) and 2’Al(n,a) reactions.

Ed En o8 Ni(n,p?BCom'g 27A1<n,q)24Na
(MeV) | (MeV) RB/RT RH/RT RB/RT RHIRT
4.00 7«12 0.0028] 0,.9372 0,000 1.000
o.82 8.92 0.0580] 0.9420 0,000 1.000
6.95 9.60 0.0668]| 0.9332 0.000 1.000
7 .34 10.30 00,2350} 0.7750 0.002 0.998
8.20 11.13 0.2550] 0.7450 0,003 0.997
9.73 12.20 0.4740 ) 0.5260 0.611 0.989

The contributions of break-up neutrans ta the total
activation for the two reactions at different incident
neutron energies can be taken into account. As can be seen

in Table 3.9 the maximum contributions of 1low energy

neutrons ta the total activation of 27ﬁl(n,a)24Na and

s8 S8, M9

Nidn,p) reactions are 1.1 % and 47.4 %

respectively. This can be attributed to the large spread

cbserved in the cross section data of 5BNi(n,p)BaCom’g
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reaction in the region between 9 and 13 MeV faor which no
other practical monoenergetic neutron source is available.
Furthermore, the flux density spectra af neutrons
determined by the activation unfolding and PHRS techniques
are compared in Figure 3.7. However the activation
unfolding technique gives a lower average energy and higher
energy spread than the PHRS technique while the high
threshaold of the PHRS system prevents the detection of
neutrons with energies below 1.5 MeV. In order to check the
effect of sel f-buildup of deuterium in the beam stop, the
spectral distributions of neutrons were measured using a
fresh and used W beam stops. The spectra shown in Figure
3.8 indicate the contribution is negligible after about SO

hours irradiation time.
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CHAPTER FOUR

4,0 EXCITATION FUNCTIONS AND ISDMERIC CROSS SECTION RATIOS

4.1 Introduction

In general, the studies of excitation functions of
neutron threshold reactions are of considerable importance
for testing nuclear reaction models and various other
applications especially in neutron dosimetry and spectral
measurements. Furthermore, the investigation of enerqgy
dependence of isomeric cross section ratios are of
fundamental interest for studying the role of spin values
in the formation of isomeric states. A survey of the
available literature (McLane et gl., 1988; CINDA-94, 1994)
shows that both the cross section data (aact) and the

isaomer ic craoss section ratios (am/ag) for many neutron

induced reactions are rather scanty and discrepant.

Nickel is an important structural material wused in
fission and fusion reactor technologies therefore useful
information on hydrogen—gas production can be derived from
measured cross section data of 5aNi(n,p)SBCom'g reaction.
Since this reaction is alsa a dosimetry reaction used for
flux and spectral measurements, it appeared worthwhile to

investigate it. The Cross section curves of the
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98Ni tn, p) T8co™r 9

reaction measured by e number of
investigators show a large spread in the 8-12 MeV range
(Meadows and Whalen, 1963; Smith and Meadows, 1973; Raics
et al., 19813 Peiguo ¢t al., 1985; and Pavliik et al.,
1985). As a result of the spread, the evaluated data are
also discrepant (Zhao et al., 1989 and ENDF/E-VI, 1930).
However of greater interest is the isomeric cross section
ratia for which there are no published data in the 5-13 MeV
range (McLane et &l., 1988 CINDA-94, 1994). This may be

attributed to the unfavourable decay scheme of SBCom

and
the difficulties in determining precisely the

characteristics of the incident neutrons.

In this chapter, experimental studies in the neutron
energy range of between S and 15 MeV were per formed on the
59Nitn,p)5800m'g reaction to determine the ahct‘"d the
a

o"/0° ratio. The measured data are compared with evaluated

data and calculational results using different nuclear

reaction models.

4.2 Principles of Cross section Measurements

Being wuncharged, neutrons can penetrate deeply to
interact with the atomic nuclei of a sample giving rise to
several nuclear reactions. A quantitative measure of the
probability of occurrence of a given nuclear reaction
induced by neutrons is referred to as the cross section.
Consider a particular neutron interaction in which a mass

containing N target nuclei is exposed to a flux of neutron
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@ (cmmzsﬂl). The number of interactions Xi occurring in 1

second given by the expression below, is directly
proportional to the number of target nuclei N, and the flux

of neutrons:

xi - al.N.i 4.1
where, o, is the cross section of the given interaction (in
cmz). For practical purposes the accepted unit is the
millibarn (mb> and 1 barn = 10 =7 cm®. Equation 4.1 is
similar to the basic equation of activation analysis (i.e.
equation 2.43). Bince the other parameters are well known,

then the c¢ross section of a given reaction can be

calculated by the formula below.

=
aﬁct

A. A
.:k.:f.n.Cl-axp(—hti)].exp(—xtc).tl-exp(—ktm)]

¢.n.f.lr.:d.:al

4.2

where,

A = peak area.

A = decay constant (s_1>.

neutron flux (n.cm—z.s 1) measured by foil monitor.

®
i

f = isotopic abundance of the target nuclei.

-t
]

absolute emission probability of the gamma line.
€, = dead-time correction.

&_ = self-absorption correction.

£ = carrecticon due to time-variation in flux.
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", M cascade coincidence correction.
n = full-energy-peak efficiency of the detector.

ti = irradiation time.

tc = cooling time.

t = measuring time.

m
n = m.N. is the number of target nuclei

M

m = mass of sample.

M = ataomic mass.

Na = Avaogadroa’s number.

The uncertainty in the determination of the cross section
is estimated by summing the errors of individual quantities

in a quadrature.

4.3 Experimental Procedures

4.3.1 Irradiation

Pure samples of metallic nickel 19 mm in diameter and
of thickness | mm were irradiated for between 3-10 hours
depending on the neutron flux values at the idirradiation
positions. Irradiations in the 13.5-14.8 MeV neutron energy
range were carried out with a low-current neutron generator
in which monoenergetic neutrons are produced via the
3H(d,n)dHe reaction by a 190 keV analyzed deuteron beam
incident on a titanium—tritium target. In order to avoid
the absorption of neutrons and decrease their energy

spread, a thin target was wused in a scattering~free

arrangement described in section 3.2. The samples and the
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corresponding flux monitor foils (same size as sample) were
fastened back-to-back on an aluminum ring-shaped support of
20 cm diameter, The energy of the bombarding neutrons were
varied through its angle dependence by placing the samples
and the corresponding nicbium flux monitoring foils at
angles 0',30.,60', and 90° relative to the direction of the
deuteron beam. The angular energy dependence of this source

has been determined experimentally in section 3.2.

In the 5-13 MeV neutron energy range, irradiations were

per formed with quasi-moncenergetic neutrons produced via

2H(d,n)aHa reaction at the variable—-energy MGC-20

cyclotron. The neutron flux at each sample positions were

27 pY ¢y @) 2*Na

determined by aluminum foils via the
reaction. Characteristics of the neutrons produced by this
source have been determined experimentally in section 3.3.
In all irradiations conducted, the variation of the neutron
flux with time was monitored continuously by a long-counter

system. Nuclear data of sample and flux monitor adopted in

this experiment are given in Table 4.1.

4.3.2 pActivity measurements

The (n,p) reaction on 59Ni produces a metastable state
SBCom and a ground state radionuclide SBCog.

SaCom decays

radionuclide
As shown in the decay scheme (Figure 4.1), the
by the emission of a low-energy y-ray (i.e. E?= 24.9 ) with
3 % abundance hence the cross section for the production of

metastable state can be determined either through the
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contributions of the metastable to the ground state or
through the analysis of Co X-rays. Since the half-life of
the metastable state is much shorter than that af the
ground state, the contributions of metastable state
formation to that of the ground state can be determined by
measur ing the activity under 810 keV line continucusly as
function of time for 90 hours starting immediately after

the irradiation.

