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ABSTRACT 

In this work, we discuss the possible uses of accelerator driven nuclear energy 

systems both for production of energy and isotopes. First, we consider a binary system of 

an Accelerator Breeder Reactor and a Thermal Bumer Reactor. Then we consider Ac

celerator Driven Thermal Thorium Reactors. This study indicates that such systems can 

produce 2 to 15 times the energy, their accelerators consume. The energy gain depends on 

the type of system used, and the speed with which it bums fuel. Accelerator driven 

nuclear energy systems can also produce useful isotopes. These systems should also be 

safer, then modem reactors. 
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CHAPTER I 

INTRODUCTION 

1.1. Historical Background 

Strange as it may seem, nuclear assemblies existed in nature long before any 

human made reactors appeared [1]. Within these nuclear assemblies neutron induced fis

sion chain reaction took place, with multiplication factor equal to 1, just like in a man-made 

reactor. Multiplication factor is the quotient of the number of neutrons generated by fission 

within a nuclear assembly to the number of neutrons absorbed within that assembly. Fifteen 

such reactors were discovered in Africa [2]. Before these reactors died out, they bumed 

50% of their -̂̂ ^U [3]. 

The first man-made reactor was a natural uranium reactor in the University of 

Chicago. Soon, another reactor appeared. It was a part of Manhattan Project in Los Ala

mos in 1942 [4]. Manhattan Project was a secret project during World War II with the goal 

of building an atomic bomb. This reactor was called a plutonium production pile [5]. In the 

1950s and 1960s, there was very fast growth in both the number of nuclear reactors, and 

their power. That growth continued in the 70s at a slower rate, but slowed down in the 80s 

and 90s. After the successful use of slow neutron reactors, fast neutron reactors were intro

duced. In these fast reactors, neutrons are not slowed down by moderators. Today, nuclear 

power accounts for 22% of electrical power in United States [6]. The United States now has 

109 commercial reactors with total electric power of 100 GW [7]. The entire world has 433 

nuclear reactors with 346 GW total electrical power [8, 9]. 

At first, engineers were not very concemed about disposal of radioactive waste 

products [5]. Unfortunately, soon after this concem emerged, it became a political problem. 

Some people began to worry about isolating these products for "millions of years" [10, 11]. 
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After about 1980, there were more political attacks on nuclear power in the United States 

because of the fears of safety, waste, and nuclear weapons [12]. In 1983, there was an ac-

qident in an American reactor [13], which also caused increasing concem of nuclear power. 

These factors, in combination with economic factors, brought an end to the rise of the 

nuclear industry in the United States. 

As energy costs rise, however, the outlook improves for efficient reactor con

cepts. Hopefully the new reactors will receive greater public acceptance than the past de

signs. A new concept is the accelerator driven nuclear reactor, which is precisely the topic 

of this paper. The idea of an accelerator driven nuclear energy system appeared in the 

I960's [14]. Unfortunately, at that time accelerators had very low efficiency. It was less 

than 1% [15]. Now we can build a 46% efficient proton accelerator [16]. It would cost 

$250,000,000 to build a 6 MW beam power accelerator [17]. In addition, Los Alamos Na

tional Laboratory has advanced plans for construction of 270 MW proton linear accelerator-

[18, 19]. Up to the present time, no accelerator driven reactors has been built. 

Now, let us discuss some of the Accelerator Driven Nuclear Energy Systems 

designed prior to our study. First, we will discuss the projects for building, then we will dis

cuss some more abstract projects, for which there is no plan of constmction. 

As of 1997, there was a project of 170 MW proton accelerator. It would gener

ate 100 mA beam 1.7 GeV protons. The accelerator would mn a spallation neutron source 

[20]. This is not a purely theoretical project, but a facility, which is going to be built, yet the 

date of constmction has not yet been specified. This would be the first large spallation neu

tron source, as all six of the currently operational sources had power between 5 kW and 900 

19 kW. The neutron source would produce neutrons at a rate of 3.65*10 n/s [20]. That may 
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be an overestimation, since Van Tuyle uses very large values for the number of neutrons 

generated by spallation. For most targets, his values are greater than those predicted in any 

other study that we have seen. 

3 
This neutron source will be used for production of tritium via He+n - > 

3 
H-hp. According to estimates given by Van Tuyle, the facility will generate 3 kg tritium 

per year. The same estimate for the rate of tritium production was obtained by a rough esti

mate, and by a detailed study [20 p.340]. A similar neutron source could be used to produce 

60 kg/year of ^^Co [20 p.345]. 

The spallation target in this source would be tungsten, rather then uranium. [20 

p.338] That seems not to be the best choice of spallation target. Not only does a tungsten 

target produce 1.9 times less spallation neutrons per incoming proton, but also 30% of these 

neutrons get absorbed within the source [20 p.338]. Uranium source, by contrast absorbs 

less neutrons due to its small absorption cross-section. It can also multiply the number of 

neutrons via fission. Tungsten target for the above described project was chosen out of 

safety considerations. If an actinide target had been used, it would be necessary to deal with 

radioactive waste [20 p.340]. 

There is a PHOENIX concept of a reactor, which would bum actinide waste 

products from light water reactors (LWR). Japan has a similar project called OMEGA. [20] 

In the PHOENIX concept, the proposed reactor would have a thermal power of 3,600 MW, 

and would bum the actinide waste from 75 LWRs. It would have criticality of .9 to .95. Its 

spallation neutron source would be driven by a 1.6 GeV proton accelerator with a proton 

beam current of 104 mA. [21] The accelerator's electrical efficiency would be 41%. The 

reactor would generate 850 MW electric power for the grid, and 410 MW electric power for 
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its accelerator. [21 p.2] PHOENIX reactor would also bum 1.05 tons of mmor actinides a 

year, and convert 1.55 tons of uranium and neptunium into plutonium. After the nuclear 

Waste would be reprocessed by this reactor, its toxicity would be decreased about 500 times. 

After 25 years in storage, its toxicity would drop below the toxicity levels of natural ura

nium ores [21 p.4]. We should consider such toxicity level very low, since Earth's cmst 

contains billions of tons of uranium oxide, and as we can see, it does not hurt life as it exists. 

PHOENIX reactor would use a fast neutron spectrum, si mi lady to the Ac

celerator Breeder Reactors (ABRs) that we describe below. This reactor would have a cnti-

cality of .9 to .95 [21 p.2]. much higher, than any of the ABRs discussed in our study. 

Takahashi conducted a theoretical study on transmutation of radioactive waste 

via charged particle accelerator driven spallation neutron source [22]. Similar to many de

signs of accelerator driven nuclear energy systems, the target in Takahashi's design has to 

be surrounded by a subcritical assembly. A subcritical assembly is an assembly, which con

tains fissionable isotopes, and has criticality less than one. In Takahashi's study, criticality 

is supposed to be k=.976. [22 p. 150] Takahashi also considers a system with criticality 

k=.99. Such high criticality would allow the proton accelerator to have power 150 to 200 

times less than the thermal power of the nuclear reactor [22 p. 159]. The study is mostly 

A -.u. . .• f85T^ 90c 93^ 99^,^ 129. 135,137^ .ooi 

concemed with transmutation of Kr, Sr, Zr, Tc, I, Cs [22]. 

Beard et al. conducted a very detailed design of a heavy water cooled accelera

tor driven waste transmutator [23]. The transmutator's neutron source would use 1.6 GeV 

protons striking the spallation target. The proton beam current would be 62.5 mA. [23 p. 

122]. The accelerator power would be 100 MW. The inner part of the target would be 

made of tungsten, while the outer part of the target would be made of lead [21 p. 123]. The 
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system's effective criticality would be .96. [23 p. 126] Beard et al.'s study focuses on engi

neering, rather then physical aspects of the reactor. It discusses, such details as the sizes of 

different parts of the reactor, like diameters of certain tubes, temperatures of different re

gions, etc. [23 p. 126] 

A system similar to our concept of Accelerator Driven Thermal Thorium Reac

tor (ADTTR), which will be discussed in Section 3.3, has already been designed [24]. The 

system designed by Olson et al. [24] would use thermal neutrons from an accelerator source 

to power a subritical reactor. The reactor would be fluid fuelled. It would use either hea\ y 

water, or molten salt as moderator. The reactor would bum waste products from 2.5 LWRs. 

