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Abstract 

Nuclear fusion is considered a clean energy source: it emits no CO2 and leaves 

little radioactive waste. It is important to start paving the path toward nuclear 

fusion whilst simultaneously moving away from fossil fuels and carbon 

emissions. 

One of the challenges of nuclear fusion is the lack of tritium, which, together with 

deuterium makes up its fuel. This research is focused on utilizing one current 

method of nuclear fission technology, namely molten salt reactors, to generate at 

least the initial loads of tritium for the first fusion reactors. 

Current research is primarily focused on providing tritium during the nuclear 

fusion reaction. However, it is also necessary to have a tritium supply whenever 

we start up a nuclear fusion reactor.  

The largest source of tritium is the CANDU nuclear fission reactor. A typical 500 

MW CANDU produces 130 g of tritium annually [1] as a biproduct of power 

generation. However, a future commercial fusion power plant is expected to 

consume 300 g of tritium per day to produce 800 MW [2]. 

Thus, this research explores the possibility of breeding tritium in other fission 

reactors, in particular molten salt reactors (MSR).  

MCNP4C was used to simulate a simple Molten Salt Reactor setting with 61 

molten salt fuel channels and applying a molten salt blanket to study how the 
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presence of specific elements in the blanket affects tritium production, as well as 

criticality.  

The study relies on nuclear data from the National Nuclear Data Center (NNDC), 

and Oak Ridge National Laboratory (ORNL) as benchmark to verify the accuracy 

of the results.  

The calculated output of tritium is 325 g/year for a 100 MW (th) reactor, which is 

considered a positive outcome that opens the door for more research in this 

direction. 
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Introduction 

 

Since the dawn of civilization, energy has been at the core of any improvement to 

human lives. It began with the discovery of fire. Since then, sources of energy 

have evolved, but without that first flame, we would never have achieved the 

standards of life we see today.   

Today, energy is one of the primary global concerns because of its close 

relationships with both quality of life and the environment. The current world 

focus is on moving away from fossil fuels and reducing carbon footprint in order 

to combat climate change. 

Nuclear fusion would enable us to meet this demand and is the ultimate goal of 

this research. 

However, fusion, as we will see in the coming chapters, has multiple barriers, 

among them the lack of tritium. The primary purpose of this specific study is to 

secure a continuous supply of tritium to ensure not only sufficient fuel for startup 

of fusion reactions, but also enough tritium to further research into improving 

nuclear fusion technology. Current research projects are focused on maintaining 

tritium production once a fusion reaction is in progress, but there is a shortage of 

tritium for starting up such reactions. This study will examine the feasibility of 

using existing nuclear fission technology, in this case a molten salt reactor, to 
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purposefully breed tritium to both further research into, and provide fuel for, 

nuclear fusion projects. 
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Chapter 1  

Nuclear energy – Theoretical review 

Nuclear energy comes from the smallest unit of matter, the nucleus. Albert 

Einstein’s formula equation (1.1) relates mass to energy in one simple equation.  

𝐸 = 𝑚𝑐2 (1.1) 

This chapter will show how this concept leads to nuclear fission and fusion 

energy. 

1.1 Nuclear Binding Energy.  

The nucleus consists of Z protons and N neutrons. Z gives the element its identity 

and place in the periodic table, whereas A = N+Z represents the atomic mass 

number. Nuclear energy relies on releasing some of the inner energy that binds A 

nucleons within a nucleus, by either splitting the nucleus and releasing multiple 

nuclei – fission, or by fusing two nuclei together – fusion.  

1.1.1 Liquid Drop Model 

Aside from the lightest elements, the binding energy for most nuclei (A > 20) is 

well explained mathematically with the liquid drop model [3]-(Sec 2.3). 

According to this model,  
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a) The average number of nucleons per unit volume in a nucleus is constant 

for all nuclei [4]-(Sec1-3). Thus, to identify the volume, the atomic 

nucleus can be approximated according to equation (1.2) [3]-(Sec 2.2).  

𝑅 = 1.21𝐴1 3⁄  [fm] (1.2) 

 

 Where R is called the effective radius [3]-(Sec 2.2), and the constant 1.21 

is an approximated value derived from neutron scattering experiments, 

[4]-(Sec 1-3). hence the total binding energy of any nucleus is proportional 

to its mass number A [3]-(Sec 2.3).  

b) Since the nucleons at the surface are not surrounded by other nucleons, 

this will lower the average binding energy in proportion to the surface area 

[3]-(Sec 2.3). 

c) As Z increases, the coulomb repulsive forces increase, thus lowering the 

binding energy proportionally to Z2 [3]-(Sec 2.3). 

d) Stable nuclei have the tendency of having Z ≈ N, but as the size of the 

nuclei increase, the Coulomb repulsion also increases, therefore more 

neutrons are needed for nuclear stability [3]-(Sec 2.3).  

e) The parity between the neutrons and protons is dependent on the number 

of Z and N. It is negative if both Z and N are odd, positive if both Z and N 

are even, and zero otherwise [3]-(Sec 2.3). 

Thus, the liquid drop model is interpreted mathematically using the semi-

empirical formula (1.3) below [3]-(Sec 2.3) & [5]-(Sec 3.3), 
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𝐸𝐵 = 𝑎𝑣𝐴 − 𝑎𝑠𝐴
2 3⁄ − 𝑎𝑐

𝑍2

𝐴1 3⁄
 − 𝑎𝑠𝑦𝑚

(𝐴 − 2𝑍)2

𝐴
 

∓ 𝑎𝑝𝐴
−1 2⁄  

(1.3) 

Where EB is the total binding energy, the coefficient av, as, ac, asym and ap values 

are calculated according to the fitting method used to get the best agreement with 

the experimental curve shown in Figure 1.1. A set often used [3]-(Sec 2.3) is, in 

units of [MeV]: 

𝑎𝑣 = 15.56, 𝑎𝑠 = 17.23,      𝑎𝑐 = 0.697, 𝑎𝑠𝑦𝑚 = 23.3,

𝑎𝑝 = 12 

(1.4) 

Figure 1.1 shows the curve of the average binding energy per nucleon, which 

increases, until it reaches 56 nucleons (56Fe). After that the average binding 

energy gradually decreases as the size increases. This figure indicates that we can 

generate energy in two ways [5]-(Ch 13 & 14): a) by combining two light nuclei 

like hydrogen (fusion), or b) by breaking a heavy nucleus like uranium or 

plutonium into two or more lighter nuclei (fission). In either way nuclear energy 

is released as we climb up the curve of binding energy. However, the slope of the 

curve for A < 56 is much bigger than the slope for A > 56, which means the 

energy released for fusion is much more than that for fission per kg of fuel used as 

presented in the example below.  
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Figure 1.1. Binding energy per nucleon as a function of mass number A [3]-(Sec 

2.3). 

1.1.2 Example fission of 235U vs Fusion of two deuterium1 nuclei 

In the case of 235U fission, the mass number A of the fission product will be on 

Average (140, 95) and the atomic number Z is (56, 36) respectively (see Sec 1.2). 

Then we can estimate the energy release per one 235U nuclei using EB formula and 

according to Error! Reference source not found.. 

Table 1.1. Binding energy calculation for 235U and its fission product. 

 𝑈92
235  𝐶𝑠55

141  𝑅𝑏37
93  

Volume term 3657 2194 1447 

Surface term −656 −467 −354 

Coulomb term −956 −405 −211 

Symmetry term −258 −159 −90 

Pairing term 0 0 0 

Total EB 1787 1163 792 

EB per nucleon 7.6 8.25 8.52 

 
1 Deuterium is a hydrogen isotope that can be written as (2H or D) 
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Thus, the energy released in MeV per one 235U nucleus is: 

𝐸 𝑈235  =  ((
8.25 × 141 + 8.52 × 93

234
) − 7.6) × 235 ≈ 180  (1.5) 

For 1 kg of 235U. The energy released in Joules, is: 

𝐸1 𝑘𝑔 𝑜𝑓 𝑈235 =
1000 [g]

235[g]
× 𝑁𝐴 × 1.6 × 10

−13[J] × 180

= 73.8 × 106 MJ, 𝑁𝐴 =  6.022 × 10
23 

(1.6) 

Where NA is the Avogadro’s Number. 

For deuterium and helium (A < 20), the binding energy can be estimated from the 

experimental curve. For deuterium 𝐸𝐵 = 1 MeV, for helium 𝐸𝐵 = 7 MeV. The 

energy release in MeV per fusing two deuterium nuclei, is (7 − 1) × 4 =

 24 MeV. Thus, for 1 kg of deuterium, the expected energy outcome in Joule is: 

𝐸1 𝑘𝑔 𝑜𝑓 𝐻2 =
1000 [g]

2 × 2[g]
× 𝑁𝐴 × 1.6 × 10

−13[J] × 24

= 578 × 106 [MJ] 
(1.7) 

Thus, fusion produces about eight times the energy produced by fission per kg of 

matter. 

1.2 Nuclear Radioactivity 

Neutrons with a mass of 939.6 MeV/c2 are slightly heavier than protons which 

have mass 938.3 MeV/c2 [3]-(Sec 1.4). However, neutrons are unstable as free 

particles, and decay to protons according to reaction (1.8) [3]-(Sec1.4) with 

lifetime of 880.2 s via the weak forces. Also, protons and neutrons as they interact 
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via strong forces, each have the possibility to decay to neutrons and protons 

respectively within the nucleus under certain circumstances [3]-(Sec 1.4). Based 

on this fact, we realise that neither the neutron nor the proton is a fundamental 

particle, but in fact each consists of three quarks.    

𝑛 → 𝑝 + 𝑒− + 𝜈̅𝑒 .   (1.8) 

Therefore, the stability of a nucleus relies on the stability of the neutrons and 

protons. As the nucleus grows larger, the neutrons begin to outnumber the protons 

as discussed in (Sec 1.1). The stability of a nucleus is a function of N as shown in 

the Segrè chart [3]-(Sec 2.4)  Figure 1.2, which shows the stable nuclei through a 

plot of Z vs N. Thus, as the nucleus becomes bigger, the so-called line of stability 

moves further away from Z=N. This chart shows that the end products of fusion of 

light nuclei like deuterium are usually light and stable nuclei, whereas the end 

products of fission are heavy and unstable nuclei. 

 

Figure 1.2. Segrè chart for stable and unstable nuclei [3]-(2.4). 
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Segrè chart, shows that, the stable nuclei lie in a very narrow band, and other 

nuclei are unstable, decaying in one of three ways [3]-(Sec 2.4), while emitting 

accompanied radiation.  The following sections describe the three decay types. 

