Chapter 1

Introduction

1.1 Fundamentals of Nuclear Reactor Physics

Towards 21% century, the world-wide increasing demand of energy and electricity called for a
re-evaluation of presently available energy sources over a longer period of time. With this, the
important goal is for the development of advanced systems which are cost-effective,
environmental friendly and efficient [1]. Renewable energy like hydropower, wind, solar and
geothermal are most favorable sources due to advantages like less emission of greenhouse
gases, lower maintenance and easy to implementation. Despite the advantages of the renewable
sources; these sources have some disadvantages like poor energy conversion ratio, high cost
and they are not available year around. In order to improve the standard of living for everyone,

researchers have to develop new energy sources.
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Figure 1.1 Worldwide reactor database

Fission reactors: Currently, about more than 430 fission reactors are in operational conditions

which supplies about 10-15% of the world’s electricity in around 30 countries as presented in
Figure 1.1 [2]. In fission reactors, the energy is produced by a controlled nuclear chain reaction.
In this process, the uranium-235 (235U) atom absorbs a neutron which splits into fast-moving

fission products releasing energy and free neutrons as shown in Figure 1.2. These free neutrons



will be absorbed by other 2*°U atoms and trigger other fission events. The collision of these
fission products releases the energy which is converted into the thermal energy and utilized for
the energy production in the fission reactor [3-5]. However fission reactor has two major
limiting factors in the operation, (i) availability of nuclear fuel is limited and (ii) production of

radioactive waste. This perspective called for a requirement of an effective reactor and fuel

incident

cycle strategies including fusion reactor and accelerators [6-10].
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Figure 1.2 Chain reaction in fission reactor

Fusion reactors: The most favorable example of fusion around us is the stars and the Sun

which are burning for billions of years using this process. Fusion reactions take place in a
plasma in which two or more light atomic nuclei, usually deuterium (D) and tritium (T),
combine and fuse together to form heavier nuclei with releasing massive amount of energy.
The widely considered fusion reactions based on hydrogen isotopes are deuterium-deuterium
(D-D) and deuterium-tritium (D-T) in which the least difficult fusion reaction is D-T reaction

because it is feasible at lower temperature than the D-D reaction.

D-D 2H+ 3H - 3He + Jn+ 3.25 MeV;

‘H+ 3H - 3He+ (n+ 4.02 MeV;
(1.1)

D-T 2H+ 3H - JHe+ n+ 17.59 MeV

Fusion reaction process only occurs at a very high temperature which provide enough energy
to overcome the electrostatic repulsion and fuse together. The temperature will reach about 10-
15 times higher than the temperature in the centre of the sun. In DT- reaction, 3.5 MeV a-

particle (helium nucleus); 14.1 MeV neutrons are produced and in total 17.59 MeV energy is



released per fusion reaction. This energy is released in the form of kinetic energies of product
nuclei which could be converted into electricity using conventional technology. An advantage
of fusion reaction is that it is virtually limitless, safe, clean and affordable. With these
advantages, fusion reactions have two major challenges: (i) heating of fusion fuel up to tens of
million degree temperature, and (ii) confinement of fuel in the central area of the reactor. The
fusion reactions, however, has a disadvantage that these are charged particle reactions. Thus to
overcome the coulomb repulsion of the positively charged particles, very high kinetic energy
is required to interact nuclei with the particles which is achieved by using particle accelerators.

Accelerators: A variety of accelerators are available which operates on a different technical
principles. The basic principle of the accelerators is that the interaction of the charged particles
to very high speeds and energies with electromagnetic fields dividing them in two types: (i)
Electrostatic Accelerators uses electrostatic fields to accelerate particles e.g. Van de Graff and

Cockcroft Walton Generators; (ii) Electrodynamic or Electromagnetic accelerators uses

changing electromagnetic fields to accelerate particles e.g. Cyclotron, Betatron. Accelerators
are useful in nuclear physics experiments, particle interaction studies as well as medical and
industrial applications. In present thesis work, the experimental work has been carried out by

using charged particle accelerators which is discussed in detailed in next chapter 2.3.

1.2 Reactor Materials

A major challenge in construction and development of a nuclear reactor is the selection and
design of its structural materials. High performance structural materials are essential to the
development and design of the planned fusion reactors as well as to the advancement of the
fission reactors that are now in operation. The materials are subjected to extreme conditions of
unprecedented fluxes of high-energy neutrons, and intense thermo mechanical stresses. This
environment will degrade the reactor materials which leads to reduce the performance and
cause the sudden failure of the reactors [11]. The energetic neutrons in fission-fusion reactor
will damage the materials and produce radio-activities by nuclear transmutation. In fission
reactor, a diverse range of structural materials are used as presented in Figure 1.3. The
degradation in mechanical and chemical properties of the materials is observed due to radiation
induced defects in the reactor components. Similarly in the operation condition at 300 to 350
°C, the piping and heat exchanger experience thermal aging and complex water chemistry

issues may induce corrosion and stress corrosion cracking.
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Figure 1.3 Schematic diagram of fission reactor with materials [3]