[24] 

Olson et al. do not mention the energy of protons, as well as the material used 

in the spallation neutron source. They do not even mention the criticality of the reactor of 

their design. Olson et al.'s work is a theoretical study of neutronics in a subcitical thermal 

reactor driven by an extemal source. Oleson et al. also discuss how concentations of differ-

135 ent isotopes change with time. They also discuss the effect Xe has on the neutron flux 

within the reactor. 

The fact, that almost all reactor designs focus on transmutation of waste seems 

to be the result of modem preoccupation with safety. Some scientists even worry about the 

possible threat that modem reactors present to civilization millions of years from now [22 

p. 149]. Let us hope, however, that as safe systems for eliminating nuclear waste are devel

oped, the concem about possible dangers would be lessened to the point, where it would not 

interfere with proposals for new nuclear reactors. 
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All of the above systems for which criticality was mentioned had criticality be

tween .9, and .99. Thus 90%-99% of neutron spectra in reactors discussed in the studies dis-

dussed above would be fast neutrons from actinide fission. That would make these reactors 

very similar to the modem Liquid Metal Fast Breeder Reactors (LMFBRs). Nevertheless, 

PHOENIX reactor would be safer, then LMFBRs, since LMFBRs have to have criticality of 

exactly 1, and thus can become supercritical. Since accelerator driven nuclear energy sys

tems is a relatively new field of study, no research up to this point has been done determin

ing to what degree the reduction in reactor criticality reduces the risk of an accident. 

1.2. Present Status 

Currently, two types of nuclear reactors are in use. Thermal nuclear reactors 

233 ^̂ 35 ^̂ 39 

moderate neutrons to low energies and consume fissile isotopes, like U, " U, or '' Pu 

in order to operate. In modem reactors, these isotopes make up at least 20-25% of the 

bumed fuel. Some modem reactors have conversion ratios as low as 26% [25] and thus re

quire 74% of the new fuel to consist of fissionable isotopes. Conversion ratio is the ratio of 

fissionable atoms formed from fertile material to the fissionable atoms destroyed by fission 

and capture. For example, if c is the conversion ratio and r is the fraction of fissionable ma-
r 

terial in the fuel, then is the ultimate fraction of the fuel that can be fissioned. Only 
1-c 

235 
U exists in nature and it makes up only 0.7% of natural uranium. Thus, supplies of 

235 
U are very limited. Uranium itself makes up 14% of actinides in Earth's crust — thorium 

235 makes up 86%. So U makes up only . 1 % of actinides occuring in Earth's cmst. Since in 

935 
most thermal fission reactors, " U has to make up at least 25% of the fuel bumed, if only 



these were in use, about 99.6% of potentially fissionable fuel would be discarded. Indeed, 

238 depleted uranium U is currently used as a waste product. 

To extend nuclear fuel supplies, fast breeder reactors were developed. These 

nuclear reactors require large quantities of fissile isotopes to start up. At least 10 years is 

required to double fissile material using breeder reactors [26]. Currently, worid production 

of plutonium is only 60 tons/year [27]. Modem fast breeder reactors are also not completely 

safe since they generate a huge power per unit volume in order to produce plutonium at a 

reasonable rate. They also run into danger of becoming supercritical. In a supercritical re

actor, the multiplication factor is greater then one. Because of many political, economic, 

and engineering considerations, fast breeder reactors developed slowly, and they are not 

used extensively as an energy source. Besides, in the future, they may have difficulty in 

competing with other sources of energy such as solar power. 

1.3. The Need for Improvement 

According to a 1993 estimate, the world consumption of thermal energy of all 

kinds is 112 trillion kWh/year [28]. Only 4.5% of that amount comes from nuclear energy 

[28]. It means that for some time, we will have to rely heavily on fossil fuels. If the usage 

of oil and natural gas continues at the present rate, they will last only for 100 years [28]. 

The author believes, that energy consumption will increase in the next century so much, that 

the known resources of these fuels will last at most 50 years. Of course, solar energy may 

become an important energy source [29]. Unfortunately, it is not a good source for many 

regions of the world, such as Northem Europe. Renewable energy sources like wind and 

hydroelectric power can not produce enough energy to meet the growing demand. Also 



energy conservation may play an important role in reducing energy demand. Many econo

mists, however, believe that energy demand will increase, rather than decrease [30,31]. 

' Hence, it appears to be necessary in the future to use nuclear energy. Modem 

reactors, with all the weaknesses as described eadier, appear to be unsuitable for massive 

use. First of all, if we continue using modem thermal reactors, in a few decades, we will mn 

out of cheap uranium ores. Then, we will have to obtain uranium from other sources, like 

low grade ores, and seawater, and electricity generated with it via modem reactors will be 

much more expensive than electricity today [32]. Moreover, thermal nuclear reactors result 

in a lot of dangerous radioactive waste products [33]. 

Thus, we are highly motivated to develop safer and more efficient fission reac

tors. Another factor, which may make these reactors more useful, is the fact that currently 

there is a lot of development of thermoelectric cells, which can efficiently convert large 

amounts of thermal energy into electrical energy [34]. Thus, thermal energy produced by 

reactors, will be much more easily convertible to electricity. As far as fuel reserves are con

cemed, they are actually unlimited. A ton of average rock contains 18 g of thorium, and 3 g 

of uranium. That is an energy equivalent to 45 tons of coal! The energy released if these 

elements are efficiently used in a fission reactor is tens of times greater than the energy re

quired to extract them from ores. 

1.4. Accelerator Driven Nuclear Energy Svstems 

1.4.1. Binarv Systems 

Accelerator driven nuclear energy systems have already been proposed before 

the current study [15]. The binary system studied in the presentation would contain two 
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reactors: an accelerator breeder reactor and a thermal bumer reactor. A diagram of such a 

system is shown below (Fig. 1.1). In this section, a brief description of the reactors is given. 

In the following sections, a feasibility study of this nuclear system is given. 

Fig. 1.1. Accelerator driven nuclear energy system consisting of an accelerator breeder 
reactor, and a thermal bumer reactor. 

i 
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1.4.1.1. Accelerator Breeder Reactor Concept. 

In Figure 1.2, below we have a schematic diagram of an ABR. 

Neutron (secondary) 
Target 

* 

Proton 
Accelerator 

Proton (primary) 
Target 

Fig. 1.2 Schematic diagram of an accelerator breeder reactor. 

Basically, an accelerator breeder reactor consists of a source of high energy (1 

GeV) protons, and a primary target, where these protons cause spallation reactions, which 

generate neutrons. We would like to provide ten examples: 

1. 2^2Th-hp->2^^Zn+'7^Ga-H31n 

2. ^ -̂̂ Th-f-p - > 3 ^^V+'*^Ti-H37n 

3. ^-^^Th-i-p - > 8 •̂̂ Ne-f-̂ '̂ Na-H25n 

4. -̂̂ ^Th-f-p - > 5 %e-h^^^Tl+22n 

^32 4 P 2 
5. ^"^Th+p ->20 ^He+^-^Sb-h31n 

6. ^^^U-hp - > 3 '^^Ga-h29n 

10 
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7. 238^^p __^3 50^^50c^^39^ 

8. ^^^U+p ->30 %e+^^As+44n 

9. ^^^U-hp ->40 "̂ He-H '̂'Al-H52n 

10. ^^^U-Hp ->46'^He-hp-H55n. 