1.2.1 Spontaneous fission and/or ejecting alpha particles (α) 

Nuclei with A>100 may undergo spontaneous fission [3]-(Sec 2.7), where the 

parent nucleus breaks into two nuclei without external action. as in the case of 

uranium: 

𝑈92
238  →  𝐿𝑎57

145  + 𝐵𝑟35
90  +  3𝑛 (1.9) 

For the case illustrated in reaction (1.9), the daughter nuclei have almost the same 

proportions of Z/N as uranium, thus they fall away from the stable nuclei band, 

and will continue decaying until stability is reached.   

A heavy nucleus may also undergo alpha decay, where it ejects an alpha particle 

(α) which is the stable nucleus of helium, as in the case of uranium decaying to 

thorium: 

𝑈92
238  →  𝑇ℎ90

234  +  𝐻𝑒2
4  (1.10) 

1.2.2 Beta (β) decay 

This decay occurs when a neutron, or a proton decays to a proton or neutron 

respectively.  

A free neutron decays spontaneously to a proton according to reaction  (1.8) 

because the neutron is heavier than the proton. This process also occurs within an 

unstable nucleus but with different lifetimes that vary from milliseconds to 1016 
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years [3]-(Sec 2.6). In the case of neutron decay releasing an electron and an anti-

neutrino, the value of A stays the same while Z increases as per the following 

examples [3]-(Sec 2.6). 

𝑅ℎ45
111  →  𝑃𝑑46

111  +  𝑒−  +  𝜈̅𝑒 (11 s),  (1.11) 

𝑃𝑑46
111  →  𝐴𝑔47

111  +  𝑒−  + 𝜈̅𝑒 (23.4 min), (1.12) 

𝑃𝑑46
111  →  𝐶𝑑48

111  +  𝑒−  +  𝜈̅𝑒 (7.45 days), (1.13) 

Although it is not possible for a free proton to decay to a neutron and positron, 

positron emission is possible within an unstable nucleus because of the binding 

energy, according to reaction (1.14). In this case the value of Z will decrease, as in 

the case of 15O.  

𝑝 →  𝑛 + 𝑒+  +  𝜈𝑒 (1.14) 

𝑂8
15  →  𝑁7

15  +  𝑒+  +  𝜈𝑒  (2.04 min), (1.15) 

Electron capture is a process similar to β+ decay, where a nucleus captures one of 

the electrons surrounding it and changes a proton to a neutron as per (1.16), i.e. 

𝑒−  +  𝑝 →  𝑛 + 𝜈𝑒 (1.16) 

𝑒−  +  𝐼𝑛49
111  →  𝐶𝑑48

111  +  𝜈𝑒 (2.8 days), (1.17) 

1.2.3 Gamma decay (γ) 

This type of decay usually occurs after the previously mentioned types of decay, 

or after a nuclear reaction, where the final nucleus is left in an excited state [5]-

(Sec 6.5). If this excited state is below the threshold for spontaneous fission or 

alpha radiation, the components of the nucleus rearrange, allowing it to de-excite 
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by emitting one or more high-energy photons without changing the nucleus. Since 

this photon is released from within a nucleus, the dimensions of the source are on 

the scale of (10-15 m). Therefore, according to equation (1.18); the released energy 

is a few MeV if we take into consideration (hc=1240 MeV. fm) [5]-(Sec 6.5). 

𝐸 = ℎ𝑐/𝜆 (1.18) 

1.3 Nuclear Fission 

The discovery of neutrons by Chadwick in 1932 [5]-(Ch13) gave a new tool to 

explore the nature of matter and its nuclei, by exposing various nuclei to neutrons. 

In 1938 Enrico Fermi won the Nobel prise for discovering that many nuclei decay 

by β¯ emission following neutron capture, which means an increase in the atomic 

number. Consequently, this technique was used to produce transuranic2 elements, 

which led to a series of subsequent experiments and discoveries.  

Irradiating uranium with neutrons revealed that β¯ was released. Soon after, 

studies showed that barium was produced as well, and the energy released was of 

the order of 100 MeV. That led Meitner and Frisch in 1939 to propose that the 

uranium nuclei became highly unstable and split almost in half after neutron 

capture [5]-(Ch 13). This process was later called fission which occurs as a result 

of disturbing the balance between Coulomb and the strong force. There is a 

similarity between induced and spontaneous fission, in term of the daughter 

 
2 Transuranic elements (also known as transuranium elements). Appendix A. 
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nuclear as illustrated in reaction (1.19) [5]-(Sec13.2), the difference is that in the 

induced fission, the probability of occurrence is much higher.  

𝑈235  +  𝑛 →  𝐶𝑠141  +  𝑅𝑏93  +  2𝑛 (1.19) 

Therefore, fission can be applied to any nucleus that has been targeted by 

neutrons with enough excitation energy. However, to gain energy it is practical to 

use a heavy nucleus like uranium.  

Reaction (1.19) above shows that uranium initially split into cesium and rubidium, 

which are highly radioactive, and subsequently decay emitting β¯ [5]-(Sec 13.2) 

according to reactions (1.20) and (1.21):  

𝑅𝑏 93  
6 𝑠
→  𝑆𝑟93  

7 𝑚𝑖𝑛
→    𝑌93  

10 ℎ𝑜𝑢𝑟
→      𝑍𝑟93  

106 𝑦𝑒𝑎𝑟
→       𝑁𝑏93  (1.20) 

𝐶𝑠 141  
25 𝑠
→   𝐵𝑎141  

18 𝑚𝑖𝑛
→     𝐿𝑎141  

4 ℎ𝑜𝑢𝑟
→     𝐶𝑒141  

33 𝑑𝑎𝑦
→     𝑃𝑟141  (1.21) 

The above discovery was the start of understanding nuclear fission; However, 

controlled fission required a better grasp of the relationship between neutron 

energy and the cross section of fissionable material. 

1.3.1 Neutron interaction with matter. 

Neutrons decay to protons within 15 minutes, thus free neutrons do not exist 

naturally but may be produced in a number of nuclear reactions (as in the 

interaction of beryllium with alpha and gamma radiation [5]-(Sec 12.1), which 

will be reviewed.  



 
M.A.Sc. Thesis - H. Al-Zubaidi; McMaster University – Engineering Physics. 

 

13 

 

Since neutrons do not carry a charge, they can not be accelerated or decelerated, 

but it is possible to slow them down using material that allows the neutrons to 

collide to lose energy and slow down (moderator). Neutrons are classified 

according to their energies in  Table 1.2 [4]-(Sec 4-4). 

Table 1.2 Neutron energy classification 

Energy classification  Energy 

Thermal E ≈ 0.03 eV 

Epithermal E = 0.03 eV – 10 keV 

Fast  E > 100 keV  

 

1.3.1.1 Neutron Sources 

The beryllium reaction with alpha particles according to reaction (1.22) was 

behind the discovery of the neutron [5]-(Sec 12.1). This method is called the 

Alpha-Beryllium Source. 

He4  +  Be9  →  C12  +  n 
(1.22) 

Usually, this reaction is possible when mixing beryllium with an alpha-emitting 

material like 226Ra, where the released neutrons’ energy is distributed on a 

spectrum up to 13 MeV [5]-(Sec 12.1). The resulting neutrons from this reaction 

are not monoenergetic [5]-(Sec 12.1). 

The other source of neutron production using beryllium is created by applying 

gamma radiation according to reaction (1.23). This method is called Photoneutron 
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Source. The advantage of this method is that we can have neutrons closer to 

monoenergetic [5]-(Sec 12.1).  

𝛾 + 𝐵𝑒9  →  𝐵𝑒8  +  𝑛 (1.23) 

Neutrons can also be produced in spontaneous fission and many nuclear reactions. 

However, the focus on beryllium comes from the important role it plays as a 

neutron multiplier, reflector etc... in nuclear fission reactors and as plasma facing 

material in nuclear fusion reactors [6]. Thus, it is important to understand the 

interaction of neutrons with matter through the definition of the cross section3. 

1.3.1.2 Neutron-Matter Cross-Section 

The interaction of neutrons with matter depends on the target nuclei cross section 

and the intensity of the neutron beam. The intensity is defined as the energy 

passing through unit area, per unit time.  

Assuming a monoenergetic and monodirectional beam of n [neutrons/𝑐𝑚3] fired 

on a thin sample of density N [atoms/volume], has an area a and a thickness dx as 

shown in Figure 1.3. Since all n neutrons travel at the same speed v in the same 

direction, the intensity is then calculated according to equation (1.24) [4]-(Sec 2-

1). the reaction rate in the entire sample is proportional to the target cross section, 

density, volume, and neutron beam intensity I, and is calculated according to 

equation (1.25). 

 
3 Cross section is also defined as the probability of a certain nuclear reaction occurring.  
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The intensity according to the definition is: 

𝐼 = 𝑛[
1

cm3
]𝑣[
m

s
]  =  𝑛𝑣[

1

cm2. s
] (1.24) 

Where n is the number of neutrons per unit volume in the beam fired toward the 

target. 

𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑎𝑟𝑔𝑒𝑡 [
reaction

s
]

=  (𝜎[cm2])(𝐼[
1

cm2. s
])(𝑁[

1

cm3
])(𝑎[cm2])(𝑑𝑥[cm]) 

(1.25) 

Therefore, if the value of the reaction rate was experimentally determined, the 

value of the cross section would be determined. assuming the intensity of the 

neutron beam stays monoenergetic and monodirectional over the entire target. 

Usually, the cross section is measured with the unit of barn (1 barn =

 10−24 cm2), this unit is comparable to the small dimensions of nuclei and 

subatomic particles. 

 

Figure 1.3. Neutron incident on a target. 
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The previous assumption regarding the neutron beam staying monoenergetic and 

monodirectional over the entire sample is not accurate, because neutrons interact 

with the nuclei of the target in a different way, like elastic scattering, inelastic 

scattering, radiative capture, and fission. Thus, the neutrons in the beam will be 

scattered as they pass through the sample. Hence, to reduce the error, it is better to 

reduce the sample thickness and density as we will see later, during the 

verification and benchmarking process. 

1.3.2 Controlled Fission Reaction. 

In fission reactions like reaction (1.19), neutrons are emitted, most of these 

neutrons appear instantaneously within about 10−17 of a second of the fission 

process, those are the prompt neutrons [4]-(Sec 3-4).  

Less than 1% of the fission neutrons appear long after the end of the fission event, 

they are called the delayed neutrons [4]-(Sec 3-4). Delayed neutrons are the 

product of neutron emission by a radioactive decay of some fission product. 

Although delayed neutrons play an important role in reactor operation, they will 

not be discussed in this research. 

The average number of prompt neutrons for 235U fission is 2.44 [4]-(Sec 3-3). 