Thus the isomeric cross section ratico can be deduced
from the evaluation of a saturation decay curve measured by
the Nal(Tl) detector system described in section 2.4.1. For

the determination of ¢ the induced activity of Ni foils

act
was measured via the Bl10 keV line after the complete decay
of SBCcm. Corresponding neutron flux values were determined
via the radicactivity of the respective monitor foils. The

Ge-Li detector system was used o carry out the activity

of samples and monitor foils.

Table 4.1 Nuclear data accepted for the determination of

the cross section curves.

Radiconucl ide E Hal f- I
¥ (keV) life LEPS)
Sample S8me., 24.9 )} .9.15 h | 0.032
58, 810.6 | 70.78 ¢ | 99.44
Monitor
S-13 MeV 27m 1368.5} 15.03 h 100.0
13-15 Mev | 7*™nb 934.5 | 10.15 d 100.0
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4.4 Data Evaluation and Correction

The measured peak areas were corrected for the
following effects: dead-time, controlled by the analyzer;
cascade caincidence calculated fraom the knowledge of the
measured total efficiency of the detector for the gamma
line used and the decay scheme of the residual radionucl ide
taken from the Lederer and Virginia (1978); time-variation
of neutron flux, calculated from the BF3 monitor counts;
and the sel f-absorption calculated using data taken fraom
Storn and Israel (1970)., In addition to these corrections,
the contribution af the annihilation peak to the decay of
the daughter radionuclide was alsc taken into consideration
in the cascade coincidence correction., Cross sections data
af the monitor reactions were taken from the dosimetry file
(IRDF-90, 1930). The tatal crass-section (aact) for each of
the Ni sample and the corvesponding neutron flux value were
calculated by the well known activation equation expressed
in equation 4.2, The major source of error comes mainly
from the contribution of break-up neutrons especially
between 8 and 13 MeV which is about 47 % at 12.2 MeV. Other
sources of error include the uncertainty in averaging the
neutron flux (< 3 %) ; error in the efficiency of detector
incorporating the error in counting gecmetry 2 %3
uncertainties in the determination of peak areas < 1 %L and

uncertainty in the determination of true coincidence
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correction., The iscomeric cross section ratios were
determined from the formula given
in equaticn 4.3 which expresses the number of ground state

atoms (Ng) as function of coaling time (tc).

i.e.
m a m
- o3 *+ o + o0 _ _ 3 _
Ng @.n.{( x e J.[C1 exp ( xgti l.exp( xgtc)
a m a

am
NS il . . -

= hg 1 expt Amti)B.nxp( kmtc) 4.3

where, m and g indicate the isomeric state and the ground
state quantities respectively.
# is the branching ratic in the decay of the
metastable state (2 = 1 in this case).
The praof of equation 4.3 is given in the appendix. The
intensity I(tc> cbtained experimentally is proportional to
Ng(tc) and can be approximated by the sum of two

exponential functions given below in equation 4.4.

I(th = ¢.n.[A.axp(—lg.tc) + B.exp(—xm.tc)] 4.4

where, A and B are the fitting parameters which are

expressed below as:

0m+ O'g am
A = + [l — expl(=aA_.t,>1 4.5
- i
Xg lm X; a
and
m

From equations 4.5 and 4.6 it is evident that a?;aﬁ
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can be expressed as:
b Am

am/ag = g 4.7
Kmfl + (kg/lm).(Sm/SQ).(ﬁ/B)]

where, Sm= LCt = axp(—xm.tibl and Bg= £<L - axp(~xg.ti)]
The unknown parameters A and B are the ccocefficients of an
exponential fit of the measured data performed with the

FLOT40 code. Thus the iscomeric cross section ratios were

calculated at different bombarding energies.

Furthermore, the cross section data for the production
of the isomeric state (i.e. am) were deduced using the

formula given in equaticon 4.8.

i.e.
o
m act
o = — 4.8
/R + thmi(km NO)T
4.5 Results and Discussion

As can be seen in decay curve shown in Figure 4.2 which
was fitted by the least square methaod, a good fit was
cbtained for the measured data. This shows that equation
4.3 adopted gives a good approximation by which the
contributions of the metastable state can be taken inta
account. The measured activation cross section data and the
isomeric Croass section ratios together with the
uncertainties are stated in Table 4.2. Similarly column 4

contains the cross section data for the formation of
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metastable state deduced in the knowledge of aactdata and
am/ag ratios. Over the energy range between 5 and 13 MeV

the isomeric cross section ratioc data presented have been

measured for the first time.

Table 4.2 A summary of measured total cross section,

metasatable state crass section and isomeric

cross section ratico data for 58Ni(n,pJSBCom’g
reaction

Neutron Measur ed Measured| Deduced
pr o %act ™| M09 o™ tmb)
5.38 538127 0.54%0.01 168%£12
5.89 S76x29 0,550, 01 210212
6.39 617£31 0.52%0,01 220%14
6.80 657133 0.6120.02 254%18
8.02 681134 0.62+0.02 253+18
8.43 683134 0.62%+0,02 261*18
8.92 667133 0.64%0,02 247%17
9.60 668133 Q.7320,02 294220
10.95 63132 - -
11.13 613432 Q.77x0,02 266*18
12.20 559228 0.71%0,.02 23116
12.38 526226 v -
13.592 401412 e -
14.10 340%10 = -
14.46 319%16 - -
14.74 288%14 - -
14.84 281%14 1.0820.03 145%10
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In Figure 4.3 I data measured in this work are
compared with evaluated data <(Zhao et al., 1989 and
ENDF /B-VI, 19390) and data cobtained using nuclear models
(Sudar, 1994; Zelenetsky, 1994; and Avrigeanu et al.,
1994). As can be seen, over the whole energy range the
measured data agree well with the Zelenetsky's calculation
in which the "super fluid" level density model was adopted
in the STAPRE code. Similarly the calculational results of
Sudar in which the "back shifted” level density model was
used give an acceptable agreement with the present
measurements. In Avrigeanu'’s calculation the code STAPRE-H
was used in which the "geometry-dependent hybrid model" was
adaopted for pre-equilibrium estimation. The maodel gives
10-15 % lower values than the measured data in the 5-10 MeV
energy range. The evaluation of Zhao et.al.(198%9) deviate
from the recommended data (ENDF/B-VI, 1990) especially at
arcund 11 MeV in agreement with the measured data. As a
comparison, the excitation function of “CNin,p) cce™ 9
reaction measured in this work and the data measured by

other investigators are presented in Figure 4.4 alongside

the evaluated and calculated excitation functions.

The discrepancies observed in the 8-12 MeV neutron
energy region could be attributed to the unfavourable decay
scheme of SBCO residual radionuclide and the diffulties in

determining accurately the spectral distributions as well

as the mean energies of incident neutrons.
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The isomeric cross section ratios determined in the
current measurement and those available in the literature
are displayed along side the calculated data in Figure 4.5,
The madel calculations of Sudar can be seen to produce the
isomeric cross section ratio fairly well which indicates
the possible use of the adopted model. At around 14 MeV the
two independent calculations give lower values than the
experimental results which are themselves discrepant.
However , it can be seen that both the measured and
calculated o"/0° data as a function of projectile eneragy
show a definite increase indicating that the high spin (5+)
isameric state is preferentially populated at higher

energies.