An ABR also contains a secondary target, where the spallation neutrons tum fertile nuclei, 

like ~ U, and Th into fissionable nuclei In the ~ U target, most of these neutrons are 

9 3 8 9'^Q 9^50 O'JQ 

captured by " U forming "̂ ^U, which then decays to Np and then to ""̂^ Pu: 

^•^^U(n,gamma)--^^U -beta-> ^^^Np -beta-> -"^^Pu. (1.1) 
9 T O 

Some neutrons escape from the reactor while other neutrons cause fissions of " U. In the 
939 939 933 

T h target, most of these neutrons are absorbed by T h forming " Th, which then de-
933 933 

cays to " P a , and finally to -̂ "̂ U: 

^•^-Th(n,gamma)^^^Th -beta-> -̂̂ "̂ Pa -beta-> ^^^V. (1.2) 

Just like in a uranium nuclear reactor, some neutrons escape and a few cause fissions. Also, 
939 231 

a substantial number of neutrons will cause Th(n,2n) Th reactions. 

An important, but yet unsolved issue would be the number of spallation neu

trons produced by a 1 GeV proton for a given target. Different sources have different esti-
938 23'̂  

mates ranging from 32 to 62 for a " U target, and 22 to 40 for T h target. Presently, v\ e 

have only three sources, which address the issue. 

For example. Van Tuyle et al. [21] presented data on spallation of nuclear tar

gets, which include tungsten, lead, uranium, neptunium, and americium in the proton energy 

range from .5 GeV to 3 GeV. According to his data, the neutron yield per 1 Ge\' proton is 
9 3 0 

32 for " U target. Boldeman [15] presented data on spallation of nuclear targets, which 
include beryllium, lead, thorium, and uranium, in the proton energy range from .5 Ge\' to 

11 
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1.5 GeV. According to his data, the neutron yield per 1 GeV proton is 40 for U target, 
232 

and 22 for Th target. Van Tuyle [20] presented data on spallation of nuclear targets, 

which include tantalum, tungsten, lead, thorium, and uranium in the proton energy range 

from 0 GeV to 2.5 GeV. According to his data, the neutron yield per 1 GeV proton is 62 for 

238 9'^9 
U target, and 38 for Th target. Van Tuyle wrote the first source mentioned [21] in 

1993, and the second source mentioned [20] in 1998. 

In the table below (Table 1.1) are the estimated numbers of neutrons produced 

by a 1 GeV proton striking uranium and thorium targets. 

Table 1.1. Numbers of neutrons produced by a 1 GeV proton striking uranium and 
thorium targets presented in different sources. 

Source Neutrons from Neutrons from 

U target Th target 

Van Tuyle (1993) [21] 

Boldeman [15] 

Van Tuyle ri998U201 

32 

40 

.61 

22 

39 

We may find it strange, that neutron yields per proton given in different 

sources can differ almost by a factor of two. There could be many reasons for that. Here, 

we describe the main ones. Neutron yields per proton depend significantly on the target 

size. If the target is small, protons can escape from the end or out of the sides of the target. 

If the target is large, it can absorb some of the neutrons [35]. On the other hand, the number 

of neutrons generated in a large target can be increased by "the contribution from (n, xn) 

yield from the high energy secondary neutrons [36]. For lead target, for example, where 

neutron absorption is relatively small, 100 cm is the optimal target diameter for a 
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cylindrical target [37]. 

The neutron yields per proton given by Van Tuyle [20] were the calculated val-

des for the number of neutrons generated. Due to self-absorption of these neutrons by the 

target material, less neutrons may actually leave the target [38]. In our reactor design, how

ever, the neutrons absorbed within the actinide target will not be wasted. They will transfer 

fertile nuclei into fissionable ones. 

Another factor contributing to the vagueness of the result is the difficulties in 

measuring the neutron flux. High energy neutrons are likely to escape detection. Also, in 

order for the flux measurement to be accurate, we have to detect the neutrons escaping the 

target in every direction [35]. 

Calculated data for neutron production is used by some sources. That data can 

be somewhat different than the data obtained in experiments. For lead, for example, calcu

lated data for neutron yield is 28% too high [37]. Also, unlike ideal targets, some practical 

targets may require coolant, which will increase parasitic capture of neutrons [38]. 

Another reason, why neutron yields for fissionable spallation targets may be 

exaggerated is the fact, that some researchers count the neutrons produced by fission among 

spallation neutrons. [39] Since a large block of natural uranium has criticality of .5 for fast 

neutron spectra, fission may cause the number of neutrons to double. 

1.4.1.2. Thermal Bumer Reactor Concept 

These are the usual thermal nuclear reactors, which bum fuel (plutonium) 

manufactured by the accelerator breeder reactors. In order to be cost-effective, they need to 

have a high power per kilogram fuel, like 10 kW/kg. In the present investigation, these 
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nuclear reactors are assumed to be molten salt reactors. In order to increase energy output 

per mass of plutonium fuel, these thermal reactors will also use thorium, which will be con

verted to ^^^U within the reactor via ^^^Th + n-->^^^Th- p" - > ' ^ V a - p " - > ̂ ^^ .̂ 

1.4.2. Combined Svstems 

These systems consist of a thermal thorium reactor, and a spallation neutron 

source. They are called Accelerator Driven Thermal Thorium Reactors (ADTTR). They 

would be discussed in the section 4.3. 

1.5 Feasibility Study: The Goals of The Present Investigation 

The main goal of this study is to show that accelerator driven nuclear energy 

systems are scientifically feasible, and that they can retum at least four times the amount of 

energy they use. In this work, it is also shown, that accelerator driven nuclear energy sys

tems produce many important isotopes as a useful by-product. 

First of all, we discuss Accelerator Breeder Reactors (ABR's). It is shown, 

that these reactors can produce fissionable material at a reasonable electrical price. Then we 

discuss Thermal Bumer Reactors (TBR's) in which the fissionable material produced in 

ABR's would be bumed. The electrical energy generated by these TBR's would be at least 

two to five times greater than energy consumed by ABR. Thus, we have an efficient energy 

system, which uses very inexpensive fuels, like depleted uranium or thorium. 

In Section 3.3, there is also a discussion of Accelerator Driven Thermal Tho

rium Reactors (ADTTR), which are thermal reactors with extemal accelerator neutron 
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sources. Out of electrical energy, these reactors generate, 20%-60% is necessary to power 

the neutron source, which drives these reactors. Given that thermal efficiency of the genera

tor is about 33%, the overall efficiency of ADTTR power plant would be 13%-269r. Fortu

nately, since this reactor uses thorium and depleted uranium for fuel, its fuel costs would be 

negligible. 

Another item, discussed in this paper, is production of useful isotopes. It is 

shown that some of these isotopes can be produced in greater quantities by accelerator 

driven reactors than by conventional ones. 
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CHAPTER II 

CODE 

ORIGEN2 [41] is the computer code used in the present investigation for cal

culation of isotopic and elemental concentrations, the rates of fission and neutron absorp

tion, reactor criticality, and the rate of heat production. In this section, we will describe the 

code and its uses. We will use [40] throughout the section. 

2.1. Method 

A general expression for the formation of a nuclide by nuclear transmutation and 

radioactive decay is given by [42]: 

Â  N 

J^ = X'.ŷ -5'y + 't'I);*°»'C*-^/+'t'<'.k 0=1,.-..A')- (2.1) 
y = 1 k=\ ^ ' 

In the above equation, each nuclide is assigned a number i. 

X— atom density of nuclide i, X. radioactive disintegration constant for nuclide i, 
a.-neutron absorption cross-section for nuclide i, 1.. and f .-fractions of 
radioactive disintegration and neutron absorption tnat leaa to formation of 

species i. Also, ^ is the neutron flux assumed to be constant for short time 
periods. [42]. 

Obviously, (2.1.1) can be written for each of the nuclides present in the reactor mixture. Then, 

we will have "a homogeneous set of simultaneous first-order ordinary differential equations 

with constant coefficient" [42]. Such a set can be represented in the matrix form: 

r<-> - <-^\ -^ 

^=\A + ̂ B\x (2.2) 
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X - vector containing xfor all i, 

A - transition matrix with decay rate coefficients, 

B - transition matrix containing neutron cross-sections. 