They are emitted with a continuous distribution of energy as shown in Figure 1.4 

[4]-(Sec 3-4). 
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Figure 1.4. Distribution of prompt neutrons energy after 235U fission reaction [4]-

(Sec 3-4). 

 

This continuous distribution of energy is described by a χ(E), which is called the 

prompt neutron spectrum, has been derived based on experimental data over the 

years, the most recent is given in equation (1.26). Experimental data show that 

χ(E) is independent of the energy of the neutron inducing the fission [4]-(Sec 3-4).  

𝜒(𝐸)  =  0.453𝑒−1.036𝐸 𝑠𝑖𝑛ℎ √2.29𝐸 , 𝐸 𝑖𝑛 MeV (1.26) 

The mean energy is about 2 MeV, and since there are about 2.44 prompt neutrons 

for 235U, the average would be about 5 MeV. Knowing that the cross section of 

235U is higher when the incident neutron energy ≤ 1 eV, as shown in Figure 1.5, it 

is necessary to reduce the energy of at least one of these neutrons to allow for the 

next fission reaction, which is a process called moderation. After the moderation, 

if the number of neutrons that are within the range of energy to induce fission is 
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more than the number of neutrons of the previous fission, the fission rate4 would 

increase and become out of control. 

Thus, it is important to control the number of neutrons and their energies to keep 

the number of fissions occurring per unit time constant.  

 

Figure 1.5. Cross section for neutron-induced fission of 235U and 238U [7]. 

 

1.3.2.1 Multiplication Factor and Criticality Requirements 

In the previous paragraph we saw that both the number of neutrons produced and 

their energy play an important role in keeping the nuclear fission reaction steady. 

The ratio of the number of neutrons in one generation to the number of neutrons 

 
4 Fission rate depends on the product σv, where σ is the fission cross section and v is the neutron 

velocity. 
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in the preceding generation is called the multiplication factor k, which plays an 

important role in reactor design [4]-(Sec 4-1). It can take the following values: 

• k > 1: the number of fissions increasing with each succeeding generation; 

the reactor is supercritical.  

• k = 1: the number of fissions in each succeeding generation is constant; 

the reactor is critical. 

• k < 1: the number of fissions in each succeeding generation is decreasing; 

the reactor is subcritical. 

To be able to generate steady power from a fission reaction the multiplication 

factor must equal unity. Maintaining a critical reaction process requires a balance 

between production and disappearance of neutrons at a specific energy [4]-(Sec 4-

1). Without listing the detailed mathematical equations used to accomplish these 

conditions, a brief description of the main reactor components and their roles is 

included below:  

1.3.2.2 Type of Fuel  

Fuel material is described as fertile or fissile. Fissile material is a term used to 

describe isotopes most likely to undergo a fission process after absorbing thermal 

energy neutrons [4]-(Sec 3-1) like 235U, 233U and 239Pu. Whereas fertile material 

refers to isotopes, that are not fissile but can converted to fissile materials. 238U 

which only undergoes a fission reaction with high energy neutrons is a fertile 

isotope. 
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Uranium is the most commonly used nuclear fission fuel, Natural uranium 

consists of (0.72% of 235U, and 99.28% of 238U). Enriched uranium contains 

(>0.72% of 235U) [5]-(Sec 13.6). 233U and 239Pu are obtained according to reaction 

(1.27) and (1.28) respectively. Figure 1.6 shows the total cross section of 232Th 

and the fission cross section of both 232Th and 233U. Similarly, Figure 1.7 shows 

the total cross section of 238U and fission cross section of 238U and 239Pu. 

𝑇ℎ232  +  𝑛 
𝛾 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
→         𝑇ℎ233  

𝛽− (22 𝑚𝑖𝑛𝑢𝑡𝑒𝑠)
→             𝑃𝑎233  

𝛽− (27.4 𝑑𝑎𝑦𝑠)
→           𝑈233  

(1.27) 

𝑈238  +  𝑛 
𝛾 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
→         𝑈239  

𝛽− (23 𝑚𝑖𝑛𝑢𝑡𝑒𝑠)
→             𝑁𝑝239  

𝛽− (2.3 𝑑𝑎𝑦𝑠)
→          𝑃𝑢239   

(1.28) 

 

Figure 1.6. Total and fission cross section of 232Th and fission cross section of 
233U [7]. 
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Figure 1.7. Total and fission cross section of 238U and fission cross section of 
239Pu [7]. 

Thus, each type of nuclear fission fuel has a different neutron cross section and 

releases a different number of emitted neutrons based on the chosen combination 

of fissile and fertile materials, as well as fuel density. 

1.3.2.3 Moderator  

The average energy of the prompt neutron is 5 MeV. This energy can be reduced 

by placing a specific material (the moderator) whose atoms collide with high 

energy neutrons and slow them down without absorbing them. Thus, the 

moderator should satisfy the following [5]-(Sec 13.6): 
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• Neutrons lose on average more energy in elastic collisions with light 

nuclei than with heavy nuclei.  Therefore, a light element such as carbon is 

desirable to slow down the neutrons efficiently.   

• The moderator should have a very small neutron capture cross section. 

There are several different materials used as moderator. The choice relies on the 

size of the reactor, intended energy output, and fuel type. The most common type 

of moderators are graphite, light water, and heavy water.  

1.3.2.4 Control rods  

While the moderator adjusts the neutron energy, the role of the control rods is to 

keep the number of neutrons around the fuel at a specific value [4]-(Ch 14) There 

are several elements for the purpose of control, like boron and cadmium, hafnium 

and boron [4]-(Ch 14).   

1.3.2.5 Coolant  

The coolant removes the heat from the fuel and uses it to boil water to produce 

pressurized steam, Then, the steam spins turbine blades that drive magnetic 

generators to produce electricity [5]-(Sec 13.6). Coolants can be liquids (like 

water, molten salt, or liquid metal), and gases (like CO2 or helium). The choice 

relies on the size of the reactor, fuel type and intended energy output. 

1.3.3 Nuclear Fission Reactor Types 

Classification of nuclear fission reactors is diverse; because the classification 

relies on multiple factors like neutron energy, fuel type, coolant, size, and final 
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purpose. Following are descriptions of CANDU (currently the primary source of 

tritium globally), and MSR (the focus of this study). 

1.3.3.1 Canadian Deuterium Uranium (CANDU) 

This Canadian reactor uses natural uranium, and a deuterium oxide (heavy water) 

moderator. The main advantage of this reactor is the use of natural uranium, 

which reflects on the unique design and size as represented in the schematic seen 

in figure [5]-(Sec 13.6). 

 

Figure 1.8. Schematic diagram CANDU [5]-(Sec 13.6)  

 

In CANDU, the fuel is placed horizontally in a long pressure tube traversing the 

core which is contained within a large cylindrical vessel called the calandria. The 

moderator fills the whole calandria, while the coolant passes through the pressure 

tubes to transfer the heat generated in the fuel. Since the coolant is kept under 
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high pressure, CANDU is classified as a pressurized water reactor (PWR). Most 

importantly, the use of heavy water as a moderator allows CANDU to produce 

larger quantities of tritium than most nuclear fission reactors as will be explained 

in (Chapter 2 – Sec 2.1).   

1.3.3.2 Molten Salt Reactors - MSRs 

Molten Salt Reactors are non-conventional nuclear power reactors. They use low 

pressure molten fluoride (or chloride) salts as a coolant and/or the fuel is a molten 

salt mixture.  

All molten salt reactor technology originates from the Molten Salt Reactor 

Experiment (MSRE) developed by Oak Ridge National Laboratory in Tennessee. 

So far, it is the only MSR that ever operated, and it was operating from 1965 to 

1969.   

The MSR – shown in Figure 1.9 – (which will be revisited in more depth in 

Chapter 3 as it is the core of this study) - demonstrates how as the chain reaction 

occurs,  the temperature of the fuel increases causing the fuel salt mixture to 

expand and rise, As the fuel salt mixture expands, its density decreases.  

The increase in temperature and decrease in density will slow the chain reaction 

for the following reasons: 

• If a reactor is critical at a specific temperature, increasing the temperature 

will make neutrons appear faster (more energetic than its actual energy) to 

the fissile isotopes. Thus, according to Figure 1.5Figure 1.6Figure 1.7 
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the fission cross section will reduce, also reducing the fission rate, which 

will lead to the multiplication factor k < 1. 

• Since reaction rate is proportional to density according to equation (1.24), 

then as the fuel expands, the reaction rate reduces with the decreasing 

density.  

This is the principle of self control in MSR. 

 

Figure 1.9. An MSR Schematic [8]. 

 

1.4 Nuclear fusion 

In (sec 1.1.2), the energy calculated by fusing 1 kg of 2H (D) releases more than 

seven times the energy released by fission of 1 kg of 235U nuclei.  

However, fusion faces a major barrier in the form of the coulomb repulsion 

between two nuclei getting close enough to fuse. This can be expressed by the 

Coulomb potential energy barrier equation (1.29) [3]-(Sec 3.2). 
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𝑉𝐶 =
𝑍𝑎𝑍𝑏𝑒

2

4𝜋𝜖0(𝑅𝑎 + 𝑅𝑏)
 (1.29) 

Where Za and Zb are the atomic number of nucleus a and nucleus b respectively, 

Ra and Rb are the radius of the nucleus, which can be approximated by equation 

(1.2). 𝜖0 is the permittivity of vacuum, and e is the charge of electron.  

As Za and/or Zb increase, the Coulomb potential barrier increases, therefore fusion 

is more probable as Z decreases.  

Using equation (1.2), and substituting the values5 of e and 𝜖0, it is possible to 

rewrite equation (1.29) for simplification as:  

𝑉𝐶 = 1.19
𝑍𝑎𝑍𝑏

𝐴𝑎
1 3⁄ + 𝐴𝑏

1 3⁄
 [MeV] (1.30) 

Thus, for small nuclei like deuterium and tritium (isotopes of hydrogen), the 

energy required to overcome the Coulomb potential barrier is about 0.4 MeV. 

This energy is not difficult to achieve using a particle accelerator6. But it is 

impossible to make an accelerator to produce net fusion energy, because the 

elastic scattering of charged particles will cause the energy to dissipate.   