In Figure 4.6 crass section data (am) for the production
of isomer ic state deduced in this work and the measured
data available in the literature (Cross et al., 1963;
Levkovskij et.al., 13969; Hudson et al., 1978; Bahal et al.,
1984; Ribansky et¢ al., 1985; Viennot et al., 19913 and
Sudar ¢ al., 1992;) are presented together with the
evaluated and calculated data. As can be seen the values
deduced in this work agree well with the literature data as
well as the Sudar's calculations but deviate significantly
fraom the Zelenetsky's calculations and the recommended data

(ENDL /A, 1978).
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CHAPTER FIVE

5.0 CHARACTERISTIC DATA OF NEUTRON INTERACTIONS USED IN

THE ANALYSIS OF BULK SAMPLES

5.1 Introduction

Prompt gamma-rays are produced wvia thermal neutron
capture «(n,y?, inelastic scattering (n,n"») and fast
neutron induced (n,x,y) processes by both thermal and fast
neutron interactions. These reactions are widely used in
the elemental analysis of geclogical samples especially for
the on-line analysis oof minerals based on 14 MeV
sealed-tube neutron generator (IAEA, 1993). The (n,y) and
(ny,%,y? reactions are quite complimentary to each other.
Faor example the (n,y) reaction cross section is low for Li,
Be, B, C, N, O, Na, Mg, and Al while the vyield and the
specificity of the gamma-rays from (n,xy) reaction for
these elements are very high. Consequently, the prompt
gamma-rays used in the elemental analysis of bulk media are

produced by both the thermal and the fast neutraon

interactions.

It has been shown that the thermal neutron flux
distributions needed for the analysis of coal strongly
depends on the source-sample configurations and the

elemental composition of coal (Clayton et al., 1983). The
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analytical sensitivities of the principal gamma-ray lines
used in the thermal neutron capture gamma-ray spectroscopy
have been investigated and compiled for most elements
(Duffey et al., 1970 and Senftle et al., 1971). The effect
of sample thickness and the shadow shield length on the
determination of carbon via the 12C(n,n'y) reaction have
been investigated (Watterson, 1993). The possible use of
pulsed fast/thermal neutron technique for the on-line
analysis of bulk coal have been suggested (Vourvopolous and
Womble, 1989; Vourvopoulos and Shultz, 1993; Vourvopolous,
1993 and Vourvopoulos and Humphrey, 1994). Based on these
investigations, it can be seen that an optimum geometrical
arrangement exists ta aobtain the best analytical conditions
faor the analysis of coal. In this regard, the knowledge of
thermal and fast neutron flux distributions in bulk samples
is indispensable to the design and construction of an
on-line analyzer based on the detection of prompt

gamma-r ays.

The main objective in this study is to develop a
moderator—-sample-reflector configuration in which an
optimum values of thermal and fast neutrons can be achieved
for the field and on-line analysis of coal and other
minerals. Therefore as an initial step, the thermal and
fast neutron flux distributions in different assemblies of
bulk samples consisting of graphite, water and cocal were

investigated. Similarly, the flux density spectra of 252Cf

and 239Pu—8a neutrons traversing different thicknesses of
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coal as well as the macroscopic removal cross sections of
primary 14 MeV neutrons in water, graphite and ccal were
determined. Based on these measurements, an experimental

data base is given for checking the results of different

model calculations.

S.2 Thermal and Fast Neutron Flux Distributions

in Bulk Samples

5.2.1 Experimental procedures

Different experimental setups shown in Figures 5S.la,
S.1b and 5.1c were used to study the distributions of
thermal and fast neutron flux along the centre line of
different assemblies of water, graphite and caal as
moderator (M), sample (8), and reflector (R). Samples of 30
cm sgquare panels of varying thickness were placed in frant
of point source 14.7 MeV neutrons. An intense 14 MeV
neutron generatoar was used to produce fast neutrons via the
SH(d,n)4He reaction. The flux of primary fast neutrons was
measured by disc-shaped high-purity aluminum foils of 19 mm

- 2-1"%.‘l

diameter and 1 mm in thickness wvia the 7ﬁl(n,n)
reaction placed at S cm fraom the target,. For the
determination of thermal neutron flux distributions in the
different moder ator—sample-reflector geometries, the
activities of disc—-shaped indium foils of 19 mm diameter

and 0.5 mm in thickness were measur ed via the

115 )116m

Intn,y In reaction. Irradiation time of between 30

and 90 minutes were used depending on the flux values.
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The decay characteristics of the residual nuclei used

in the measurement are listed in Table 5.1.

Table S.1 Nuclear data of the neutron flux monitor

reactions

Reaction Half-1life ErtkaV) Ir(Z) otmb)
2781 tn, a0 %*Na 15.02 h | 1368.5 | 99.10 | 115.6
150,721 810™| S4.12 min| 416.86 | 29.20 | 1.62x10°
1097.30| s6.20
1293.54| 84.40

$5.2.2 Data measurement and evaluation

Radicactivities of the monitar foils were measured by
the Ge-Li detector system described in section 2.4.1. The
peak area analysis of gamma-ray spectra was performed by
the ACCUSPEC code while the calculation of the flux was
carried out by the ASEASYAS computer code based on the
activation analysis equation (Equation 2.43), The measured
data carresponding to each of the experimental arrangements

are stated below.

Neutron flux density at moderator-reflector interface as a

function of moderator thickness) The experimental set-up

shown in Figure S5.1la was used to determine the thermal and
fast neutron flux distribution at moder ator-reflector
interface as a function of moderator thickness, Al and In
monitor foils were placed at the interface and the
thickness of water moderator was varied from O to 20 cm for

slabs of water, graphite and ccal as reflectors. Values of
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the thermal neutron flux obtained for water, graphite and

coal as reflectors are stated in Table S5.2.

Table §.2 Measured thermal neutron flux density ¢th(1) at
the moderator—-reflector interface as a function
of moderator thickness with water, graphite and
coal as reflectors using the setup shown iIn

Figure 5.1a

—_— =
Mader ator ' (XD, §0°¢n/cm=. »)
thickness h
Water Graphite coal
(cmd
O 1.51% 0.074 0.622
<} 10,277 4.988 9.396
8 13.351 7.502 10,006
12 14,215 7.981 11.332
16 12.993 7.447 11.687
20 12.951 6.383 9.662

Thermal neutron flux distributions in assemblies of water,

graphite and coal samples: The thermal neutron flux  value

at different positions in the assemblies of water, graphite
and ccal were determined using the set-up in Figure 5.1b.
The effects of moderator and reflector on the thermal
neutron flux distributions were studied by determining the
flux values using the following configurations:

1) The thermal neutran flux distributions in bare samples
consisting of water, graphite and ccal which carresponds to
having no maderator and reflector (i.e. x” = XR = 0)

2 The thermal neutron flux distributions in water,

graphite and coal samples in the presence of B cm thickness

of water as moderator and reflectar (i.e. XH = XR = 8 cm)
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3) The thermal neutvon flux distributions in coal sample in
the presence of only 8 cm thickness of water as reflector
Ci.ee XH = Q, XR = 8 cm, and v = 13 cm). The measured data

belonging to each of the above experimental conditions are

presented in Tables ©.3, 5.4 and 5.9 respectively.

Table 5.3 Measured thermal neutron flux density in bare

samples consisting of water, agaraphite and coal
using the setup shown in Figure S5.1b
Position ¢th(X).105 (n/cmz.s)
in sample oy
(cm) Water Graphite Folish |Hungarian
0 3.828 0.000 0,986 0,936
4 20.432 - 4.951 4,521
S s 0,480 - =
8 22.102 - 5.568 5.044
12 16.549 - 4.383 4.374
14 - 0.483 - -
16 9. 501 - 3.265 2.750
20 0,933 0,000 0.473 0.486

Thermal and fast peutron flux distributions in water,

_graphite and coal samples in the presence of B8 cm thickness

of water as moderator: Thermal and fast neutron flux

distributions in the samples g@(x) were measured using the
set-up shown in Figure 5.1c in which an 8 ¢m thickness aof
water was used as the moderator. As shown in the diagram
the thermal and fast neutron flux distributions were

measured by indium and aluminum foils respectively. The
data cbtained for fast and thermal neutrons are presented

in Tables 5.6. and 5.7 respectively.
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Table 5.4 Measured thermal neutron flux in water,
graphite and coal samples sandwiched between B8
cm thick water moderator and reflector (setup

geometry Figure 5.1b)

Easition ¢th(XJ.ldg_(n/cm2.s)
1n(:;Tpla Water |Graphite] GCoal
(8] 4.892 0.865 3.655
4 3. 221 o 2.428
b e 0,338 =
a 2.12%1 “ 1.614
12 1.396 - 1.121
14 — 0.165 -
16 0.993_ - 0.808
20 0.665 0.158 0.569

Table 5.5 Measured thermal neutron flux in cocal sample
with and without a vreflector (setup geometry

Figure S.1b)

?osltion ¢th<X).105 (n/cmz.s)
tn coal [—T¥h ® [without R
cm.
0 1.685 0.986
4 7.643 4.951
8 8.456 5.568
12 9.082 4.389
16 8.773 3.265
20 7.839 0.479
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Table 5.6 Measured fast neutron flux at different poasitions

in samples using the setup shown in Figure 5.1c.