The solution of (2.1.2) is 

X(0 = exp A-h(l)5 r Z(0). (2.3) 

Since % contains information on 1,676 nuclides, matrices A and B have to be 

about 1,676 x 1,676 although most of their coefficients are zeroes [40]. Thus, even with mod

em computers, like Sun Microsystems Interprize 3000, these calculations take considerable 

amounts of computer time between 1 and 10 minutes. 

The program 0RIGEN2 also comes with a data table containing the library of de

cay rate coefficients. Neutron cross-sections would be different for different types of reactors 

since different types of reactors have different neutron spectra. Our programs comes with neu

tron cross-section libraries for many types of reactors. 

The program also calculates the afore mentioned parameters where only the spe

cific power is given. Specific power is the heat generated per unit reactor working zone mass. 

There, flux depends on time, and has to be calculated by the program. These calculations, 

however, were not used in our study. 

For each nuclide involved, the program also calculates its neutron absorption rate 

in neutrons per second. It does so by multiplying the nuclide's concentration by its neutron ab

sorption cross-section, and then by the neutron flux 
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JNuetron absorption\ I Nuclide \ 

by a nuclide / [concentrationI ° ""''""" \ 

Likewise, the program calculates fission rate for fissionable nuclides 

Once we calculate the total rate of neutron capture N , and the total rate of neu

tron production by fission Np we can easily calculate the criticality of our fuel mixture 

' = ̂ ^ (2.5) 

Where LQ is the fraction of neutrons leaking outside the reactor. 

2.2. Using The Code 

Although 0RIGEN2 is a program written in Fortran, it works more like a pro

gramming language in itself. A user has to input a file containing commands, while the pro

gram will read the file and execute the commands. 

Every file has a header of some numbers, which are the same in every file, and 

have only technical use for the program. After that, a working file should have the following 

commands input by the user: 

1. Initial composition of fuel. The composition follows an 0RIGEN2 STP command. The 

composition is written as a string of numbers, where each nuclide or element is represented by 

an integer: 

Code (nuclide)= 10,000 Z (nuclide)-hlO x A (nuclide) (2.6) 

Code (element)=10,000 Z (element). (2.7) 

After the representation of each element or nuclide, its weight in grams in the fuel follows. 
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For example, 

90230 100000.0 

would mean 100,000 grams of 232Th. 

2. The user has to input what neutron cross-section libraries that the program should use. 

Each cross-section library has its number. 

3. The user should input the bum-up information. That includes irradiation power/flux and 

the time periods during which the fuel would be irradiated. In the present study, only the ir

radiation flux was used. We could also use a DEC command to see the composition of the 

spent fuel after it has been decaying for given time periods. 

4. Finally, the user has to specify what he/she would like to see in the output. That is 

done with OPTF command. 

2.3. Calculations 

ORIGEN2 is used to obtain all the results presented. Calculations with thermal 

neutron spectra were used to obtain the data presented in Tables 3.7 - 3.10, as well as C.5-

C.IO. Data in the Tables 3.1-3.4 and 3.3-3.4 were obtained via calculations with fast neu

tron spectra. The respective input data are given above these tables. 

We have used the code to obtain nuclide concentrations, reactor thermal power, 

and criticality for different reactors. From the results for thermal bumer reactors, we have 

derived the equation (3.2.4.13), which allows us to estimate a thermal reactor's fuel ef

ficiency based on its parameters like the fraction of thorium bumed per year, the fraction of 

the neutrons absorbed by the moderator, or leaking outside the reactor and the time between 

fuel reprocessing. 
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CHAPTER III 

MAIN RESULTS 

3.1. Accelerator Breeder Reactors (ABR's) 

These reactors are not generally used for production of electrical energy. Their 

main use is the production of fissionable isotopes, like ^^^U and mainly "^^Pu. In doing 

so, these reactors actually require electrical energy. In the part about Thermal Bumer Reac

tors (TBRs), it will be shown that by buming fissible isotopes produced in ABRs, we can 

generate considerably more energy than the breeder reactors will require. 

Another interesting feature of ABRs is that they produce certain very useful 

232 232 isotopes. They do so by knocking neutrons out of nuclei like Th, Pa, and others. Of 

course, such reactions happen in non-spallation fast reactors, but there they seldom happen. 

That is because other fast reactors have much less high energy neutrons in their spectra. 

3.1.1. Advantages over Liquid Metal Fast Breeder Reactors (LMFBR's) 

First of all, unlike LMFBRs, ABRs do not require any initial fissionable mate

rial at startup. Thus, ABRs are more cost effective then LMFBRs. Because of this factor, it 

would be possible even for poor countries to build and run ABRs and meet their energy 

needs. Secondly, while ABRs always have criticality below 1 (usually 0.50 0.85), LMF

BRs have to have criticality always equal to 1. A critical value (or multiplication factor) 

less than 1 means that less neutrons are generated than are used, and the reaction is not self-

sustaining. That makes LMFBRs far less safe than ABRs. 
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Thirdly, ABRs can produce fuel much faster than LMFBRs. The single most 

important factor, which limits the speed of a breeder reactor, is the ability of the system to 

rbmove heat. An LMFBR produces much more heat per fissible atom produced than an 

ABR. An ABR on average uses 80 MeV to produce one fissionable nucleus. An LMFBR 

uses over 400 MeV to do the same. Thus, with the same cooling system, an ABR can pro

duce fissionable isotopes five times faster than an LMFBR. 

232 3.1.2. Th Accelerator Breeder Reactor 

3.1.2.1. Description 

233 The main goal of this reactor is to produce high-grade U. Although pure 

933 
U has about the same critical mass as plutonium, it has a relatively small critical mass in 

231 a thermal explosion. Another goal of this reactor is the production of Pa. Later, we can 

232 228 
produce U and Th from that isotope. A 1000 MeV proton produces about twice less 

939 
neutrons in a thorium target then in a uranium target [15]. Thus, an efficient " T h ABR 

may require a uranium target surrounded by thorium. 

939 231 
3.1.2.2. Cross-section calculation for " T h and Pa. 

239 231 
In Appendix B, fast neutron cross-sections for T h and Pa are tabulated. 

The cross-section of an event for a neutron energy distribution F(E) is given by: 

,.,JE:)FiE)dE k 
^e\'ent~ T ' ^ ^ . l ) 

J F(E)dE 

E 
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where â ^̂ ,̂ is the energy dependant cross-section of an event and X „, is the total cross-
event 

section integral over the entire energy range. 

Unfortunately, the neutron energy distribution for spallation neutrons could 

only be found for uranium spallation. In this case, the energy distribution is approximated 

by a Maxwellian distribution with the peak at energy 3 MeV [43]. It is given by: 

E expl -

F(E) = (3.2) 

where EQ is the peak of energy. The average energy is 2 E .̂. 

Assuming (3.2) to be the distribution of spallation neutron energy, the cor-

239 
responding cross-sections for T h would be 

r 

V 

G(n,2n) = 0.409 bam 

G(n3n) = 0.074 bam 

G(nJission) = 0.208 bam 

G(n,inelastic) = 2.67 bam 

G(n,capture) - 0.025 bam_ 

(3.3) 

231 In addition, the cross-sections for Pa would be 

fG(n,2n) = 0.191 bam 

G(n3n) = 0.020 bam 

G(nfission) =1.31 bam 

G(n,inelastic) = 1.80 bam 

yG(n,capture) = 0.068 bam_ 

(3.4) 
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The derivation of the above results is elaborated in Appendix D. 

3.1.2.3. Production of--^^U. 

233 If we produce U in a reactor, where thorium is both the primary and the 

233 secondary target, we will obtain between 22 and 38 ^̂ ^̂ U atoms for each IGeV proton. 