This issue is explained in the following example given by Alexander Piel [9]-(Sec 

1.5.1). As shown in Figure 1.10 [9]-(Sec 1.5.1) when shooting a 1 ampere beam 

of tritium ions (which is 
1 Amp

𝑒
 = 6.3 × 1018 ions per second) into a 1 cm3 target 

containing (5.4 × 1019 deuterium atoms), the probability of hitting one of the 

 
5 Refer to Appendix C for list of constants. 
6 Particle accelerators are devices that produce and accelerate beams of charged particles, such as 

electrons, protons, and ions [30] 
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deuterium nuclei is the ratio of the area blocked by deuterium nuclei to the area of 

one of the cube faces. If one deuterium area is calculated using equation (1.2) and 

multiplied by the total number of deuterium nuclei, then the result divided on 1 

cm2, the probability can be shown to be: 

𝑅𝑑𝑒𝑢𝑡𝑒𝑟𝑖𝑢𝑚 =  1.21𝐴
1 3⁄ =  1.21(21 3⁄ ) =  1.52 fm 

= 1.52 × 10−13  cm 

(1.31) 

𝑎𝑑𝑒𝑢𝑡𝑒𝑟𝑖𝑢𝑚 = 𝜋(1.52 × 10
−13)2 ×  5.4 ×  1019  

= 3.92 ×  10−6 cm2 
(1.32) 

𝑝 =  
𝑎𝑑𝑒𝑢𝑡𝑒𝑟𝑖𝑢𝑚 [cm

2]

1 [cm2] 
 =  3.92 ×  10−6 (1.33) 

If each successful fusion reaction releases 17 MeV energy (see Sec 1.4.1), then 

the total fusion power per cubic meter is: 

𝑇𝑜𝑡𝑎𝑙 𝑓𝑢𝑠𝑖𝑜𝑛 𝑝𝑜𝑤𝑒𝑟 

=  𝑝 ×  6.3 × 1018 [
tritium ions

second
] × 17 [MeV]

= 4.2 × 1020 [
eV

second
] × 1.6 × 10−19[J]  

=  67 [
W

cm3
] 

1.34) 

If each tritium ion has 100 keV, then the total spent energy is 100 kW, while the 

output is much smaller.  
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Figure 1.10..Tritium ions beam hitting a deuterium ice-cube [9]-(Sec 1.5.1). 

 

1.4.1 Nuclear Fusion Requirements 

The energy of the sun (heat or light energy) comes from the nuclear fusion 

process continuously occurring in its core. Where the high temperature (15.7 

million K) provides nuclei with enough energy to overcome their mutual electrical 

repulsion, and massive gravity produces high pressure, making it possible to fuse 

protons and release helium as shown in Figure 1.11 [10]. 

To create fusion on earth, (aside from the need to create some kind of 

confinement), a light element (hydrogen) gas needs to be pressurised and heated 

to about 150 million K, (about 10 times the temperature in the Sun’s core), to 

compensate for energy lost in scattering from the lack of conditions produced by 

the massive gravity on the sun. 
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Figure 1.11. Fusion chain reaction on the Sun [10]. 

 

To achieve fusion on earth, only limited types of nuclear fusion reaction have a 

chance for success [9]-(Sec 1.5). These reactions are (1.35), (1.36), (1.37) and 

(1.38) releasing energy in the form of kinetic energy of the products: 

𝐷2  +  𝐷2    →  𝑇3      +  𝑝 +  4.0 MeV (1.35) 

𝐷2  +  𝐷2    →  𝐻𝑒3  +  𝑛 +  3.3 MeV (1.36) 

   𝐷2  + 𝑇3    →  𝐻𝑒4  +  𝑛 +  17.6 MeV  (1.37) 

   𝐷2  +  𝐻𝑒3  →  𝐻𝑒4  +  𝑝 +  18.3 MeV  (1.38) 

Each of the above fusion reactions must achieve a specific centre-of-mass kinetic 

energy to overcome Coulomb repulsion. Figure 1.12 illustrates the change of the 

cross section as a function of centre-of-mass kinetic energy [9]-(Sec 1.5). It shows 

that for energies between 10 and 100 keV, the D-T7 reaction has the highest cross 

 
7 Tritium is a hydrogen isotope that can be written as (3H, or T). 
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section. Thus, the D-T reaction has been selected for most controlled fusion 

reaction experiments and research. 

 

Figure 1.12.  The cross-section of D-T, D-3He and D-D fusion reactions [9]-(Sec 

1.5). 

Previously, it was illustrated that accelerating particles will not lead to net fusion 

energy. Therefore, we need three conditions: a) high temperature to increase 

particle energy, b) confinement in a small place to bring nuclei close to each 

other, and c) enough time in confinement to increase the chances of collision.  

If the temperature is increased enough, the confined fuel mixture (D-T) becomes a 

hot cloud of positive ions and negative electrons while remaining neutral overall. 

This state is called plasma8. Without going into the details of the dynamics that 

control plasma behavior, some of the factors that have an effect when designing 

nuclear fusion reactors will be visited. 

 
8 Plasma is a state of a superheated matter, so hot that the electrons break away from the atoms 

forming an ionized gas while the matter remains neutral overall. 
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1.4.1.1 Debye Shielding 

In a plasma, any charged particle attracts other particles with opposite charge and 

repels those with the same charge, causing each charged particle to be surrounded 

by a net cloud of opposite charges shielding its electrostatic potential field. This is 

Debye shielding. 

To demonstrate the effect of Debye shielding, consider a positive test charge Q 

placed in a large, neutral plasma of protons and electrons (hydrogen plasma), the 

original density of protons (np) equals the original density of electrons (ne) 

because of overall charge neutrality (np = ne = n) [9]-(Sec 2.2.1).   

The electrostatic potential 𝜙(𝑟) outside the test particle should satisfy Poisson’s 

equation according to equation 1.39). 

∇2𝜙(𝑟)  =  −(
(𝑛𝑝(𝑟)  − 𝑛𝑒(𝑟))  + 𝑄𝛿(𝑟)

𝜖0
) 1.39) 

Where, δ(r) is the delta9 function, and r is the radial distance.  

If the plasma was cold with no thermal motion, then there would be a fixed 

number of electrons carrying the opposite charge of the test particle, and the field 

would be perfectly shielded. But the plasma is very hot, thus, the speed 

distribution of its electrons and ions follows Maxwell-Boltzmann distribution, and 

the mean kinetic energy of the electrons and ions is 
3

2
𝑘𝐵𝑇 [11]-(Sec 5.2.2), where, 

kB is the Boltzmann constant and T is the plasma temperature in Kelvin. The 

 
9 See Appendix C. 
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expected edge of the cloud occurs where the potential energy is approximately 

equal to the mean thermal kinetic energy 𝑒𝜙(𝑟) =  
3

2
𝑘𝐵𝑇. 

Since the plasma was originally neutral, the insertion of the test particle will alter 

the density of the protons and electrons according to their distance from the test 

particle. Thus, a proton at distance r from the test particle has an electrostatic 

potential energy 𝑒𝜙(𝑟), and its density altered by the Boltzmann factor10 [11]-

(Sec 4.6) according to equation (1.40), and, similarly, the density for the electron 

according to equation (1.41).   

𝑛𝑝(𝑟) =  𝑛 𝑒𝑥𝑝(−𝑒𝜙 𝑘𝐵𝑇⁄ )  ≈  𝑛(1 − 𝑒𝜙 𝑘𝐵𝑇⁄ ) (1.40) 

𝑛𝑝(𝑟) =  𝑛 𝑒𝑥𝑝(−𝑒𝜙 𝑘𝐵𝑇⁄ )  ≈  𝑛(1 − 𝑒𝜙 𝑘𝐵𝑇⁄ ) (1.41) 

Substitute (1.40) and (1.41) in equation 1.39); 

∇2𝜙 =  
𝜕2𝜙

𝜕𝑟2
 +  
2

𝑟

𝜕𝜙

𝜕𝑟
=  
2𝑒2𝑛

𝜖0𝑘𝐵𝑇
𝜙 −

𝑄

𝜖0
𝛿(𝑟) 1.42) 

The spherically symmetric solution to this equation is: 

𝜙(𝑟)  =  
𝑄

4𝜋𝜖0𝑟
exp(

−√2𝑟

𝜆𝐷
) 1.43) 

The parameter λD, is identified as: 

1

𝜆𝐷
2  =  (

𝑒2𝑛

𝜖0𝑘𝐵𝑇
)𝐹𝑟𝑜𝑚 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 + (

𝑒2𝑛

𝜖0𝑘𝐵𝑇
)𝐹𝑟𝑜𝑚 𝑡ℎ𝑒 𝑝𝑟𝑜𝑡𝑜𝑛  

→   
1

𝜆𝐷
2  =  

1

𝜆𝐷−𝑒
2  +  

1

𝜆𝐷−𝑝
2  

(1.44) 

 
10 The term exp(-Energy/kBT) is known as the Boltzmann factor. Refer to Appendix C 
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Now, if the test particle was just an ion, that means the above solution can be 

applied to any charged particle within the plasma, where each proton is shielded 

by a spherical cloud of electrons with a radius 𝜆𝐷−𝑒, which is bigger than 𝜆𝐷. 

Thus, to guarantee the fast decrease of the potential before moving into the 

neighbouring ion cloud, Debye length is approximated by 𝜆𝐷  =  𝜆𝐷−𝑒  = 𝜆𝐷−𝑝 

according to equation (1.45). Also, for r > λD, the electric potential around the test 

charge will decay exponentially with exp (-1) factor.  

𝜆𝐷 = (
𝜖0𝑘𝐵𝑇

𝑒2𝑛
)1 2⁄  (1.45) 

Thus, each proton carries a negatively charged Debye shielding cloud of size 𝜆𝐷 

as it moves in the plasma, while the electrons carry a positively charged cloud. 

Also, each charged particle of the contributors to the clouds around other 

electrons and protons have their own cloud.   

Since, the temperature of the plasma should be high, the density has an immediate 

effect on 𝜆𝐷. Debye length represents the distance within which separate charges 

can be present inside the space of an overall neutral plasma, due to the presence of 

potential and thermal energy. Thus, the physical dimensions of the system should 

be greater than Debye length.  

1.4.1.2 Fusion Reaction Rate 

As discussed in Sec 1.3.2, the fission cross section of 235U relies on neutron 

energy/velocity, also seen in Figure 1.5 which shows that σ ∝ 
1

𝑣
 outside the 

resonance region, so σv = constant [5]-(Sec 12.4).  
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This is not the case for fusion, because the distribution of particle speeds at a 

specific plasma temperature, are described by Maxwell-Boltzmann distribution, 

Thus, the fraction of particles with speeds between v and v+dv can be defined as 

f(v)dv according to equation 1.46) [11]-(Sec 5.2). 

𝑓(𝑣)𝑑𝑣 =  (
2

𝜋
)1 2⁄ (

𝑚

𝑘𝑏𝑇
)3 2⁄ 𝑒𝑥𝑝(

−𝑚𝑣2

2𝑘𝐵𝑇
)𝑣2𝑑𝑣 1.46) 

Where m is the reduced mass of the particles in the plasma. Therefore, in a fully 

ionized plasma of deuterium and tritium, with density nD, and nT respectively, at a 

temperature T, the fusion reaction rate per unit volume can be written according to 

equation (1.47) [3]-(Sec 9.2.2), and assuming we have 50% deuterium and 50% 

tritium with total particle density, n= nD + nT. 