FPasition ¢f(X).1dE (n/cm2.5>
in sawple Water (Graphite]| Coal
(cm)

0 0.780 0.853 0.837

4 0.436 0.636 0.597

8 0.311 0.370 0.361

12 0.180 - 0,254

16 0,108 Q.197 0.200

20 0.080 0.135 0.142

Table 5.7 Measured thermal neutron flux at different
pasitiions in samples using the setup shown in

Figure 5. 1c

Fosition ¢th(X).105 (n/cmz.s)
in(sampler Water |Graphite] Cocal
cm)
0 16.617 9.471 10,200
B 11.487 - &.690
b - 5.071 i
a 8.087 o= 4.754
12 S.137 - 3.187
14 - 1.268 i
16 2.937 o 1.584
20 ©.382 0.297 0,341

Data corrections: In addition to the carrections due to

dead time and cascade coincidence effects considered in the
determination of both the fast and thermal neutron flux

values the following corrections were taken into account in
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the determination of thermal neutron flux distributions.
1) The contribution of epithermal neutrons to the
activation of indium monitor. This caontribution was taken
into account by the cadmium difference (Cd-difference)
method. In this respect, the activity induced by thermal
neutrons in a bare indium foil (ﬁtct) was measured and

repeated with the indium foil encapsulated in 1 mm thick

cadmium box (A ).
epi

975
Pin’Prot ™ 1 = Pgpi/Mos = ! T TEETE™ 0.92 S.1

where, Ath is the activity induced by thermal neutrons 1in
the sample. 1t can be seen that the contributions of
epithermal neutrons to the activation of indium
foils is 8 %.

2) The effect of flux depression and sel f-shielding factor
(FBD)' The correction factor due to the effect of flux
depression and self shielding factor was determined by
experiment. Indium foils of different thicknesses were
exposed to a benchmark field of thermal neutrons provided
by a 0.5 Ci Pu—-Be source embedded in a cylindrical-shaped
paraffin moderator. The activity induced in each aof the
foil irradiated for 30 minutes are given in Table 5.8. From
the plot of activity, A, versus foil thickness, x, shown in
Figure 5.2, the correction factor F was obtained thus:

sD

FSD =~ ﬂ./ﬁl 8.2
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where, A. is the activity induced in an indium foil of 0.0
cmzfg thickness cobtained by the extrapclation of
measured data to zero.
Al is the activity induced in an indium foil 0.5
cm2/g in thickness which is the same as the
thickness of the indium foils used., From Figure 5.2
and equation 5.2, FSD = 2,687

Table 5.8 Specific activity induced in indium feoils of

different thickness

Foil

thickness 7.3021.90{38.37(199.52{373.99|574.08749.62

(q& /cmz)

Specific
activity .
(cps/mg.cm )

86.70182.60]178.50148.70 32,20 127,10 [24,00

Absolute fast and thermal neutron flux values given in the
tables above were normalized to a 14 MeV neutron scurce
strength of 1010 n/e and also corrected for the effect of

room scattered neutrons.

5.2.3 Results and diICUIlion“

In the first experiment, the thermal flux distribution
function ¢th(x) plaotted in Figure 5.3 shows that
irrespective of the reflector material a moder ator
thickpess of 8-10 cm is sufficient to achieve saturation in

the ¢, (x) function,
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The shapes and magnitudes of the ¢£h(x) function
depends on the hydrogen content of the reflector therefore
the hydrocgen content in coal must be between that in water
and graphite. The salid line in the figure is obtained by
fitting the measured thermal neutron flux values to the

expression given below.

PppX) = a i - e e + R 5.3

where, the first, second and third terms are related to the
slawing-down and diffusion of neutrans, the attenuation of
primary fast neutrons in water and the effect of the
reflectar at X = 0, respectively. Values of a, b and R
parameters summarized in Table 5.9 make it possible to
calculate the absalute thermal flux densities at the
inter face for any given thickness of water moderator

provided the yield of primary 14.7 MeV neutrons is known.

In the second set of experiments, the measured data
as a function of sample thickness are displayed in Figures
.4, 5.9 and 5.6 respectively. As can be seen in Figure 5.4
which corresponds to having Just the bare sample, the
thermal neutron flux distributicns exhibit maxima at about

X =8 cm and can be fitted by the following expression.

"‘C-x
_af¢l-be 2 n X =
¢(X) % CCIS—Zw % A

L]
where, X. = 20 cm (f.e. total thickness of sample) and

ry = 13 cm (i.e. distance between the sample and the source).
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of 14.7 MeV neutrons

Table 5.9 Parameters for characterization of neutron fields

10

Data are normalized to 10 n’/s

Sample
Par ameter water araphite coal
Eq.(5.3): a 5.929 » 107 1.993 x 107 1.8573 x 107
0.00486 0,00927 0.01392
= -
[ 1.691 x 107] 2.1 x 10"~ | 97733.0
Eq. (S.4) a 1.04 x IOB - 6£.195 x 107
b 0. 09493 - 0,.03038
(X = Xp = 0,
y = 13 cm) B
Egq.(S5.95): a 4.8915 % 10] 7.298 x 105 3.4534 x 106
b 0,1045 0.2077 0.11055
R 0.0037 1.366 x 10°]| 2.0192 x 10°
(XH = XR = 8 cm,
r = 13 cm)
Eqg, (5.6): a - e 2.115 x 106
b - - 0.09361
R - — 1.847 % 105
(XHB 0, XR- 8 cm
r = 13 cm)
r 4 5 &
£g.(S5.7)3 ¢. 1.701 x 10O 9.567 x 10 1.0416 x 10
o 0.1052 0.1378 0.1077
(r = 25 cm,
X =8 cm)
Z2.141 1.111 1.227

¢th/¢f' measur ed

(r = 285 cm,

X = 8 cm)
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The expression given in equation 5.4 contains the build up,
abscarption and leakage of thermal neutrons while the values
of a, b and ¢ fitting parameters are given in Table 5.9, In
Figure 5.5 in which the sample is sandwiched between water
moderator and reflector, the values of ¢th(x3 are
considerably higher in the whole volume of sample as
compared to the bare arrangement. The measured data in this
configuration can be described by the following equation.
By (x) = & e L JER 5.5
where, R is the effect of the water reflector. The values
of a, b and R fitting parameters are given in Table 5.9. As
can be seen in the figure only a sample layer of about 15
cm contributes significantly to the sensitivity of the
neutron capture gamma-ray analysis in the M-5-R geometry.
The effect of a water reflector on the sample described in
configuration 3 is demonstrated in Figure 5.6. It can be
seen that the values of thermal neutron in the presence of
a reflector can be increased and hamaogenized for a large
volume. The thermal flux distribution measured for coal
sample in the presence of a reflector can be described by
the faollowing relation.