933 

Since an average 1 GeV proton has an electrical price of ~2GeV, ~ U obtained in that re

actor would have an electrical price of between 53 MeV/atom and 91 MeV/atom, or be-

238 tween 6,000 MWh/kg and 10,400 MWh/kg. If we produce it in a reactor, where U is the 

232 233 
primary target and Th is the secondary target, then we will get between 32 and 62 U 

233 atoms for each IGeV proton. Then we would have U at a relatively low electrical price 

of between 3,680 and 7,130 MWh/kg. 
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In the table below (Table 3.1), are values for uranium accumulated in a *-^Th ABR: 

Table 3.1: Uranium accumulated in a^^Th ABR. 

Day 

0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1,000 

232 
Th 

100,000 

99,170 

98,350 

97,530 

96,720 

95,920 

95,120 

94,330 

93,550 

92,770 

92,000 

233p 
Pa 

0 

281 

300 

299 

297 

294 

292 

289 

287 

285 

282 

233 u 

0 

489 

1,186 

1,848 

2,460 

3,024 

3,543 

4,021 

4,460 

4,863 

5,232 

^34 "•̂  u 

0 

5.24 

16.20 

31.03 

49.19 

70.33 

94.09 

120.2 

148.2 

178.1 

209.4 

234,, 
U as a 

fraction of 

total U. 

0 

1.06% 

1.35% 

1.65% 

1.96% 

2.27% 

2.59% 

2.90% 

3.22% 

3.53% 

3.85% 

233 As follows from this table, in a fast reactor, we can produce 96.2% pure U. Unfortu-

233 23^ 

nately, U from a thorium ABR will be contaminated by "U, which undergoes a long 

radioactive decay chain emitting intense gamma radiation. It may be necessary to handle 

nuclear charges made out of that uranium with extra caution. 
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3.1.2.4. Production of--^^Pa 

9- j 1 

As we have mentioned before, " P a can be produced in an ABR via the fol-

Ibwing two processes: 

1. ^^Th (n,2n) ^^^Th -beta->2^^Pa, 

2. ^^-Th (n,3n) 2 ^ \ h ; -^^Th(n,gamma)-^^Th-beta->-^^Pa. 

As we can see from cross-sections given in (3.1.2.2.1) and (3.1.2.2.2), when a 

939 
spallation neutron interacts with a ~ T h nucleus, it has the following reaction probabilities: 

1. 12.1% probability of causing a ^-^"Th (n, 2n) "-^^Th reaction, 

919 9'^n 

2. 2.2% probability of causing a Th (n, 3n) " Th reaction, 

3. 78.9% probability of undergoing inelastic scattering. Here we will assume 

that these neutrons have the same energy distribution as fast neutron spectra in 

the reactor itself. In reality, these neutrons will probably be somewhat more 
231 energetic causing more Pa to be produced. 

4. 6.1% probability of causing fission, 

5. .7% probability of being absorbed. 

In most thorium ABRs, 65% of the neutrons come from spallation. As we just 

have seen, 12% of these neutrons, which is 8% of overall number of neutrons will be used to 

231 ^̂ 33 
produce Pa. The other 92% of the neutrons will be mostly used in production of " U. 

231 Thus, in a thorium ABR, the amount of Pa generated will be at least as large as 8.7% of 

233 the U generated. 
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3.1.3. U Accelerator Breeder Reactor 

238 938 
U ABRs are relatively simple in their constmction. They consist of a " U 

block, which serves as both the primary and the secondary targets. Unfortunately, in prac-

030 
tice, there will also be an extensive liquid metal cooling system. The main goal of a " U 

239 
ABR is the production of Pu. If we are interested in explosives-grade plutonium, that is, 

the one containing as little Pu as possible, then we should remove the fuel from the reac

tor before large amount of Pu accumulates. If we need fuel for a TBR, our plutonium 

may have significant amounts of Pu in it. Below, we have a table (Table 3.2) for isoto

pic composition of plutonium generated in an ABR. The values were calculated by 

0RIGEN2 program. 
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Table 3.2: Isotopic composition of plutonium generated by an ABR reactor. 

iDay 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

239n Pu as 

age of the 

nal 238u 

1.17% 

2.25% 

3.23% 

4.09% 

4.86% 

5.55% 

6.16% 

6.69% 

7.17% 

7.58% 

percent-

origi-

240p, as 

pecenage of the 
. . ,238^ onginal U 

0.01% 

0.04% 

0.08% 

0.14% 

0.21% 

0.28% 

0.38% 

0.47% 

0.57% 

0.67% 

9'^0 938 
Now, let us calculate the electric price of " Pu produced in ~ U ABR. Ac-

238 
cording to an 0RIGEN2 calculation, each source neutron converts on average 1.6 U at

oms into ^3^Pu. Since, as we stated eadier, the electrical price of source neutrons is 

239 

between 32 MeV/neutron and 63 MeV/neutron, the electrical price of Pu would be be

tween 20 MeV/atom and 39 MeV/atom, or between 2,200 and 4,330 MWh/kg. 
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3.1.4. Heat production 

Within an ABR, there are two main heat sources. First of all, there is heat gen-

^ated by spallation reactions themselves. The other, more significant, source of heat is the 

nuclear fissions. The fraction of neutrons generated by fissions is equal to the multiplication 

factor designated by k. Therefore, the fraction of neutrons generated by spallations is 1-k. 

k 
Assume, that we have one spallation neutron. Then neutrons are generated by fission. 

1 AC 

Now, in order to determine the total thermal power of the reactor, we have to determine the 

amount of energy generated per fission neutron (Er), or per spallation neutron (E ). Let us 
I ^ 

estimate the spallation energy. A spallation involves a proton with IGeV of energy. It pro

duces 32 to 62 neutrons in a uranium target and 22 to 38 in a thorium target. Thus, in a ura

nium target, a spallation neutron produces 16-31 MeV thermal energy. In a thorium target, 

it produces 26-45 MeV thermal energy. 

Now, let us calculate the amount of energy generated per fission neutron. If a 

fission produces energy E^, and v neutrons, then energy per neutron is —. In a thorium fast 

Er, 9'IO £^0 
reactor, E ^ —=75 MeV. In a ^''^U fast reactor, E ^ —=40 MeV. 

r V I V 

Now, since as we mentioned above the fraction of neutrons generated by fis

sion is k, and by spallation 1-k, the total energy, E generated by the reactor can be calculated 

by formula 

e =(£/*+£, (i-*)K,„™,, • (3-5) 

For a thorium reactor, the total energy generated is given by 
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E=(50MeV+ E.,k)N , , (3.6) 
y \U I neutrons ' ^ ' 

where E^^ is between 16 MeV and 31 MeV. 

For a uranium reactor, the total energy generated is given by 

E = (25 MeV+E r, k\N , , (3.7) 
y .v//i / neutron.s ' ^ ^ 

where E y, is between 26 MeV and 45 MeV. 

Below, in Tables 3.3 and 3.4 are presented the actual dynamics of energy production 

in a thorium, and uranium ABRs. These values were obtained by an ORIGEN2 calculation, 

and analysis of some data via formulas (3.5), and (3.7). For this data, we assumed E^^=25 

MeV, and Egyh"̂ "̂ ^ ^ ^ ^ 
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Table 3.3 . Fuel and power produced by a Thorium ABR. 

•Day 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

2^^Uand235u 

mass percentage 

original 

0.52% 

1.02% 

1.48% 

1.92% 

2.34% 

2.74% 

3.12% 

3.48% 

3.81% 

4.13% 

"̂ 32 ^ 
"•^Th 

as 

of 

Multiplica

tion factor 

0.168 

0.249 

0.325 

0.390-^ 

0.451 

0.503 

0.555 

0.596 

0.637 

0.677 

Specific power 

kW/kg 

11.3 

12.7 

13.9 

15.0 

16.1 

16.9 

17.8 

18.5 

19.2 

19.8 
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Table 3.4. Fuel and power produced by a Uranium ABR. 