Figure 1.4 [12] depicts a schematic representation of a fusion reactor in which the initial wall,
blanket, and divertor components absorb powerful neutrons produced by the DT-reaction. The
materials that optimize the radiation-induced breakdown process will yield substantially larger
quantities of transmutant due to the high energy neutrons. Furthermore, it is suggested that the
initial wall and divertor components will encounter a heat flux of 1 to 10 MW/m? under steady
state conditions. This is greater than the maximum heat flux that the structural materials in a
fission reactor would be subjected, which is approximately 1 MW/m? for fuel cladding.
Therefore there is a challenge for researcher to develop the variety of structural, tritium
generation and reactor coolant materials are about five times higher than the core structural
materials for existing fission reactors [13, 14]. In case of Accelerator Driven System (ADS),
materials are divided into fuel, structural and coolant materials categories. The major issue in
this case is the development of fuel due to lack of experimental work to characterize the basic
properties of the materials, their fabrication process and their behavior under high temperature
and high flux (proton and neutron) environment [15-17].
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Figure 1.4 Schematic diagram of fusion reactor with structural materials [5]
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Figure 1.5 Schematic diagram of Accelerator Driven System (ADS) [6]
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1.3 Neutron interactions

As discussed above, neutrons are produced during the operation of nuclear reactors. These

neutrons interacts with the surrounding materials which produced more neutrons and other

particles through different reaction channels. Figure 1.6 shows the type of reactions when a

neutron interacts with a nucleus [18].

Elastic Scattering- (n,n): A neutron interacts with a nucleus and bounces off in a
different direction by transfer of some energy to it. Sometimes the nucleus absorbs a
neutron and re-emits it. The fraction of energy transfer of neutrons depend on the angle
of the collision with the nucleus. The target nucleus gains the energy and moves with
an increased speed.

Inelastic Scattering (n,ny): A high energy neutron collide with heavy nuclei, neutron
is absorbed to form a compound nucleus which will be in excited state. It de-excites by
emitting neutron of lower energy with a y-photon of remaining energy.

Radiative Capture (n,y): The most common nuclear reaction in which the compound
nucleus formed by emission of y-photon. In other words, the product nucleus has mass
number increased by one.

Charged Particle (n,p) (n,a): A nucleus absorbs a neutron to form a compound
nucleus which de-excites by emitting a charged particle like proton or alpha particle.
This type of reaction is also called as transmutation. In this type of reaction one element
transforms into another by nuclear reaction.

Fission (n,f): The most important reaction presented in Table 2.1 of the next chapter.
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Figure 1.6 Types of reactions induced by neutron interaction

1.4 Requirement of Nuclear data

The accurate nuclear data are fundamentally important for the study of operation and
performance of fission-fusion reactors and accelerators. Therefor a wide range of nuclear data
such as cross section and decay data of reactor materials are required in a wide range of energies
(10 eV to 20 MeV standard range but extended to 200 MeV) to study the neutron and particles
interactions mechanism, transmutation studies, material analysis useful for reactor applications
and other general applications like nuclear medicine, radiation therapy, nuclear waste
management studies etc. [19-21]. Moreover the quality of the reported data is enumerated by
the uncertainties of the parameters involved in the measurements and hence researchers should
be aware of all the sources of uncertainties and the correlation between them. In data
evaluation, researchers find difficulties due to scarcity and lack of information of the
uncertainties in the experiments [22, 23]. In present thesis work, the (n,y), (n,p) and (n,2n)
reactions cross section were determined for different materials (Tungsten, Zirconium,

Niobium, Strontium and Rubidium) in the fast neutron energy range used in fission-fusion



reactors and accelerators applications. A detailed uncertainty calculation of all the parameters

involved were presented using covariance analysis method.
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Figure 1.7 Reported radiative capture cross section data for 8w(n,y)!8"W reaction

The neutron radiative capture reaction cross section for tungsten isotope in the fast neutron
energy range is presented in Figure 1.7 with previously published data retrieved from EXFOR
database [24-35]. The database shows that the multiple cross section data available up to 3
MeV have discrepancies whereas in the neutron energy range from 4 to 20 MeV there is a

scarcity in the reaction cross section data.

The (n,2n) and (n,p) reactions cross section for isotope of zirconium [36-52] was and rubidium
[53-67] were presented in Figure 1.8 and Figure 1.9 and the (n,2n) reaction cross section for
isotope of niobium [68-74] and strontium [75-84] was presented in Figure 1.10 in the neutron

energy range from threshold to 20 MeV.
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Figure 1.8 Reported cross section data for *°Zr(n,2n) and *°Zr(n,p) reactions
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Figure 1.9 Reported cross section data for 8Rb(n,2n) and ®Rb(n,p) reactions
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Figure 1.10 Reported cross section data for ®*Nb(n,2n) and #8Sr(n,2n) reactions

1.5 Objectives of present thesis

The objectives fulfilled in this doctoral thesis are as follow:

To measure (n,y) reaction cross section of 8W isotope in the fast energy range at
FOTIA and BARC-TIFR facilities. The analysis was carried out by offline y-ray
spectroscopic technique. The mono-energetic neutrons were produced by “Li (p,n)’'Be
reaction.

To measure the *°Zr(n,2n)®Zr and *°Zr(n,p)*®™Y reactions cross section in the neutron
energy range from 10 to 20 MeV. The covariance analysis was also carried out to
calculate the uncertainties and correlations.

To measure the ®Rb(n,2n)®*™Rb and ®°Rb(n,p)®™Kr reaction cross section in the
neutron energy range 10 to 20 MeV. The absolute flux value during the experiments
was determined from the 2’ Al(n,a)**Na monitor reaction.

The reactions cross section of selected materials were predicated by using TALYS and
EMPIRE codes by using different input parameters like level density models, y-strength

function and other nuclear models.
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