¢th(X) = a (1 - E_ ) e

vhere, zR = is the removal cross section of coal. The a, b
r

and R fitting parameters are summarized in Table $5.9.
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In equation 5.6, the first and second terms represent
the buildup and attenuation of fast neutrons while the

third term stands for the reflection of thermal neutrons.

The Thermal and fast neutron flux distributions in
slabs of water, graphite and cocal samples for the set-up
shown in Figure S.1c (i.e. r= 25 cm and XH = 8 cm) are
displayed in Figures 5.7 and 5.8 respectively. It can be
seen in Figure 5.7 that the thermal neutron flux values
decreases exponentially as a function of distance from the
sur face of moderator. This implies that the water layer can
be considered as a plane scurce of thermal neutrons for
which the following relation holds.

P X) = @, &N 5.7
where, ¢ is related to the diffusion length of thermal
neutrons in the sample. The values of @, and ¢ fitting
parameters are given in Table §.9. The measured thermal
neutron flux values at the surface of samples can be seen
to deviate from the fitted curve due tao the effects of flux
depression and angular distribution of neutrons at the
sur face of hydrogenous material. However results obtained
indicate that most of the prompt gamma-rays used in the
analysis of bulk samples are produced between 10 and 15 c¢m
layer of the sample. The flux distribution of primary fast

neutrons in the ccal samples as a function of distance from

the interface was approximated by the following expression.



y R,M'M Ferr,s’'s
@y 7 "

dnlr + XS)

where, XM' xs, zR,H and I are the thicknesses and

eff,s5
macroscopic removal cross sections of moderator and sample

respectively.

Considering the measuring geometry (Figure S.1c) the
macroscopic remaval crose sections for the samples
presented in Table 5.9 can be taken as the effective
values. At the interface which can be regarded as the
sur face of a conveyor belt, the ratios of measured thermal
neutron flux to the primary fast neutron flux are also
given. The fast neutron flux distribution increases with
sample thickness and carbon content from about 7 %4 at the
inter face to 100 % at the free surface. This effect
indicates that in addition to the differences in
attenuation ceefficients, the contribution of inelastically
scattered neutrons on lzc in both backward and forward
directions to the activation of Al monitors is higher than

those emitted in the 1Bﬂ(n,n'y) reaction.

From the results discussed above, it can concluded that
the best analytical conditions foar the on-line analysis of
bulk samples based on the detection of prompt gamma-rays
via the (n,y), (n,n’y) and (n}xy) reactions can be achieved
in a set—up shown in fFigure S.1b if the neutron source and

the gamma-ray detector are placed close to the sample.
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Consequently an M-S-R configuration with 20 cm as the
maximum sample thickness shown in Figure 5.9 is proposed as
an on-line analyzer of bulk samples.

Zﬁch,

5.3 Attenuation Characteristics of Pu-Be and

14 MeV Neutrons Trnv-rstqg_nlff-rnnt

Thicknesses of Bulk Samples

S.3.1 Experimental proceduers

The experimental arrangement shown in Figure S5.10 was
used to determine the microscopic removal cross sections of
14 MeV neutrons in water, graphite and two types of coal

25200, 2% -pe and 14 MeV

samples. Similarly spectra of
neutrons traversing the different thicknesses of coal
samples were measured using the same set-up. The PHRS
system was used for spectra measurements while the data
analysis was carried out with the ASEASYAS code. For these
measurements the yields of 252Cf and Pu-Be sources were
7x10% n/s and 1.1x10’ n/s respectively while that of 14 MeV
neuwtrons was mopitored by an associated alpha particle
detectar (AFPMI. The APM system consists of a surface
barvier detector fed from a power supply and connected ¢to
computer -based multichannel analyzer via a pre-amplifier
and a linear amplifier. As a vresult, the macroscopic
remaoval cross sections (zﬂ) aof 14 MeV neutrons in water,

graphite and coal samples could be determined from the

measured flux density <¢f> using the following relation:
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—E r —r )
¢ r) = =X e K . 5.9
4nur

where, Y is source strength and (r—r.J is sample thickness.

5.3.2 Results and discussion

Results ocbtained using both relative net areas of the
unfolded spectra and the pulse height distributions as a
function of linear thickness are presented in Table 5.10. A
semi-log plot aof the relative flux density as a function of
sample thickness is displayed in Figure S.11. The
macroscopic removal c¢ross section values obtained for
water, graphite and ccal samples using 14 MeV neutrons are
also given in Table 5. 10. Uncertainties in the
determination aof zR were found to be less than 10 %  and
were estimated mainly from the peak area determination as

well as from the error in the bulk density of sample.

In Figures B5.12, 5.13 and 5.14 the spectral

distributions of “-4

cf, Pu-Be and 14 MeV neutrons
transmitted through slabs aof ccal determined by the PHRS
system for thicknesses increasing in 4 cm steps form O to
20 cm are displayed respectively. As can be seen in the
figures there are significant changes in the initial

spectral shapes with increasing sample thickness due to

high carbon content in the sample.
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Table 5.10 Measured reiative peak areas of 14 MeV neutrons

traversing different samples and deduced
macrascopic removal crass sections for the
samples
Sample Relative peak area
thickness|] Polish Hungarian
cm) caal coal uatay jGraphits
Q 1,000 1.000 1.000 1.000
4 0.769 0.796 0.729 -
93 - -~ - 0.763
8 0.627 0.6539 0.527 -
12 0.513 0.551 0.383 0.401
14 - - - -
20 0.321 0.374 0.197 0.295
T lem > | 0.0556 | 0.0512 [0.0802 | 0.0622
Az Cem 1) 0.0043 | 0.0034 [0.0078 | 0.0043

For the 14 MeV neutrons (Figure $S.14) the peak position
remains unchanged but the values of the full width at half
maximum (FWHM) increased with sample thickness. The
structure in the total cross section of carbon (maxima at
3.9 and 7.75 MeV, minimum at 7 MeV) can be cobserved very
well for Pu—Be neutrons (Figure 5.13). The flux density

2526f and Pu-Be sources for coal averaged over

spectra of
enerqy intervals of 0.2, 0.3 and 0.4 MeV in the (1.6 -
4.0, (4 - 7.9) and (7.9 - Emax) MeV ranges respectively
rendered possible the determinations of fractions of

neutron flux densities as functions of sample thicknesses
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Li.e. ¢(X ,E,>]. The data are normalized to that of the

spectrum measured at zeroc sample thickness for ZSJCf and
Pu~Be neutrons using the relation given belaow.
=
= - max -
IC<X ,E.) = (X _,E.) AE / ¥ @CE_ ) AE S5.10
i i*7i i i i
E
d
wvhere, ;(xi,Ei) and 5(51) are the flux densities for 0 < xi
< x’ and Xi= 0O respectively while Ed refer to the detector
threshold.
. 252
The normalized flux fractions of Cf and Pu-Be

neutrons traversing different thicknesses of coal sample
are given in Tables 5,11 and S5.12. The relative integrated
flux wvalues for different threshold energies can be

calculated from the eguation given below,

E E
IC(X,E, .0 = ™% 2(E, .2 aE, 7 ™ Z(E.)» AE S.11
ti ti i i i
E.. E
ti d
th .

where, Eti is the threshold energy of the i reaction
while Edis the detector threshold. The integrated flux
densities above the (n,n'y) reaction thresholds for “Bsi
12 and '%0 ¢i.e. 1.78, 4.4 and 6.13 MeV) are shown in
Figures 5.15 and B5S.1&6 for zsch and Pu-Be neutrons

respectively. According ta the figures the T(X,Eti)

functions decreases exponentially with sample thickness and

can be described by the following equation.
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Table 5.11 Flux fraclion of C1-252 neutrons traversing different