Day 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

239D 
ru as mass 

percentage of 

original 

0.48% 

0.96% 

1.42% 

1.86% 

2.28% 

2.68% 

3.06% 

3.43% 

3.78% 

4.11% 

238^ 

Multipli

cation 

factor 

0.523 

0.576 

0.621 

0.665 

0.703 

0.745 

0.777 

0.809 

0.840 

0.867 

Specific power 

kW/kg 

19.4 

20.4 

21.3 

22.1 

22.9 

23.7 

24.3 

24.9 

25.5 

26.0 
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3.2. Thermal Rumer Reactors (TBRs). 

3.2.1. Description 

As mentioned before, most nuclear reactors built so far are thermal bumers. 

These reactors are moderated by a liquid (water) or solid (graphite). In principle, reactors 

can be cooled by a number of fluids. We will concentrate on fluid state molten salt reactors. 

In such nuclear reactors, molten thorium salts would be the main component in the fuel, and 

plutonium would be continuously fed into the mixture to keep the reactor critical. Such de

signs have already been studied [44]. Fluid fuel reactors have some of technical advantage 

over other types of reactors due to their ability to circulate the fuel [45]. These reactors are 

also considered to be safe, since they can be run in such a way, as to produce a minimal 

amount of waste products [46]. 

3.2.2. Uses 

The main function of the TBRs would be energy production. Another impor-

244 

tant function of these reactors would be production of Cm. TBRs can also be used to ir

radiate nuclides in order to produce important isotopes. More about isotope production will 

be given in Section 3.4. 

3.2.3. Moderators 

Moderators and their impurities are summarized in Tables A.l and A.2. A 

moderator is considered good, if it has a low absorption cross-section and a high scattering 
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cross-section. Another important property of, a moderator in a fluid-fuel reactor, is that it 

should be liquid at the reactor's operating temperature. 

Of course, in practical designs, moderators should have many other properties. 

Fuel salts should be soluble in liquid moderators. They should be able to conduct heat at 

sufficient rate for the cooling system to work. They should not dissolve or damage the tub

ing in any way. 

Moderator impurities are usually isotopes of moderator material with abnor

mally high neutron capture cross-sections. If these cross-sections are above about 15 bam, 

then they would be bumed by the work of a reactor within some reasonable time. If the 

moderator impurity with capture cross-section a has been subjected to a neutron irradiation 

I, then the fraction of impurity left would be given by the formula: 

Fraction left = exp(- a I) . (3.8) 

Fractions of different impurities left after several doses of irradiation are given in 

Table A.l. Neutron irradiation can be measured in inverse bams. 

3.2.4. Neutron Balance. 

In this subsection we want to estimate the lower bound for Mp given by the 

following formula: 

total rate(niimber) of fissions in thorium bumer reactor 
''" rate(number) of plutonium fissions in thorium bumer reactor ' 

We call this the plutonium multiplication factor. Since 94% of the plutonium is bumed, 

there are about .94 Mp fission events per plutonium atom used. Since in one fission, pluto

nium, or uranium releases on average 180 MeV thermal energy, the plutonium will have a 

33 



thermal output of about 169 MeV/atom*Mp . Since the thermal efficiency of a nuclear 

power system is about 35%, the electrical output of the plutonium bumed in a TBR would 

be 59 MeV/atom*Mpj^, or 6,600*Mp^ MWh/kg. 

The thorium bumed is not considered here since thorium is abundant in nature. 

Plutonium has to be produced in the ABRs. 

Calculation of n^ values for plutonium, and 

thorium — thorium product mixture. 

Consider 100 neutrons absorbed by thorium. We wish to calculate n^ which is 

the quotient of the number of neutrons generated by a fuel to the number of neutrons ab

sorbed by it. We will do it for a mixture of thorium and thorium products , and then for 

93Q 

Pu, and its products. 

To obtain n^ for thorium-based fuel, we use the data from the following table 

(Table 3.5). 
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Table 3.5. Neutron balance for thorium fuel. 

Nuclide 

232rh 

233 Pa 

233 U 

2 3 % 

235u 

2 3 % 

Number of atoms 

formed 

100 

100 

100 (1-p') 

8.5(l-p)-hl00p'= 

8.5-^91.5 p 

8.5-h91.5p' 

Neutrons 

absorbed 

100 

100 p' 

100 (1-p') 

8.5-h91.5p' 

8.5-H91.5p' 

Neutrons 

Generated 

228 (1-p') 

2.07(8.5-^91.5 

1.2-hl3p' 

P') 

.6-1-7 p' (as

suming half 

gets bumed) 

Thus, 

_ 246-39 p 

^f~ 218+190 p 
= 1.128-1.16/7^ (3.10) 

933 933 
In this table, p' is the portion of Pa which absorbs a neutron before decaying to U. 

The quantity p' can be obtained as 

p'=^ 0.576 R (3.11) 
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where R is the fraction of ^^^Th which gets bumed in one year. The derivation of 

(3.2.4.3) is given in Appendix E. Hence from Equations (3.10) and (3.11), for thorium and 

its products,nr can be expressed as: 

n^= 1.128-0.66/? (3.12) 

Now, let us calculate n-:for plutonium using the following table (Table 3.6). 

Table 3.6. Neutron Balance for plutonium fuel. 

Nuclide Number of 

atoms 

formed 

Neutrons 

absorbed 

Neutrons 

generated 

239pu 

240pu 

241 Pu 

242 Pu 

100 

27.2 

27.2 

7.16 

100 

27.2 

27.2 

about 5.5 

209 

59 

Thus, for plutonium, we have 

209 + 59 
/2r = / 100 + 27.2*2+10 

= 1.63. (3.13) 

Since we know n. for both the thorium fuel (thorium and the uranium the tho

rium breeds in equilibrium), and plutonium fuel, we can set up a neutron balance. Suppose 

the actinides (Th, Pa, U, Pu, etc.) absorb N neutrons. At this point, we do not know the 
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fraction of neutrons absorbed by plutonium. Let us denote this fraction by x. Now we are 

in a position to set up the neutron balance. 

3.2.4.1. Calculation of x by neutron balance 

In this subsection, we calculate the fraction of neutrons absorbed by plutonium via 

neutron balance. 

^) Calculation of the number of absorbed neutrons. Let us use the following 

notations. 

a) N X - neutrons absorbed by plutonium. 

b) N (1-x) — neutrons absorbed by thorium and its actinide products. 

c) L N — lost neutrons. The neutrons can be lost to two sources: 

i) Absorbed in the reactor structure and the moderator, or lost to 

leakage. The loss is N*L^ neutrons, where L^ is basically the 

ratio of neutrons either absorbed by the moderator or leaking 

outside reactor to neutrons absorbed by the fuel. For a typical 

reactor, it is estimated as .07. 

ii) Absorbed by fission products. In thermal reactors, the neutron 

loss to fission products is almost proportional to the number of 

fissions, and thus to fission neutrons. Therefore we can 

approximate it by the formula: 

Lr=C (Number of neutrons generated by fissions.) 

Here, C is the effective ratio of the number of neutrons 

produced by fissions to the number of neutrons absorbed by 
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fission products. From Appendix C, a good estimate for C 

is the following: 

C=0.117-^0.54 T Q R , (3.14) 

where TQ is an average time interval in years between fuel 

reprocessing. We will derive, and use the number of fissions 

only in parts B) and C). 

d) As we can see by adding the numbers of neutrons in a), b), and c), 

the total number of absorbed neutrons can be represented by the 

formula: 

N^^ = Nx + N(l-x) + N LQ + (0.ill+ 0.54 TQR)NP 

= N([i-L^;) + Np (0.117 + 0.54 TQ/?) , (3.15) 

where N̂ - is the number of neutrons generated by fissions. 