𝑅𝐷𝑇 = 𝑛𝐷𝑛𝑇〈𝜎𝐷𝑇𝑣〉  =  
1

4
𝑛2〈𝜎𝐷𝑇𝑣〉 (1.47) 

 Where, 𝜎𝐷𝑇 is D-T fusion cross section at a temperature T, and the brackets 

denote an average according to 1.48) [3]-(Sec 9.2.2). 

〈𝜎𝐷𝑇𝑣〉  =  ∫ 𝜎𝐷𝑇𝑣𝑓(𝑣)𝑑𝑣
∞

0

 1.48) 

  

1.4.1.3 Lawson Criterion 

The energy content per unit volume of a hot isothermal deuterium-tritium plasma 

with temperature T and plasma density n, is. 

𝐸𝑡ℎ =
3

2
𝑘𝐵(𝑛𝑒𝑇𝑒 + 𝑛𝐷𝑇𝐷 + 𝑛𝑇𝑇𝑇) = 3𝑛𝑘𝐵𝑇 (1.49) 
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 Where ne is the density of electrons in a quasi-neutral11 D-T plasma, therefore 

ne=n. Te, TD and TT, are the temperature of the electrons, deuterium ions and 

tritium ions respectively, and should equal T, the temperature of the plasma, 

because all charged particle in the plasma are in thermal equilibrium. 

Considering equation (1.47), the expected total energy is as represented in 

equation  (1.50) assuming 100% efficiency. 

𝐸𝑡 = 
1

4
𝑛2〈𝜎𝐷𝑇𝑣〉𝑄𝜏 (1.50) 

Where Q is the energy released per reaction (for D-T the total is 17.6 MeV, only 

the 14 MeV carried by the neutrons is useable for energy generation) and τ is the 

confinement time. However, in a confined plasma, there will be many types of 

energy loss, the most dominant being the Bremsstrahlung loss (Ebr). In the 

Bremsstrahlung loss, coulomb scattering produces an acceleration affecting the 

lightest particles (electrons), which consequently lose energy, but because the ions 

and the electrons are in thermal equilibrium, the ions will also lose energy [5]-

(Sec 14.4). Also, for every passing second the plasma loses heat. 

Assuming the energy provided to heat the plasma is Eth, and the plasma was 

confined for a time τ, the generated fusion energy Et, while ignoring the efficiency 

factor, the reactor shows a positive net energy if Et > Eth. Thus, the reactor needs 

to satisfy the following [5]-(Sec 14.4).  

 
11 The plasma is a quasi-neutral, because of the charge neutrality. For hydrogen plasma the number 

of electrons is equal to the number of ions.   
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1

4
𝑛2〈𝜎𝐷𝑇𝑣〉𝑄𝜏 > 3𝑛𝑘𝐵𝑇  (1.51) 

𝑛𝜏 >  
12𝑘𝐵𝑇

〈𝜎𝐷𝑇𝑣〉𝑄
 (1.52) 

Since 〈𝜎𝐷𝑇𝑣〉 is a function of the temperature T according to equations 1.46) and 

1.48), where v can reach a maximum according to equation (1.53) [11]-(Sec 

5.2.2), 𝑇 〈𝜎𝑣〉⁄  is a function of T and has a minimum. Thus, it is more accurate to 

include the temperature in Lawson criterion, and rewrite it as a product of density 

n, temperature T and confinement time τ, according to equation (1.54).  

𝑣𝑚𝑎𝑥 = √
2𝑘𝐵𝑇

𝑚
,  

𝑚 is the reduced mass of (deterium − tritium) 

(1.53) 

𝑛𝑇𝜏 >  
12𝑘𝐵𝑇

2

〈𝜎𝐷𝑇𝑣〉𝑄
 (1.54) 

The Lawson criterion informs guidelines allowing reactor designers to set the 

proper operating temperature, plasma density and confinement time.  Figure 1.13 

below illustrates Lawson’s criterion for steady state operation and for different 

efficiency values [9]-(Sec 4.4.2.3). 
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Figure 1.13. Lawson’s criterion [9]-(Sec 4.4.2.3). 

 

1.4.2 Methods of Nuclear Fusion Confinement 

As previously discussed, to achieve a nuclear fusion reaction, two main conditions 

must be achieved - high temperature and confinement to minimise heat loss. 

These conditions are summarized in Lawson’s criterion, which can be applied in 

two different circumstances: a) Magnetic confinement fusion, b) Inertial 

confinement fusion. 

1.4.2.1 Magnetic Confinement Fusion 

Magnetic confinement of hot plasma is the working principle used in the tokamak 

or stellarator. The focus in this method is to increase the confinement time close 

to τ = 1 second [9]-(Sec 4.4.3). Thus, according to Lawson’s criterion it is 

possible to reduce ion density. 
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Figure 1.14. Principle of tokamak method of magnetic confinement [5]. 

The magnetic confinement is achieved by winding coils to produce a toroidal 

magnetic field that allows the plasma to spiral around it. A poloidal magnetic field 

is created to avoid the drift of the plasma toward the wall. Usually, the poloidal 

field is created using a set of external coils, or by passing a current through the 

plasma itself along the axis of the toroid. Figure 1.14 shows a schematic of 

tokamak method of magnetic confinement.  

Examples of Tokamak are ITER [2] in France and JET [12] in the UK. 

1.4.2.2 Inertial Confinement Fusion 

In Inertial Confinement Fusion (ICF), either intense laser radiation or X-rays are 

used on a spherical capsule to compress the D-T fuel inside the capsule to a 

density of about 1000-2000 times the density of D-T ice. [9]-(Sec 1.5.6).  

Figure 1.15 is a schematic illustrating the principle of inertial fusion method.  
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Figure 1.15. Inertial confinement fusion principale [9]. 

An example of ICF is the National Ignition Facility in California (NIF), USA, 

where a small spherical capsule containing deuterium and tritium is suspended in 

a cylindrical x-ray oven called a Hohlraum [13], as shown in Figure 1.16. 

 The fuel inside the capsule needs to be compressed for high density and heated to 

a high temperature. Thus, the outer surface of the capsule is heated by laser 

produced x-rays uniformly over its entire surface to cause uniform compression of 

the fuel to the center. To create this environment, laser beams enter the Hohlraum 

through holes in the end caps, heat the walls of the cylinder, which then radiate x-

rays. Usually, the Hohlraum is made out of high Z material like Au [14]. 
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Figure 1.16. Schematic of a NIF ignition target. The fuel capsule is suspended 

inside gold or another high-Z [13]. 

Since the ICF method relies on high density of D-T fuel, then, according to 

Lawson’s criterion the confinement time can be small. The ICF principle in 

summary relies on creating a tiny pellet containing high density deuterium and 

tritium heated and compressed directly or indirectly with an intense laser pulse.   

1.4.3 Nuclear Fusion Fuel 

Both magnetic confinement and inertial confinement face many challenges 

including but not limited to, the lack of available tritium. Providing tritium alone 

stands as one of the biggest challenges for future fusion power plants.  

Tritium can be a by-product of fission reactors like CANDU, which generate 

about 130 g of tritium annually [1], which will make starting the ITER experiment 

possible. However, a future commercial fusion power plant is expected to 

consume 300g of tritium per day to produce 800 MW [2].  
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Chapter 2  

Tritium Breeding  

2.1 Tritium Issue  

Tritium is a radioactive isotope of hydrogen with two neutrons. It decays emitting 

β ̄ radiation, 3He and 18.59 keV, it has a half life of 12.3 years [15] [16].  

It is very rare and most naturally available tritium is in the upper layer of the 

atmosphere originating from the interaction of cosmic rays with the gases there 

according to the following reactions [16]. 

𝑁14  +  𝑛 →  𝐶12  +  𝑇 −  4.3 MeV (2.1) 

𝑁14  +  𝑛 →  3 𝐻𝑒4  +  𝑇 −  11.5 MeV (2.2) 

The energies 4.3 MeV and 11.5 MeV are those required for reaction (2.1) and 

(2.2) to occur respectively, demonstrated in Figure 2.1. As discussed in the 

previous chapter, tritium is also a by-product of nuclear energy power plants like 

the CANDU.  

CANDU reactors produce 130 g of tritium annually because of D(n, γ)T reaction 

in the reactor core [1], as expressed in (2.3) [16]. 

𝐷 +  𝑛 →  𝑇 +  𝛾 (2.3) 

However, about 300 g of tritium is needed daily to run an 800 MW fusion reactor. 

This chapter discusses a possible method to generate tritium, and reviews some of 
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the ongoing research into tritium breeding, as well as highlighting the reason for 

choosing Molten Salt Reactor (MSR). 

 

Figure 2.1. Energy threshold and cross section of 14N interaction with neutron 

[7]. 

 

2.2 Role of Lithium in Tritium Production 

It is possible to produce tritium using both stable isotopes of lithium 7Li and 6Li, 

because lithium interacts with neutrons according to the following combination of 

reactions [17].  

𝐿𝑖6  +  𝑛 →  𝑇 +  𝛼 +  4.8 MeV (2.4) 

𝐿𝑖7  +  𝑛 +  2.5 MeV →  𝑇 +  𝛼 +  𝑛´ (2.5) 

Reaction (2.4), shows that the incident neutron does not require a high energy for 

the reaction, and releases 4.8 MeV carried by the reaction product. While reaction 
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(2.5) requires the incident neutron to have energy threshold of 2.5 MeV, therefore 

n´ has less energy than the incident neutron. Thus, incident neutron energy has an 

important effect on tritium production.  

The cross section of both isotopes of lithium interacting with neutrons to produce 

tritium, as a function of the incident neutron energy is presented in Figure 2.2. 

Figure 2.2 also shows the 6Li reaction has a high cross section when the neutron 

energy is less than 1 MeV, and confirms that for 7Li, the incident neutron should 

carry an energy of 2.5 MeV [17] before the cross section increases. Thus, the 

method used to investigate will differ depending on neutron energy and the 

lithium isotope used. Lithium is the lightest metal12, the percentages of atomic 

abundances for naturally occurring lithium are 7Li 92.5% and 6Li 7.5%.  

 

Figure 2.2. Cross section for neutron interaction as a function of energy for 7Li, 
6Li, 9Be and Pb [7]. 

 
12 Lithium is the lightest Alkali metal. See Appendix A 
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2.3 Role of Beryllium in Tritium Production 

When beryllium interacts with a neutron of energy above 0.67 MeV it increases 

6Li. This interaction can cause 9Be to fission releasing unstable helium isotope 

6He according to reaction (2.6) [16]. 