FRACTITON

T R S e —— T —— — A —— - — i —— T —— i —— —— ——— -

(MeV) x=0em X=8cm »=0cm x=12cm ¥=1&Hom w=20cm
1.5%1 - 1.70 Q.0802 0,099 0.0271 ©.,0187 0.0133 0.0102
1.71 - 1 .90 0.13%24 0. 0997 0,0694 0. 0300 0.0347 0.0249
1.9 - 2.10 2 S W 1 ¢ 00,0857 0.0598 ,.0432 O L,0300 0.021&6
2.1 - 2. 30 0,05996 0. 0732 0.0508 0D,0367 0.02355 0.018B4
2:3) - T80 0.0685%2 (,.04h19 0.0428 Q.0308 0.0214 0.0154
2.91 - 2.79 0,072 0, 0521 0D.03460 0,.02508 0.0177 0.0127
2.71 ,- 2.%90 0.0&20 O.004a2 0,.035040 0,0214 n.oiLaz 0.0105
2,91 - 3.10 O.0H29 0.0378 0,0237 0.0180 0.0123 0.0087
3,13 - 3.} .0446 0,0518 D,0215 0,014% 00,0101 0.0072
I.31 - 3.50 Q,0180 a,0270 0.0182 0.0127 0.0084 Q,0060
S5l - J.70 0.,07328 0,.0234 Q.0159 0.0413 Q.0077 0.0057
J.71 = 3. B0 0.0281 Q,0204 00,0141 OC.010% 0.0071 0.0050
3.91 - 4.10 0.0242 0,0180 N0125 O,0092 O.0065 0.0050
4,11 - 4,40 0,0323 0. 0247 0,.0172 0.0128 0.0092 0.00467
4.41 - 4.7¢ Q.024% 0.0187 Q.0137 0.,0101 .0074 Q.0054
4.71 - 5.00 0.0206 00,0154 0.01195 Q. 0088 0.0064 00,0049
5%.01 - b PP 1 0 0.0168 0.0128 0,00%4 00,0072 Q.0053 Q0.0039
$5.31 - 5.460 00139 0.0108 0.0079 0.005% 0.0043 0.0032
S9.61 - 35.°90 0.0112 0, 0084 0.0062 0,0047 0.0032 Q.0025
3.9 - &,.20 0, 0093 0, 00468 0.0052 0, 00358 0.0029 Q.0022
&.21 - b.50 Q.0073 Q, 00067 0.00487% 00,0032 Q,.0022 0.0017
&.851 - &.8B0 O, 0040 0.0049 0.0033 0,0024 0.,.0022 0.0011
.81 - Z2.10 0.0054 Q.0042 0.0029 D.0022 0.0017 0.0011
7.11 - 7.40 Q.0044 Q,0032 Q.0022 0.0020 0.0011 0.0011
7:81 - 7,70 Q.003%4 00,0023 Q.0019 0.0011 Q,0011 Q.0003
7.71 - &.00 0.00%01 Q,0022 00,0011 0.0011 Q.0003 0Q.0000
B.01l - B8.40 0.0028 00,0014 0,0014 . O,0010 0, 0000 0.0000
8B.41 - 8.80 0n.0014 0D,0014 D.0014 | 0.0000 0. 0000 0.0000
e.gr - F.20 O.0014 a,0014 . 0004 QL. QUQc Q. 0000 QL O0G0
.21 - .60 Q.0014 0, QOO 0, 0000 Q.0000 Q. 0000 0.0000
.61 = 10.00 0O.0011 0, 0000 0. 0000 0, D000 ), 0000 Q.0000

10.01 -~ 10.40 0L 0000 0. 0000 Q.0000 Q. 0000 Q. 0000 Q.0000
0.34%4 0.2556% 0.1852

Sum = 1. 0000 0.7407 O.5144

—— . —— — S .

- S o B Sy T S S S W S S W S G- B W . S . =
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fraction of Pu-Be neutrons traversing different
thictnuesses aof Polish coal.

0.0165
0.0231

i 2 b - F b & & F F 5 F 3 F e

0.0137
0.0193
0.0183

usx====t==:1==-_'-:-.‘.—-_'=.-==:=====:'.'.::=':-=-.-=::=z:‘===::===:=::=:= ==
FRACTI10N
Energy ranue = oms e e e
(MeV) »=0cm v=4cin »=0cm v=12cm
1.60 - 1.80 0.0101 .0238 0.0214 0,170
1.80 - 2.00 0. 0322 0,0357 O.0327 0.0280
0.03I50 0.0318 0.0268

2.81 - 3J.00
3.01 - 3.20
3.21 - 3.40
3.4 - 3J.860
J.61 -~ 3.89
3.81 - 4.00
4.01 - 4,30
4.31 - 4.460
4.61 - 4.70
4,91 - 5,20
.21 - 5,50
5.31 - 3.8B0
5.84 = 6.10
4,11 - &.40
6.1 - &.70
6,71 - 7.00
7.01 - 7.30
7.3 - 7.60
7.1 - 7.%90
7-91 - 8.30
g8.31 - 8.70
8.71 - 7.10
Q.41 - 9.950
?.51 - Q.90
.91 - 10.39
190.31 - 10o.70
10,71 - 11.10Q
11.11 - 11.50
11.81 - 11.%¢

0,0346
13,0370
0,.05397
O,u45]
0.0458
O,04a57
O,0425
0.03%6
0,0374
Q0357
.0524
0.04%%
03,0481
(., 0457
0.0402
0. Ox27
0D._0z282
0.02683
O, 0260
(1.0238
D:021%
Q,0223
Q.0216
02.02484
0,201
Q.0144
D.01[4
O.nlls
0,010l
0.,.0077
0.,0047
Q.02

0, 0007
QL0000

G,03535
0,0355
0L O340
0,054
0. 0383
0.0R23
0.0503
32,0292
0O.0781
0,0415
0, 0379
£,0378
0033
.0292
00,0251
O.0223
0Q.0Z00
0,0187
0.0181
Q0,0173
Q,0169
Q.0152
0.01849
Q.0143
a,01az
0, 00030
0, 00875
0, 007%
0,052
0,0029
0O.0013
O, 000
0, QOO0

0.0504
D.0276
Q.,028%
0, 0280
0024
0.0242
Q.0227
0.0222
D.0716
00,0322
Q. 2307
g,0292
O,0764
00229
O.0L95
0.0172
00,0155
0.0150
0n,0141
0,0134
0,012

0,0117
0H,0134
0.01048
0,007
0,006
0,0050
0,0038
0,0041
0.N019
0. 0008
), OO0
0. 0000

Q.0H253
0.023%9
0,02350
0.0218
D.020]
.01681
0,016%
0. 0147
Q.0 LEs7
00230
0, 0240
O,0220
0.0203%
n,0178
Q0133
Q0155
D.0120
0.0119
0.0115
00,0105
0.00779
0, 0086
QL.0094a
0.0081
2,02055
0. 00413
0, 0048

- 0.0047%

Q.29
0.0015
0.00072
Q. 0000
0.0000

00,0220
0., 0204
0.0170
0.0178
H,01464
0,01952
0,0137
0,.0131
.0131
02,0130
Q.01%6
©.0185
Q.QL7S
0,.0159
Q.,0139
00,0119
0.,.0104
Q,0098
0.0090
0.008%
0,0084
Q.,0074
0.004L7
0.0074
7.,0058
2.,00835
G.,.00%6
I, 0054
QO.DOE2
0.0022
0.0011
0, 0009

0.0169
0.0154
©0.0142
00,0130
0.011%
0.0107
00,0101
0.0101%1
Q.0101
Q.0152
©.0148
a,.0141
a,0126
0.0112
00,0096
00,0083
Q,.0074
0,0071
0.0071
0.0068
0.,005%
0.00350
Q.0057
Q,0044
Q.0036
0.0025
0.0024
0.0024
0.0016
0.0008
0,.0000
0,0000
Q.0000

—— . S — . —— i . —— ——— - T S S I S —— -
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~% 2w X
- - R{tid
I(X,Eti) I(Ei) 5:.12