B) Calculation of the number of neutrons generated by fissions. 

a) Since plutonium has nr=1.63 and it absorbs N x neutrons, it will 

generate 1.63 N x neutrons by fissions. 

b) Since thorium and its actinide products have nr=l. 128-0.66 R and 

they absorb N (1-x) neutrons, they will generate N (1.128-0.66 R) 

(1-x) fission neutrons. 

c) By adding the numbers of fission generated neutrons from a) and b). we 

obtain the total of 

Np = N (l.\2S + 0.502 x-0.66 R + 0.66 R x) (3.16) 

fission generated neutrons. 
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C) We have to equate the total number of absorbed neutrons in Equation (3.15) 

with the total number of fission generated neutrons in Eqation (3.16) and 

solve for x obtaining: 

0.003976-H.6091 T./?-h.58278/?-0.3564 T.R- + Lr, 
x = ^ — ^ . (3.17) 

.44327-.2711 T^ R + .5S21S R-0.3564 T^ R-

3.2.4.2. Calculation of MD 
Pu 

We recall, Mp is a ratio of the total number of fissions to the number of pluto

nium fissions. In order to calculate M^ , we have to find the total number of fissions and 
Pu 

the number of plutonium fissions. 

A) Calculating the number of plutonium fissions. 

As mentioned earlier, plutonium fissions generate 1.63 N x neutrons. Since 

an average plutonium fission produces 2.88 neutrons, the number of plutonium 

fissions will be 1.63 N x/2.88 = 0.566 N x. 

B) Calculating the number of thorium product fissions. 

As mentioned earlier, thorium product fissions generate 

(1.128-0.66 R) (1-x) N neutrons. Since an average thorium product fission 

generates 2.44 neutrons, the number of thorium product fissions will be 

(1.128-0.66 R) (1-x) /2.44 = (0.455-0.27 R) (1-x) N fissions. 

C) Adding the numbers of fissions given in A) and B) and dividing the sum by 

the number of plutonium fissions given in A, we obtain: 
Mp„ = ^•^^~^'^^^+0.20-h0.49 R, (3.18) 
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By substituting expression (3.17) for x into (3.18), we get 

l.OO-hO.55 Lo-H(1.04-.28 T^+1.35 L.) R + .[S6 7. R~ 
^Pu = • — (3 19) 

0.01 l+2.75Lo + (1.60-h 1.67 ro)/?-0.978 To/?-

If we omit the quadratic terms in the latter formula, we will get a lower value 

for Mp^, and it is our goal to estimate the lower bound. Since in all practical cases, R does 

not exceed .1, the omitted terms are of no significant importance. Thus, in the simplified 

version, Mp^ can be approximated by the formula: 

1.00-1-0.55 L -»-(L04-.28 T^ + 1.35 L J R 
M = - n 00) 

Pu 0.011 + 2.75L^-h(1.60-f-1.67 T^) R ^ ^ ^ 

3.2.4.3. Discussion of Mr, 
Pu 

With the formula for Mp , we have an estimate for the electrical output for 

plutonium bumed in a TBR. Here, we are faced with two conflicting goals: buming the 

fuel as fast as possible, and getting as much energy as possible. In order to find out the opti

mal value of our operation, it would be necessary to do an extended economic study. How

ever, such a study is beyond the scope of the present work. 

Below, are given a few examples of possible reactors. 

1. Consider a perfect reactor. In this case, we will reprocess the fuel every six 

months (T^=0.5), which can easily be done with a fluid reactor. Indeed, a fluid reactor can 

be continually reprocessed by removing a small stream of fuel for reprocessing. Only 1.5% 

of thorium is bumed per year (R=0.015). Therefore, the energy production rate would be 53 

kW/kg thorium. In order for the total energy production rate within our reactor not to 
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exceed 10 kW/kg, we need four times as much moderator (by weight) as we have thorium. 

With a good moderator, we could have LQ=0.02. Then, by our formula. (3.2.4.13) Mp|j=10. 

2. Consider a typical reactor. We will also recycle fuel every six months 

(TQ=0.5). In this reactor, only 4% of thorium is bumed per year (R=0.04). Therefore, the 

energy production rate is about 160 kW/kg thorium. In order for the total energy production 

rate within our reactor not to exceed 10 kW/kg, we need sixteen times as much moderator 

(by weight) as we have thorium. In this case, we really need a good moderator, that is, the 

one with a low neutron absorption cross-section. It is reasonable to expect LQ=0.05 in this 

case. With these parameters, we would have Mp =4.3. 

3. Finally, let us consider a powerful and crude (buming a lot of fuel, and contain

ing a lot of fuel products) reactor. The fuel will be recycled once a year (T^=1.0). We will 

bum 8% thorium per year (R=0.08); so the energy production rate would be about 480 

kW/kg thorium. In order for the total energy production rate within our reactor not to ex

ceed 10 kW/kg, we need 48 times as much moderator (by weight) as we have thorium. As

suming a really good moderator for that case, we may expect Lp|=0.10. There, we will have 

Mp =2.1. Based on these results, such reactor may not be very useful. 

Notice, that the values of Mp , which have previously been estimated in refer

ence [47] for good and typical reactors are approximately the same as those given here. 

3.3. Accelerator Driven Thermal Thorium Reactors (ADTTR) 

The basic idea behind the concept of this reactor is that a thermal reactor with 

multiplication factor k less then 1 is provided by neutrons from an extemal neutron source, 

938 
like a spallation " U source. An obvious advantage of such a reactor over the previous 
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reactor concepts, is that it does not require any fissionable material to be input into it. It 

938 23^^ 933 
uses only ^ U, and T h , which is transformed into " U, and then bums. In order for 

such a reactor to operate, more energy has to be generated than consumed. In this section, it 

is shown that such a reactor is indeed possible. 

First of all, lets calculate the amount of energy generated by a neutron coming 

from the source into the working zone of our reactor. We know, that our reactor has critical

ity k which means that a neutron incoming into it will cause k/(l-k) fission neutrons to form. 

Since an average fission event releases 180 MeV thermal energy and about 

2.50 neutrons are formed per fission, an incoming neutron will produce 

0 4k k 
iSO MeV-^ = 12 MeV—- (3.21) 

1 - A : 1 - A : 

of thermal energy. Since the efficiency of most modem electric stations is greater then 

33%, the lower estimate for the electrical gain of an incoming neutron is 
E,^ = 24MeVY^. (3.22) 

938 

Let us recall, that the electrical price of a neutron from a ~ U target is be

tween 32 MeV and 63 MeV. Thus, the upper and lower bound for energy gain M, or the 

quotient of generated energy to consumed energy for our reactor, can be obtained simply by 

dividing (3.22) by the electrical price of a spallation neutron: 

24 MeV k k 
minimal value: ^ = T^TTTTr ~,—7=^-^^~,—T- (3.23) 

63 MeV l-k l-k 

24 MeV k k 
maximal value: M = -—- = 0.7:) -—- . (3.24) 

32 MeV l-k l-k 
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Before considering individual cases of reactors, let us define the electrical ef

ficiency of the reactor as useful electrical energy generated per total electrical energy gener

ated. Useful electrical energy is the energy, that is not necessary to run the reactor itself. 

Based on the definition of M, it can be obtained that the formula for the electrical efficiency 

of the reactor is: 

Eg^^=l-1/M. (3.25) 

By substituting (3.3.3.a) and (3.3.3.b) into (3.3.4), we express the electrical ef

ficiency in terms of k: 

minimal value E ..=3.60-2.60/k (3.26) 
ett 

maximal value Eg^.=2.33-1.33/k (3.27) 

From (3.26), it follows, that for our reactor to operate, we need k > 0.68. 