𝐵𝑒9  +  𝑛 →  𝛼 + 𝐻𝑒6  (2.6) 

The unstable 6He has a half life t1/2 = 0.807 second and will decay to 6Li according 

to reaction (2.7) [16]. However, increasing 6Li does not necessary mean 

increasing tritium breeding, thus the effect of beryllium should be studied within a 

complete reactor environment.  

𝐻𝑒6  
(𝛽−,   𝑡1/2=0.807 𝑠)
→              𝐿𝑖6  (2.7) 

For neutron energy above 2.7 MeV, Beryllium acts as a neutron multiplier 

according to reaction (2.8), and produces tritium when the incident neutrons have 

energy above 10.40 MeV according to reaction (2.9) [16].  

𝐵𝑒9  +  𝑛 →  2𝛼 +  2𝑛´ −  2.5 MeV, (𝐸𝑛  ≥  2.7 MeV) (2.8) 

𝐵𝑒9  +  𝑛 →  𝐿𝑖7  + 𝑇  −  10.40 MeV, (𝐸𝑛  ≥  11.6 MeV) (2.9) 

 

2.4 Role of Lead in Tritium Production  

Lead, like beryllium, has a role as neutron multiplier when interacting with 

neutrons carrying energy above 7.4 MeV according to reaction (2.10) [16].  

𝑃𝑏208  +  𝑛 →  𝑃𝑏207  +  2𝑛´ −  7.4 MeV (2.10) 

Both beryllium and lead play an indirect role in breeding tritium, thus, the choice 

of using beryllium or lead depends on the design requirements. 
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2.5 Concurrent Tritium Breeding Research  

There are multiple studies investigating tritium breeding based on the reaction of 

lithium with neutrons. Some of the more prominent studies will be reviewed here. 

Most of these studies are focused on breeding during fusion operation, thus it is 

important to produce more tritium than is burned, to account for issues of 

efficiency. Thus, the term Tritium Breeding Ratio (TBR) must be greater than 

one.  

The TBR is defined as the number of tritium bred relative to the number of 

neutrons produced by the D-T fusion reaction. 

2.5.1 The LIBRA Experiment 

LIBRA stands for (Liquid Immersion Blanket: Robust Accountancy) It is an 

experiment by MIT Plasma Science and Fusion Center [18]. It was designed 

based on the ARC (Affordable, Robust, and Compact) tokamak design to simulate 

a very simple setting for a Liquid Immersion Blanket (LIB) while changing the 

required parameters to achieve TBR > 1.  

2.5.1.1 Arc tokamak 

The ARC tokamak is a conceptual compact high magnetic field tokamak for 

research purposes [19], to demonstrate a fusion power plant and study nuclear 

fusion science. A schematic of ARC tokamak reflects the possible final size 

shown in Figure 2.3.    
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Figure 2.3. Arc schematic [19]. 

 

2.5.1.2 Liquid Immersion Blanket  

This study relies on a simple molten-FLiBe-salt (Fluoride-Lithium-Beryllium) 

tritium breeding blanket. LIBRA simulates a blanket environment using open-MC 

and generates neutrons based on the energy spectrum of the neutrons released 

from D-T fusion.  

According to reaction (1.37) the total output energy is 17.6 MeV; the neutron 

energy is expected to be about 14 MeV, and according to Figure 2.2, the LIBRA 

experiment relies on 7Li interacting with neutrons [18].  

The experiment also tested the thickness required to maintain the correct neutron 

energy spectrum. In addition, it made a comparison with FLiNaK LIB, where it 

concluded FLiNaK requires a much bigger thickness, consequently, affecting the 

neutron energy spectrum. This is due to the presence of beryllium in FLiBe, 

which acts as neutron multiplier and enhances tritium breeding.   
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A schematic of the LIBRA experiment shown in Figure 2.4. 

 

Figure 2.4. (A) A D-T neutron generator is surrounded by a cylindrical tank of 

FLiBe (∼1m diameter). (B) Tritium is carried to the detection system via the 

cover gas or via liner sweep gas return. (C) LIBRA process [18]. 

 

The LIBRA experiment is still ongoing. So far, Phase I used Open-MC 

simulations to determine the minimum radial thickness of FLiBe LIB needed, the 

result is about 40 cm [18].  

Figure 2.5 shows the output of an Open-MC simulation of the LIBRA system. It 

also shows that the TBR is above unity when the blanket thickness is above 50 

cm. The 1010 n/s neutron source is located at the center of the cylindrical tank and 

surrounded by a 5 cm Pb layer for a neutron multiplication boost [18]. 
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Figure 2.5. (A) Schematic of the cylindrical LIB cross-section. (B) RMS 

deviation in neutron energy spectra is plotted as a function of FLiBe thickness. 

(C) LIBRA TBR is plotted as a function of FLiBe thickness [18]. 

 

2.5.2 ITER Tritium Breeding Module 

ITER is an international project located in southern France. There are numerous 

collaborative studies competing to be the applied solution for tritium breeding. 

This review will include one of the studies that achieved the preliminary design 

stage [2].  

2.5.2.1 Chinese Helium Cooled Ceramic Breeder Test Blanket System 

(HCCH TBS) 

The Chinese (HCCB-TBS) is the first Test Blanket System to enter its preliminary 

design phase for ITER [2] . 

This experiment uses lithium orthosilicate (Li4SiO4) pebbles as the tritium 

breeder, beryllium pebbles as neutron multiplier, and pressurised Helium (8 MPa) 
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to cool the pebbles (lithium orthosilicate and beryllium) [20]. The following 

Figure 2.6 gives an illustration of all the components.  

 

Figure 2.6. HCCB TBS design optimization of the TBM [20]. 

Although this study did not clearly indicate the anticipated TBR value, it uniquely 

incorporates the heat exchanging within the breeding system. The (HCCB TBS) 

relies on the same neutron energy spectrum as the LIBRA experiment. 
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2.6 Role of Molten Salt Reactor.  

The concurrent studies into tritium breeding rely on a successful nuclear fusion 

ignition to breed the tritium and sustain the continuity of the reaction. The 

previously mentioned tritium breeding studies share the following aspects: 

Neutron energy spectrum. Tritium breeding during fusion relies on the D-T 

neutron energy spectrum as shown in Figure 2.7 [21], which is above 10 MeV.  

 

Figure 2.7. Normalized neutron energy spectra for DD, TT, and DT fusion [21]. 

 

Lithium in blanket. Lithium represents the main element for breeding tritium, 

either used within a liquid molten salt like the LIBRA experiment or within a 

ceramic like the (HCCB) project. However, according to Figure 2.2, it is 7Li that 

will matter. 
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Neutron multiplier. During fusion energy tritium breeding benefits from the 

neutron energy spectrum and can use beryllium and lead as neutron multipliers. 

However, before we ignite any fusion reaction, enough tritium is needed to satisfy 

Lawson’s criterion, and until tritium breeding during fusion is improved enough 

to achieve TBR>1.2 [18], tritium reserves are needed every time a nuclear fusion 

reaction is restarted. Thus, securing a tritium supply will speed up progress 

toward nuclear fusion.  

The Molten Salt Reactor was chosen for this study because lithium is one of the 

elements in the molten salt fuel/coolant. 
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Chapter 3  

Methodology 

3.1 MSR, General introduction 

All current research projects rely on the Molten Salt Reactor Experiment (MSRE) 

at ORNL which was operated between 1965 to 1969 and where the salt used was 

a specific combination of lithium fluoride and beryllium (FLiBe) [22].   

3.1.1 MSRE’s Fuel and Coolant Mixture 

The fuel salt used in MSRE at ORNL is presented in Table 3.1. Where, 235U 

enrichment is about 32% [23]. 

Table 3.1. MSRE Molten Salt Fuel Mixture [23]. 

Fuel Salt 

Component 

Compositions 

Mole % Weight % 

LiF 65 40.48 

BeF2 29.1 32.76 

ZrF4 5.0 20.02 
238UF4 0.61 4.59 
235UF4 0.29 2.16 

   

The mixes were selected based on their nuclear, chemical, and physical properties 

to create an eutectic13 mixture based on the LiF-BeF diluent system. Figure 3.1 

below illustrates the phase diagram of this system. 

 
13 A mixture is eutectic when it melts or solidifies at a temperature lower than any of its 

components. 
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Figure 3.1. LiF-BeF2 diluent system [23]. 

The secondary coolant was a simple mixture of LiF and BeF2, as illustrated in 

Table 3.2. 

Table 3.2. ORNL Molten Salt Secondary Coolant Mixture [23]. 

Blanket Salt 

Component 

Compositions 

Mole % Weight % 

LiF 66 51.78 

BeF2 34 48.22 

 

3.1.2 Neutron Economy and the Choice of Salt 

The nuclear property is one of the important considerations for selecting the 

appropriate salt. Lithium beryllium fluoride salt was chosen because of the small 

cross section for 7Li (σthermal=0.045 barn) and Be (σthermal=0.0088 barn) when 

interacting with thermal and epithermal neutrons [24]. Molten chloride salts have 
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been proposed for fast reactors because the neutron absorption cross-section of 

35Cl is small for fast neutrons (σfast = 0.0011 barn, σthermal = 43.63 barn) [24]. 

Thus, these choices were made according to the neutron energy spectrum to lower 

the effect on neutron population. 

It is important to recognize that in MSRE, beryllium does not act as a neutron 

multiplier because the neutrons are moderated, and its energy is lower than the 

threshold for neutron interaction.  

3.1.3 Lithium in MSRE 

Although the melting point is the most significant physical property for a coolant 

in selecting an eutectic mix to fit the requirements [25], reducing corrosion is also 

an important consideration. Corrosion of metals in molten salt reactors is related 

to the electrochemical charge-transfer on the metal-electrolyte interface which is 

dependant on the mass-transfer of involved species across the boundary [25], and 

therefore related to the mass transfer rate of the chosen molten salt.  

Usually, the best choice regarding corrosion is that with lowest “redox potential”, 

which is a measurement of the ability of a specific element to lose or gain an 

electron [26]. Figure 3.2 below shows the redox potential as a function of 

temperature for multiple fluoride salts. The salt with highest lithium percentage 

has the lowest redox potential, and so will have the lowest electrochemical charge 

and mass transfer choice. Thus, FLiBe is considered the best choice to lower the 

effect of corrosion.  
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Figure 3.2. Redox potentials of various redox couples as a function of 

temperature in fluoride salts. Solid line: metal dissolution. Dotted line: reduction 

of oxidants [24]. 

Thus, lithium in the molten salt, has an important role in preventing corrosion. 