) is the

where, T(Eti normalized intearated flux density

value at zera thickness aof sample and zR(ti) is attenuation
parameter deduced from the spectrum averaged flux densities
The

for different (n,n"») reaction threshaolds. values of

zR(ti) obtained from a semi-log plot of l(x.Eti) as a

function of sample thickness together with the f(Eti) are
-
zs‘Cf and Pu-Be neutrons are given in Table 5.13. As can be
seen in Figure 5.15 the 25201 neutrons are suitable for the
detection of 8i only by the ((n,n’,y? reaction.
Table 5.13 Attenuation parameter tzR(Eti}J values deduced
from the spectrum averaged flux densities far
different <«(n,n"y) reaction thresholds as a
. ’ 252 .
function af coal thickness using of  and
Pu-Be neutron sources
Threshald energy
(MeV) 1.78 4.44 6.13
Eq.(5.12): Pu-Be
T e, 0 0.535%1%| 0.067022%| 0.0709+3%
. - -
Eq. (5 1231232Cf _
zR(Eti) 0.084%1%] 0.077922%] 0.0869%2%
Eq. (5,121 Pu-Be
ICE, ) 0.986 0.491 0.248
L -
Eq_(ﬁ 12):2328f
I(Eti) 0,962 0.135 0.048
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The @(E) data given in Tables 5.11 and 5.12 can be
used to determine the reaction rates ([i1.e. RC(E) =
olE).@¢(e)] provided the cross section curve of the given
reaction is well known. Consequently the total gamma yield

for a given reaction and sample thickness can be deduced.
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CHAPTER 8IX

6.0 TOTAL HYDROGEN CONTENT AND THE CARBON/HYDROGEN

ATOMIC RATIO IN OIL SAMPLES BY THE THERMAL NEUTRON

REFLECTION TECHNIQUE

6.1 Introduction

The knowledge of total hydrogen content and O+C/H ratio
in hydracarbons is a very important means of establishing
their structure and purity. Since oil 1s built primarily
from carbon and hydrogen, the quality of crude oils and
some of thelr by-products can alsc be determined from the
knowledge of these gquantities. The usual chemical methods
of determining hydrogen contents in oil samples entail long
hours of analyses as well as heating of up to 1000°cC.
Consequently the use of a nuclear analytical technique
which is fast and non-destructive for this purpose is
indispensable. The thermal neutron reflection technigue
developed by Buczko et al., (1975 for the on-1ine
determination of bitumen content in asphalt concrete have
been adapted by several investigators far related
investigations (Al-jobori et al., 1978; Csikai et al.,
1982; Szegedi et al., 1982; Szegedi et al., 1990 and
Chimaye 1991). In those investigations, the geometrical
setup designed for a road construction company was used for

the analysis of different bulk materials.
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However in this chapter, an improved experimental
arrangement for which a better count rate response was
achieved has been developed. In addition to this, a
reproducibility of 0.15 w % was obtained with the present
setup in comparison with a value of 0.3 W %L achieved using
the previous arrangement. The taotal hydrogen content and
O0+C/H ratio in some househald and motor il samples as well
as crude oil samples from Nigeria and Hungary were
determined. The basic principles of the thermal neutron
reflection methaod as well as the modified geometrical
arrangement adopted for the present investigation have been

described in chapter 2.

6.2 Exper imental Procedures

In the improved experimental arrangement shown in
Figure 2.10, neutrons of energies above the thermal region
are produced by a Fu-Be neutron source of vyield 106 n’/’s
embedded in a cylindrical polyamide moder ator . The

sensitive length of the BF_ detectcr placed on the surface

3
of the moderator is comparable with the diameter of sample
holder. The signal-to-background ratic was enhanced by
cavering the detector with 0,9 mm thick Cd sheet on the
side facing the moderator. With this arrangement, it was
ensured that the thermal neutrons reaching the detector are
produced mainly by the sample in a holder of volume 500 cms

aor less. The relative excess count rate normalized ta the

sample density, p, depends on the hydrogen content and is
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given by the expression given in equation 2.60.

Hydracarbons in 1liquid form and graphite powder

containing well known hydroagen and carbaon contents are used

as standards to determine the calibration 1lines shown in

Figures 6.1 and 6.2. The measured 5 values belonging to the

standards using 300 1:||n:3 sample holder are presented in

Table 6.1.

Table 6.1 Parameters of standard samples used for the

determination of the calibration curves

Standard e (g/cmah n H (w %) O+C/H
C + 0 wi H0 0,883 0.264 0,000 -
C+ S wi H O 0,770 0.370 0.550 178.000
C + 10 w% H,0 0.690 0.490 1.100 89.000
C + 15 wiZ H.0 0.696 0.600 1.660 58.000
C + 20 wZi,H O 0.773 0.690 2.220 43.000
CHg0 1.050 1.547 7.410 12.500
CeHe 0.879 1.663 7.692 12,000
CoHg 0.867 1.784 8.696 10.500
CaHi 0.866 1.899 F.434 9.600
H,0 1.000 2.142 11.110 8.000
C4Hy o0 0,789 2.661 13.514 6.400
CHie 0.684 3.040 16.000 5.250
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6.3 Results and Dincunsioq_

The sclid lines in Figures 6.1 and 6.2 for the
determination of tatal H content and O0+C/H atomicratio were

fitted by equations 6.1 and 6.2 respectively.

n = 7,. + m.H (W% 6.1

n=A_+ Al.x'1+ Az.x“? 6.2
where, n - 0,2B6349 representing the matrix effect and
m= 0,172 * 0.012 is the slope «of the calibration
line for H determination.
In equation 6.2,

X represents the O0+C/H atomic ratioc while for ﬁ., A, and 62

1
fitting parameters, the following values, 00,3005, 16,7441
and —12.225%1 were abtained for the determination of 0O+C/H

atomic ratic in the agiven measuring setup.

Measured excess count rates together with the deduced
total H content and O+C/H ratia in the samples are given in
Table 6.2. Results show that the average H content in crude
oil samples from Hungarian scurces is slightly higher than
in crude cil samples of Nigerian origin. The determination
of C/H ratio to a large extent depends on the presence 0 in
the sample because of the closeness in the mass numbers of

16

C and 0. An independent method via the D(n,p)ieN reaction

is therefore recommended for the determination of 02

especially in crude oils, A standard errvor in the



determination of total H content and the 0+C/H atomic ratio

was found to be £ 1% .

Table 6.2 Measured data and the deduced H and O+C/H in

samples

Sample e (g/cms) n Hw % O+C/H

ratic
Motor Oil:
FPetrol 0.730 Z2.635 13.62 6.35
Lubricant 1 0.846 2,685 13.91 6,19
Lubricant 2 0.856 2.372 13.26 6.55
Lubricant 3 0,856 2.559 13.18 5.99
Lubricant 4 0.856 2.544 13.10 6.64
Lubricant 5 0,856 2,562 13.20 6.58
Crude oils

RDC1 (NIG.D 0,830 2,960 13.19 6.959
RDC2 i 0.885 2.420 1237 7.09
rRDC3 ,, 0.840 2,590 13.36 6.49
rRDC4 ,, 0.864 2.310 12.89 &.76
RDCS  ,, 0.8%1 2.560 13.19 6.59
rRDCE ,, 0.863 2.350 13.13 6.62
rRDC7 ,, 0,895 2.4350 12.58 &.97
Dony (HUN.) 0,860 2.4390 12.78 6.83
Kaba D-11 ,, 0,826 2.651 13,71 6.30
Househaold

ails:

Castor—cil Q. 3930 2.276 11.54 7.69
Olive-ail 0.876 2.430 12,43 7.05
Maize-oil 0,896 2.333 11.87 743
S‘;’;{l““" 0.8%0 2.297 11.66 7.58
Socxing-as’ ] oueme || 2.9a8 11.82 | 7.46
Paraffin—oi} 0.830 2,700 13.93 6.13
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CHAPTER SEVEN