However, as mentioned in “Sec 2.2”, lithium has two stable isotopes (6Li 7.5%, 

and 7Li 92.5 %), with 6Li having a very high cross section for thermal neutrons, 

which would consequently affect neutron population. Therefore, MSRE used 

lithium 99.99 % 7Li enriched [23]. 
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3.2 MCNP4C 

Since it is not possible to create the experiment physically within a short time 

frame, it was emulated using MCNP4C code.   

MCNP is a Monte Carlo N–Particle code that can be used for neutron, photon, 

electron, or coupled neutron/photon/electron transport, including the capability to 

calculate eigenvalues for critical systems.  

MCNP4C was chosen because it has features that make it very versatile and easy 

to use. It has an extensive collection of cross-section data. It can generate detailed 

geometry and output tally plotters; a flexible tally structure; also, a variety of 

output tables to analyse the data [27].  

3.3 Method 

3.3.1 Experiment Setting and Design 

A simple arrangement of a molten salt reactor was created after multiple trial 

arrangements were tested until criticality was achieved (keff = 1). A set of 61 fuel 

channels was arranged hexagonally in a graphite moderator within a cylinder, and 

a molten salt blanket with variable thickness as shown in Figure 3.3.  
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Figure 3.3. Cross section of Simple Molten Salt Reactor arrangement.  Figure 

created using MCNP4C. 

 

3.3.1.1 Fuel selection 

The eutectic mixture is chosen to be the same as the fuel mixture for MSRE [23], 

except a) To make this study a reference for future civil purpose research, 235U 

enrichment should not exceed 20%. b) 7Li enrichment is 99.95%. Table 3.3 lists 

the molar distribution. The density was taken to be 3.06 g/cm3. 
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Table 3.3. Experiment Molten Salt Fuel Mixture. 

Fuel Salt 

Component 

Compositions 

Mole % Weight % 

LiF 65 40.48 

BeF2 29.1 32.76 

ZrF4 5.0 20.00 
238UF4 0.72 5.42 
235UF4 0.18 1.34 

 

3.3.1.2 Blanket Molten Salt 

Like the fuel, the molten salt in the blanket is based on the eutectic mixture for the 

MSRE secondary coolant, however the 6Li removed from the fuel mixture is 

added to the blanket. Thus, the blanket will use enriched 6Li above the natural 

7.5%. This enrichment will depend on the thickness of the blanket and be called 

the optimal level. The density of the salt chosen is 1.94 g/cm3 according to the 

density at 700 °C [25]. 

Optimal level: it is a term used in this document referring to the enrichment of 6Li 

in the blanket above 7.5%, after removing 6Li from the fuel salt. 

3.3.2 The Process 

3.3.2.1 Calculation of Elements Weight Distribution 

To use MCNP4C, it is important to insert the correct weight distribution to 

comply with the eutectic mix for each fuel molten salt mix, and the blanket 

molten salt mix.  
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Assuming an element X makes r% mole of a total mix with density ρ, then the 

weight distribution of element X can be calculated according to the following 

equation: 

𝑋𝑤𝑒𝑖𝑔ℎ𝑡 =
𝑋𝑚𝑜𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 × 𝑟

𝑡𝑜𝑡𝑎𝑙 𝑚𝑖𝑥 𝑚𝑜𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡
 3.1) 

All the compounds listed contain fluoride which means the fluoride entry in 

Table 3.4 is the sum of the fluoride in all of the compounds. It is also important to 

remember that 6Li and 7Li enrichment will reflect on the weight distribution. 

Thus, for the fuel mixture14 the elements weight distribution is listed in Table 3.4.  

Table 3.4. Experiment fuel mix – Elements weight distribution per 1 gram. 

Element 235U 238U 6Li 7Li Be Zr F 

Weight 0.01013 0.04105 0.00005 0.10893 0.06273 0.10899 0.66812 

For the blanket, the distribution of 6Li, and 7Li changes according to the thickness 

and the optimal level of 6Li enrichment, which we will see in the next chapter. 

3.3.2.2 Assumptions.  

MCNP4C has restrictions which forced the following assumptions to be made: 

− The temperature and temperature distribution are ignored,  

− Refuelling is not considered, (as is the case for most molten-salt reactors). 

These assumptions will have a consequence on fuel design issues like density, 

fuel burnup, and neutron population, which are not discussed in detail in this 

document.  

 
14 See input file (input A) example, fuel salt is (m1). Appendix B 
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The purpose of these assumptions was to simplify the study, while focusing on 

analysing the effect of the blanket, and the enrichment of 6Li on tritium 

production.   
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Chapter 4  

Results and Verification 

4.1 Introduction – MCNP4C Data Collection Tools 

MCNP4C provides multiple tools for analysis. It is important to select a tool that 

allows data collection to follow the same patterns and allow data comparison.  

This document relies on output (table 140), which will contain information like 

total collisions, collisions*weight, weight lost to capture etc. from which we can 

extract the reaction rate and energy. 

4.2 Data Collection and Observation 

Since applying the blanket is essential to tritium production in this study because 

of the increased 6Li enrichment (optimal level), the optimal blanket thickness 

must first be found. Then the effect of changing 6Li enrichment in the blanket 

away from the proportional value can be investigated. Thus, the data was 

collected in two stages. 

4.2.1 Stage 1 – Finding the optimal thickness.  

For the same number of fuel channels, (in this case 61), four blankets were 

applied in turn, thickness 20 cm, 15 cm, 10 cm, and 5 cm. The MCNP4C files are 
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named A, B, C, and D accordingly. Table 4.1 summarises the MCNP4C files, 

thickness and the proportional 6Li enrichment15. 

Table 4.1. MCNP4C files with blanket thickness, and 6Li optimal level 

enrichment. 

MCNP4C file 
61 fuel Channels 

Thickness cm 6Li % 

A 20 10.55 

B 15 11.79 

C 10 14.29 

D 5 21.91 

Thus, for blanket thickness 20 cm, the weight distribution in the blanket molten 

salt mix16 is listed in Table 4.2.  

Table 4.2. Blanket 20 cm thickness - elements weight distribution per 1 gram. 
Element 6Li 7Li Be F 

Weight 0.014730 0.124850 0.091103 0.769317 

As explained earlier, (table140)17 is used, to calculate the reaction rate in 6Li and 

235U. Also, to check the criticality. The process is repeated for file B, C and D. 

The output is summarized in Figure 4.1. Although, the output data shows that 

tritium produced increases in proportion to the thickness, this is related to the 

number of 6Li interactions with the neutrons, however this increase is practically 

negligeable. Meanwhile, an optimal range of blanket thickness in relation to 

criticality (keff = 1) can be observed.   

 
15 The proportional enrichment for each case was calculated using (excel) taking into consideration 

the geometry, and the design setting. 
16 See input file (input A) example, fuel salt is (m3). Appendix B 
17 See output file (output A) example. Appendix B 
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Figure 4.1. Data based on MCNP4C output for four blanket 

thickness/proportional 6Li enrichment. 

The optimal thickness ranges between 10 cm to 15 cm (File B & C), where the 

reactor is considered critical. 

4.2.2 Stage 2 – Effect of 6Li enrichment in a fixed thickness in the blanket 

To investigate the effect of 6Li enrichment, the thickness of the blanket is fixed, 

and the enrichment is either increased or reduced from the optimal level. Thus, 

case B was chosen because it is one of the two cases within the optimal thickness 

range. 6Li enrichment is changed according to Table 4.3. 
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Table 4.3. MCNP4C file with variable 6Li enrichment. 
61 fuel channels – 15 cm thick blanket 

MCNP file BA BB BC BD BE BF BG BH BI 

6Li Enrichment [%] 8 9 10 11 11.79 13 14 15 16 

The results are summarized in Figure 4.2, showing that the criticality of the 

reactor is affected, and the best output is at the original enrichment level of 

11.79%.  

 

Figure 4.2. Data based on MCNP4C output for different 6Li enrichment level in 

the blanket. 
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4.2.3 Data summary and observations 

Based on Stage -1 observations, the expected average value of tritium produced is 

325 g year−1 (100 MW (th))⁄ , which is more than double the tritium produced 

annually by a CANDU reactor.  

Also, based on Stage -2, it appears most efficient to start by finding the optimal 

blanket thickness, then use the corresponding proportional enrichment level for 

6Li. This simplifies the design process.   

4.3 Verification and benchmarking  

To verify the accuracy of the results, two methods of benchmarking were 

followed, a) Identifying 6Li cross section using MCNP4C and comparing the 

results with National Nuclear Data from the Brookhaven database. b) Comparing 

tritium produced with ORNL results. 

4.3.1 Identifying 6Li cross section using MCNP4C 

As illustrated in (Chapter 2. Sec 2.2), 6Li is the isotope of interest. Thus, the 

verification process relied on verifying the 6Li cross section.  

To accomplish this, a testing cell composed of a 0.3 cm high cylinder with 4 cm 

radius was arranged, the cylinder was filled with 6Li with density of 0.0167 

[atoms/barns.cm]. The sample was then bombarded with 1 million evenly 

distributed neutrons in a beam (Monodirectional disk source). The MCNP4C test 
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was run multiple times with each run choosing a different neutron energy level18 

starting from 15 keV to 2.6 MeV. This arrangement is represented in Figure 4.3 

below. 

Then, the reaction rate was calculated, and the process applied according to the 

methods shown in (Sec 1.3.1.2) using equation (1.25) to calculate the cross 

section. The output was compared with the data of National Nuclear Data Center 

(NNDC) from the Brookhaven database [7]. 

 

 

Figure 4.3. Test cell. A test was run for each listed energy level. 

Table 4.4 lists the values of 6Li cross section in [barn] verses the energy in [MeV] 

as taken from NNDC. 

Table 4.4. 6Li cross section at specific neutron energy from NNDC. 
E [MeV] 0.015 0.020 0.030 0.045 0.075 0.100 0.200 

σ [barn] 1.2301 1.0737 0.893 0.7562 0.6532 0.6515 1.9653 

E [MeV] 0.240 0.300 0.400 0.700 1.000 2.600  

σ [barn] 3.2568 1.4743 0.5591 0.2740 0.2297 0.1879  

 
18 See output file for the case of E=0.3 MeV. See Appendix B. 
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Figure 4.4 shows the calculated cross section for 6Li using MCNP4C. When this 

is compared with the values from Table 4.4, the error was presented showing a 

maximum relative error of 5%. 

 

Figure 4.4. 6Li cross section as calculated using MCNP4C, and relative error. 
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4.3.2 Benchmarking – Comparison with ORNL results.  

A simplified critical MSR with 19 fuel channels was created. The fuel salt for this 

case was 32% 235U enriched, and 99.99% 7Li enriched. This setting was based on 

the original MSRE values (Sec 3.1.1) and (Sec 3.1.3). with no molten salt blanket 

Figure 4.5 below shows a top view cross section of the setting.  