7.0 SUMMARY, CONCLUSION AND RECOMMENDATION

7.1 _Bummary and Conclusion

Neutrons produced by isctopic and accelerator-based
neutron sources were used to carry out exper imental
investigations in the fields of neutron data measurements
and bulk sample analysis. In the first part of the wark
which was devoted to neutron data measurements, excitation
function and isomeric CYOss section ratic of
5aNi(n,p)'SBCcum’g reaction were determined from 5 to 15 MeV
neutron energy. The investigation was carried out as a
result of the discrepancies cbserved in the cross section
curves and isomeric crass section ratic data especially in
the 5-13 MeV energy region. In the secand part,
characteristics data of neutron interactions with bulk
samples were investigated with the following aims: 1) to
develop an on—line analytical geometry for the analysis of
bulk minerals based on the thermal and fast neutron flux
density distributicons; 2) to improave the experimental setup
based on the thermal neutron reflection technique so as to
achieve a lower 1imit of detection for the determination of

H2 in oil samples.
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7.1.1 Excitation function and cross section ratio of

5BN!(n,pJEBCom'g reaction from 5 to 15 MeV

Irradiations were performed with neutrons produced via
the D-T and D-D reactions by a neutron generator and a
cyclotron respectively. Spectral distribution of incident
neutrons of energies between 5 and 13 MeV were measured by
the PHRS and validated by the activation unfolding
technigue in order to minimize total measurement erraor.
Similarly, the angular energy distribution of incident
neutrons around 14 MeV eneray region were determined by the
activation of threshold energy monitors. Results of the
isomer ic cross section ratio as a function of energy measured
for the first time made it possible to determine the cross
section curve for the formation of metastable state. In
addition to this, the good agreement between the present
measurement and calculated cross section curves render
possible the selection of the most probable data especially
in the 5-13 MeV neutron energy region where the literature

data are discrepant and scanty.

7.1.2 Characteristics data of neutron interactions

Thermal and fast neutron flux distributions in slabs of
bulk materials tagether with the attenuation
characteristics of 2520f, Pu-Be and D-T neutrons traversing
different thicknesses of cocal, water and graphite samples

were investigated. Based on the results of these
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measurements, an experimental setup for the on-line
elemental analysis of minerals as well as a data base for
checking different models were obtained. Furthermore, the
sensitivity of the experimental setup based on the thermal
neutron reflection technique was improved from 0.3 W % to
0.12 w % following a modification of the setup. The
improved setup was used to measure total hydrogen cantent
and the 0+C/H atomic ratio in household and motor oils as

well as crude ail samples from Hungary and Nigeria.

y 3 rRecommendation

rResults of the cross section data presented in this
work in comparison with the calculaticnal results
justifies the need to determine the characteristics of
incident neutrons employed in cross section measurements.
However , more measurements are needed to ascertain the
cross section curves at around 2 MeV neutron energy region
where the isomeric cCcross secticn ratico as function af

neutron energy was seen to exhibit & minimum.

Similarly, further investigations are required to test
the analytical setup recommended for use as an on—-1ine
analyzer of bulk minerals. The possible use of the analyzer
for non—destructive testing of cargoes for explosives and
hidden drugs alsc need to be establ ished. The adaptation of
the neutron reflection methad for checking the adulteration
of petroleum products and related materials is y ecommended

bearing further investigations.
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APPENDI X

THE CONTRIBUTION OF METASTABLE STATE TO GROUND STATE

The production rate of ground state atoms in which an
isomer ic state radionuclide is alsco produced is given as:

ng(t) a
ey = nog¢ - lg Ng(t) + lq Nm(t? (12

where Ng is the number of aground state atoms produced
duringirradiation,
n is the number of atoms in the sample,
ag is the activation cross section for the production
of ground state atoms,
¢ is the neutron flux reaching the sample,
lg is the decay constant of the ground state,

and Nm is the number of metastable atoms produced

during irradiation.

The rate of production of metastable state is given
as;

de(t) ~

Given that the number of metastable state before

irradiation is zero,

i.e. Nmto} =0 at t = 0, then the solution of equation 2 is:-—
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n om¢ -A_t
{} — @ b (3

N (t) =
m
m

At t = ti equation (3) becomes

noe At

Y Lkl (4)

N (t. ) =
m i Am

Equation 4 gives the number of metastable state atoms
produced at the end of irradiation. Substituting for Nm(t}

in equation (1), then it becomes;

dN_ (%) g = -kmt
= - + -
gt no @ Kg Ng(t) neo ¢ 1 e )
S
If equation 5 is re—arranged, it becomes;j
dN_(t)D & —lmt
i A Ny =0 P p+no @l —e D
Or (6)
!
At -a_t -a_t
a'%“Eg‘”ag l“"‘a%*na‘"‘pu—a ™ y1e 9
At & WLy W 1+
= n @ o? + o™ e? - n @ " e ° "
(7>

The integration of equation 7 aives;
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At , 38 t
a irr irr At
"Eg“"' :lo =J nto® + o™ g e 7 dt

Q
t, A _~ A )t
P TPy e 8P g
(8]
t ti
a m At
n ¢ oot o) a m (A _~A It
kg 0 (] m O
nte?+ o™e At no™e A= At
= = (e 9 -1+ e[l - e 1
a a m

8l

At the beginning of irradiation t = 0O, Ng(O) = 0; and at
the end of irradiation t = ti,Ng(t) = Ng(ti)’ hence

equation (B)» becomes;

ntef+ o™ ¢ Aty
Nt 0 = Yy (1 - e +
g
no' @ “A_t., At
i m i
, g (e - @ p)
a m

37

Therefare the number of ground state atoms praduced during
irradiation that lasted for a given time <ti) including the
contributions of the metastable state atoms is given by

equation 9.
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The rate of decay rate of agr cund state after

irradiation is:

dN _ (t)

.. ” _lg Ng(t) . hm Nm(t) (10)

S8imilarly the rate of decay of metastable state to the

ground state can be written as:

dN_(tD
m

= Hlm Nm(t) 11)
dt

The solution of eguation 11 is:

....th
N ¢(£) = N (t.) e 12)
m m i
where Nm(ti) is the number of metastable state nuclei at
the end of idrradiation. By substituting for Nm(t) in
equaticon 10 using the expression given in equation 12,

we obtaing

ng(t) -Amt
= =A_ N (t) + X N (t. ) e
dt g a m m i

(13>

Inteagrating the abave equation and taking the limits of
integration fraom t = ti to t = tc (i.e. the cooling time

after irradiation) leads to:
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A .t | € b A= A0t
N (t).e 2 = A Nt e dt
o m m i
t.
i tc
Am o T km)t
e Ty N () e
a m ti
(14)
j'el’
At
-~ A (A -2 Ot
N (£t ) e m g 'm c
- F - - N (. ) = - N (%t ) L; - &
g 1 hg lm m 1 L
Or
At A ~a_t -a_t
gc . m 3 1 mc g c
Ng(tc) = Ng(tib e ——x;:—XENm(ti, :i €
€13)

Ng(tiJ is the number of ground state nuclei at the end
of irradiation as expressed in equation (9). Similarly
Nm<tj) expressed in equation (4). Therefore, equation (15)
gives the number of ground state atoms and the contribution
af the decay of metastable state tao the ground state at
time t = tc (i.e. the cooling time after irradiationd>. If

we substitute for Ng(ti) and Nm(t Y in equation (15), then

i

the eguation after simplification becomes;

g__m
Ng(tc>="¢cr“’k")—K"_kau—agi)e"'"c
g g "m



m-9 (16)

This equation expresses the number of ground state atoms
obtained at a certain time (t = tc) after irradiation
including the number of metastable state atoms decaying to

the ground state,