 

Figure 4.5. Top view cross section of simple molten salt reactor arrangement for 

ORNL Benchmarking.  Figure created using MCNP4C. 
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The tritium produced in [Ci (day. MW(th))⁄ ] was calculated for the purpose of 

comparison with ORNL data [28].   MCNP4C was used to calculate the tritium 

produced based on the reaction rate process19.  

Using the half life of tritium (12.33 years) with equation (A.  4)20 gives tritium 

production of 7.3 Ci (day.MW(th))⁄  or 27.8 g (year. 100 MW (th))⁄ . This 

closely approximates the ORNL results of  7.4 Ci (day.MW(th))⁄  [28], within 

1%. 

4.3.3 Verification Summary 

Since the same assumptions and considerations were applied to the verification, 

the results from the two steps of verification, show that despite the assumption 

and simplification used, the output data hold a good level of accuracy.  

 
19 See output file for ORNL Benchmarking. Appendix B 
20 See sec A-2 (Radioactivity Measurement). Appendix A 
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Chapter 5  

Conclusion and Recommendation.  

5.1 Conclusion 

Although the results contained in this study are based on simulations with 

limitations imposed by the required assumptions, they indicate that it would be 

possible to use current technology in nuclear fission reactions to increase tritium 

production, (in this instance from molten salt reactors).  

The amount of tritium produced annually from the sample reactor falls short of 

fully fuelling a fusion reactor. However, it can provide the tritium required to 

ignite a fusion reactor. This potentially enables successful breeding during the 

fusion reaction and opens the door to the possibility of a hybrid of fission-fusion 

technology. The tritium produced is also more than double the amount produced 

by the current primary tritium producing reactor – the CANDU – and for a 

smaller reactor.   

A possible integration of fission-fusion as a source of energy, will not only make 

achieving fusion sooner a possibility, but it will also move us closer toward a 

future without the need for carbon fuels while using less fission fuel. 
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5.2 Recommendation 

This study relied on ORNL document for MSRE, which is considered a thermal 

reactor, so 6Li was the element of interest, and this reduced the possibility of 

using Be as a neutron multiplier.  

However, this outcome shows that it is possible to breed tritium from different 

fission technology. In a fast reactor as an example, it would be possible to use Be 

as a neutron multiplier, in the meantime there is no need for lithium enrichment, 

since in high energy spectrum, 7Li cross section for tritium production starts to 

increase.  

It also bears mentioning that further study is needed for scenarios with higher 

burnups and different temperatures.  
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Appendix A Elements Classification and Radioactivity  

A. 1  Periodic Table. 

The Periodic table in Figure A. 1 below, classifies elements into groups based on 

Z (the number of protons within the nucleus).  

 

Figure A. 1.  Periodic table [29]. 

Actinoide elements. These are elements comprised of 15 consecutive elements 

starting with actinium (Z=89) and ending with lawrencium (Z=103). Most of 

these elements are man made as they contain 11 of the transuranium elements 

[29]. 
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Transuranium elements: these are elements that have an atomic number Z 

bigger than that of uranium (Z=92). All transuranium elements are artificially 

produced except for some trace of plutonium found in naturally occurring 

uranium. Some of these elements have a very long life like the neptunium isotope 

237Np which releases 5 MeV alpha particles [29]. 

Lanthanide element. These elements are named after lanthanum because 

chemically they behave similarly [29].  

A. 2  Radioactivity measurement 

Unstable elements decay emitting gamma, beta, and alpha radiation. The energy 

carried with these radiations can cause harm to humans and animals. However, in 

nature there are multiple sources of radiation that humans and animals have been 

living with since the beginning of life on earth. Therefore, it is important to create 

a unit for measuring the amount of radioactivity to assign regulations and 

protection. 

Curie: Is the original unit of measuring radioactivity (Ci), having an exact value 

of 1 Ci =3.7 × 1010 decay per second [5]-(Sec 6.1). 

Becquerel: The International System of Units (SI) [5]-(Sec 6.1), replaced the 

curie with the becquerel (Bq), 1 Bq = 1 decay per second, thus, 1 Bq =

 2.703 ×  10−11 Ci. 
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However, it important to recognize that both curie and becquerel measure only the 

number of disintegrations occurring per unit of time, and do not measure the 

amount of energy released per disintegration. The energy release measurement 

follows another related unit which is beyond the scope of this document. 

Decay rate calculation:  

It is known that any radioactive substance decays exponentially. So, if we have N 

radioactive nuclei at a time t, then the number of disintegrating nuclei in a time dt 

is proportional to N, as expressed in “equation(A.  1”. 

(
𝑑𝑁

𝑑𝑡
)𝑑𝑒𝑐𝑎𝑦  =  −𝜆𝑁 

(A.  1) 

Where λ is the decay constant, which is directly related to the half-life 𝑡1 2⁄ . The 

half-life is the time required for the decay of half of the initial mass N0, then by 

integrating dN/dt we get the exponential law of radioactive decay according to 

“equation Error! Reference source not found.)” [5] (Sec 6-1).  

𝑁(𝑡)  =  𝑁0𝑒
−𝜆𝑡 (A.  2) 

Therefore, for N(t) = 0.5 N0, 

𝑡1 2⁄  =  
0.693

𝜆
 →  𝜆 =  

0.693

𝑡1 2⁄
 (A.  3) 

Thus, the reactivity rate can be calculated using “equation Error! Reference 

source not found.)” with [seconds] as the unit for the half-life. Thus, for one 

gram of a radioactive element, the calculated rate in [becquerel] is:  
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𝑅𝑒𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑒𝑟 1 𝑔𝑟𝑎𝑚 𝑜𝑓 𝑚𝑎𝑡𝑡𝑒𝑟 

=  
0.693

𝑡1 2⁄  [second]

6.02 × 1023[
atoms
mole

]

𝐴 [
grams
mole

] 
  

(A.  4) 
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Appendix B Data and MCNP4C Code samples 

B. 1  Input File example 

File input A: 20 cm thickness blanket 
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B. 2  Output File Example 

The output file for the MCNP4C is very long, thus the output example will 

include only (table 140) and (criticality summary box). 

File output A: 20 cm thickness blanket – table 140 

 

The number of tritium atoms produced = reaction rate for 6Li. The reaction rate 

will then be calculated with the following equation: 

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑡 𝑡𝑜 𝑐𝑎𝑝𝑡𝑢𝑟𝑒

𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠 ∗ 𝑤𝑒𝑖𝑔ℎ𝑡
× 𝑡𝑜𝑡𝑎𝑙 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠 (C. 1) 

Similarly, we can calculate the energy produced, by calculating the reaction rate 

for 235U, considering that the fission makes about 85 % of the total reaction rate 

[4], because for thermal neutron (σfssion = 580 barn and σtotal =678 barn [4]). Also, 
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it is important to note that the energy released per fission of 235U is about 200 

MeV. 

File output A: 20 cm thickness blanket – criticality summary box 

 

B. 3  Verification 6Li test output 

Below is a portion taken from the output for 6Li cross section test at E = 0.3 MeV. 
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B. 4  Benchmarking with ORNL 

A portion of the simplified ORNL verification file was presented including 

(table140). 
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Appendix C Useful Constants, and Useful Mathematics 

C. 1 Constants, Masses and Conversion factors 

 

Constants: 

Speed of light 𝑐 2.997924582 × 108  m/s 

Charge of electron 𝑒 1.602189 × 10−19  C 

Boltzmann constant 𝑘𝐵 1.38066 × 10−23 J/K 

8.61740 × 10−5  eV/K 

Plank’s constant ℎ 6.62618 × 10−34  J . s 

4.13570 × 10−15  eV . s 

 
ℏ = ℎ 2𝜋⁄  1.054589 × 10−34  J . s 

6.582170 × 10−16  eV . s 

Avogadro’s number 𝑁𝐴 6.022045 × 1023  mole-1 

Fine structure constant ℎ𝑐 

ℏ𝑐 

𝑒2 4𝜋𝜖0⁄  

1239.853 MeV . fm 

197.329 MeV . fm 

1.4339976 MeV . fm 

Particle rest mass: 

 𝑢   MeV / c2 

Electron 5.485803 × 10−4 0.511003   

Proton 1.00727647 938.280 

Neutron 1.00866501 939.573 

Deuteron 2.01355321 1875.628 

Alpha 4.00150618 3727.409 
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Conversion Factors: 

1 eV =  1.602189 ×  10−19 J 

1 barn =  10−28 m2 

1 Ci =  3.7 ×  1010  decays s⁄  

1 u =  931.502 MeV c2⁄  =  1.660566 ×  10−27 kg 

 

C. 2 Maxwell-Boltzmann Distribution 

In a gas like system of particle at a fixed temperature T, the energy/or speed of the 

individual particles is not constant, but distributed according to Maxwell-

Boltzmann distribution, which gives the probability that a given particle has an 

energy E or a speed v. The probability distribution is given by equation (D.  1) 

[11]-(Sec 4.6). 

𝑃(𝐸)  ∝  𝑒𝑥𝑝(−𝐸 𝑘𝐵𝑇⁄ ) (D.  1) 

Where the term 𝑒𝑥𝑝(−𝐸 𝑘𝐵𝑇⁄ ) is known as the (Boltzmann factor). Maxwell-

Boltzmann is the speed distribution function which gives the fraction of particles 

of mass m with velocities between v and v + dv according to equation 1.46), and 

illustrated in Error! Reference source not found.. 

Thus, to get the average value of energy, the average value of speed should be 

calculated according to equation. 

〈𝑣2〉  =  ∫ 𝑣2𝑓(𝑣)𝑑𝑣
∞

0

 =  
3𝑘𝐵𝑇

𝑚
  →  〈𝐸〉  =  

1

2
𝑚〈𝑣2〉  =  

3

2
𝑘𝐵𝑇 (D.  2) 
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Figure C. 1. Speed distribution function (Maxwell-Boltzmann distribution) [11]-

(Sec 5.2) 

C. 3 Useful Mathematics  

 

Integrals [11]: 

∫ 𝑥2𝑒𝑥𝑝(−𝑐𝑥2
∞

0

)𝑑𝑥 =  
1

4
√
𝜋

𝑐3
 

∫ 𝑥3𝑒𝑥𝑝(−𝑐𝑥2
∞

0

)𝑑𝑥 =  
1

2𝑐2
 

∫ 𝑥4𝑒𝑥𝑝(−𝑐𝑥2
∞

0

)𝑑𝑥 =  
3

8
√
𝜋

𝑐5
 

Dirac delta function [11]: 

Denoted δ(x – c) is a function that is zero everywhere except x = c, with area = 1: 

∫ 𝛿(𝑥 −  𝑎)
∞

−∞

 =  1 
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