Let us consider several examples of ADTTR reactors. First of all, let us look at 

a superfast reactor, which bums 8.6% of thorium per year and has a loss L=l 1%. Accord

ing to an original calculation for that reactor, we have the following (Table 3.7). 
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Table 3.7. Criticality, electrical efficiency, and fuel consumption for a fast-working thonum 
ADTTR over a period of 550 days: 

Day Thorium k E . . E . . 
eff eff 

bumed (minimal) (maximal) 

100 

150 

200 

250 

300 

350 

400 

450 

500 

1.02% 

2.17% 

3.48% 

4.85% 

6.24% 

7.62% 

9.01% 

10.38% 

11.74% 

0.721 

0.796 

0.810 

0.806 

0.796 

0.786 

0.776 

0.766 

0.757 

0 % 

33% 

39% 

37% 

33% 

29% 

257c 

21% 

17% 

49% 

66% 

69% 

68% 

66% 

64% 

62% 

59% 

57% 

Before the equilibrium is reached the criticality increases due to the fact, that 

933 

more " U is being produced, than consumed. Then, the criticality decreases due to ac

cumulation of the fission products. 

For most of the time, when the reactor is in equilibrium (after -day 200), its ef

ficiency decreases from 33% to 17% according to the minimal efficiency estimate and from 

66% to 57% according to the maximal efficiency estimate. That is an unacceptably low 

value. 
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Consider a moderately fast reactor which bums 3.6% of thorium per year and has a 

loss L=7%. The following values were obtained by 0RIGEN2 program (Table 3.8). 

Table 3.8. Criticality, electrical efficiency, and fuel consumption for a medium-working 
thorium ADTTR over a period of 1000 days: 

Day 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

Thorium 

bumed 

0.97% 

1.97% 

3.08% 

4.22% 

5.37% 

6.52% 

7.66% 

8.80% 

9.94% 

k 

0.801 

0.869 

0.882 

0.878 

0.871 

0.861 

0.852 

0.843 

0.835 

E pr (mini-ett 

mal) 

35% 

61% 

65% 

64% 

61% 

58% 

55% 

52% 

49% 

^eff 

(maximal) 

67% 

80% 

82% 

82%) 

80% 

79% 

77% 

75% 

74% 

After the equilibrium is reached, the reactor' s electrical efficiency decreases 

from 65% to 49% according to the minimal efficiency estimate and from 82% to 74% ac

cording to the maximal efficiency estimate. That electrical efficiency is reasonable, consid

ering the fact that our reactor works at a fair speed (3-6% of thorium is consumed per year). 

Finally, consider a very slow reactor, which bums only 0.9% of fuel per year 

and has L=4% The following values were obtained by 0RIGEN2 program (Table 3.9). 
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Table 3.9. Criticality, electrical efficiency, and fuel consumption for a slow-working 
thorium ADTTR over a period of 3000 days: 

Day 

600 

900 

1200 

1500 

1800 

2100 

2400 

2700 

3000 

Thorium 

bumed 

0.79% 

1.53% 

2.34% 

3.18% 

4.05% 

4.92% 

5.79% 

6.65% 

7.52% 

k 

0.817 

0.896 

0.921 

0.926 

0.924 

0.918 

0.912 

0.905 

0.898 

^eff 

(minimal) 

42% 

70% 

78% 

79% 

79% 

77% 

75% 

73% 

70% 

^eff 

(maximal) 

70% 

85% 

89% 

89% 

89% 

88% 

87% 

86% 

85% 

After the equilibrium is reached, the reactor' s electrical efficiency decreases 

from 79% to 70% according to the minimal efficiency estimate and from 89% to 85% ac

cording to the maximal efficiency estimate. Unfortunately, since our reactor uses only 0.9% 

of thorium per year, it is not clear that such a reactor is economically profitable. 
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3.4. Isotopes 

3.4.1. Tritium 

Due to the fact that spallation releases extra neutrons, we can produce tritium 

by the following reactions : 

a. Li+n — > a+t, 

b. Li+n > a+t + n for very fast neutrons. 

Tritium is one of the key ingredients of thermonuclear explosives. It is a very important iso

tope for fueling fusion power reactors which may be a valid power source after about 2030. 

Even now, there is a technology for hybrid fusion-fission reactors, which use muon cata

lyzed fusion. They are not built for economic reasons. 

3.4.2.^^Th 

232 The isotope is a product of an alpha decay of U which has a 72-year half-

232 231 
life. U is generated when Pa absorbs a neutron in a thermal reactor, and undergoes a 

998 
beta decay. The isotope Th has a half-life of 1.9 years. It decays by a chain of alpha and 

208 beta decays to Pb . One atom produces 36.5 MeV which is equivalent to 

15.6 TJ/kg, released at a rate of 178 kW/kg. It is a great heat source for many applications, 

e.g., for space batteries, and underground probes. 

228 
Th is also a good source of gamma radiation since each decaying atom 

emits a 2614.61 keV photon and has an 87% chance of emitting a 583.17 keV photon. 

998 994 ' '08 

" Th produces Ra via alpha decay. The isotope decays to " Pb with a 3.6 day half-

life. Released energy is 30.7 MeV/decay, or 13.2 TJ/kg at 28.5 MW/kg. 
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Unfortunately, this isotope is very toxic. The lethal dose of *̂ ^̂ Pu is 2-4 mg, 

because of its radioactivity [48,49]. Since ^ -̂̂ Th has an activity 84,000 times greater, its 

lethal dose is 25-50 nanograms. By comparison,, the most toxic chemical poison (botulin) 

has a lethal dose of 100 nanograms [50]. 

3.4.3.-^^Np 

238 The isotope is a by-product of any ^ U ABR. It is generated by (n, 2n) reac-

2 3 8 9'?'? 9'3'7 

tion of U, and the resulting ~ U decays to " Np via a beta decay. It can also be pro-
237 937 937 

duced in thorium bumer reactors when U, generated there, decays to Np. ~ Np is 

useful in small nuclear explosions. After absorbing a neutron, it becomes ~ Np with a huge 

fission cross-section. This isotope is also used in neutron detectors, and is available at a 

price of $250/g. 

3.4.4^^Pu 

237 '̂ 38 
This isotope is produced when Np absorbs a neutron and then ~ Np beta 

9^8 237 
decays to " Pu. The best way to obtain it is by irradiating Np in a thermal reactor. This 

isotope is an alpha source with 86 year half-life. It is currently priced at $700/g. 

3.4.5. Fissionable Fuel 

D f , A . A 233, 235TT 239, 241^ 242m. , 243, 245^ 
By fuel we understand ' U, Pu, Am and . Cm. 

9 i i S 

~ Cm is super grade fuel since it has nr=3.26, while all other fissionable isotopes have n. 

in the range from 2.07 to 2.28. 
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Lower grade fuel, like plutonium, can be produced in an ABR at an electrical 

price of about 4,330 MWh/kg (Subsection 3.1.3), while "̂̂ ^U can be produced at 12,000 

MWh/kg (Subsection 3.1.2). Production of ""^^Cm is far more expensive. This question is 

considered more in the following section on heavy isotopes. 

As we have discussed in the section devoted to the TBR's, plutonium fuel can 

9 0 0 9 4 S 

be used by them to produce more energy. " U and Cm can best be used in nuclear ex-
933 

plosive devices. The critical mass for ^ U is 5 kg in a device with a neutron reflector [51]. 

. . 235 
The cntical mass of U in a similar device is 14 kg [52]. Weapons grade plutonium has a 

critical mass of 13 kg [53]. 

3.4.6. Heavy Isotopes 

928 
Many heavy isotopes are produced when " U is irradiated by a high neutron 

flux. Consider the following table (Table 3.10) which illustrates the behavior of transura

nium elements under a thermal neutron bombardment [54]. 
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Table 3.10. Nuclear reactions, and their cross-sections for transuranium elements 
under thermal neutron bombardment. 

Reaction Cross-section (bams) 

238 r , , ^ 239 r r 

U+n > U 
Q - 239»r o - 2 3 9 D 

- p - > A/? - p - > Pu 

2.72 

239 
[fission 73.7% 

Pu+n — > 
240 Pu 26.3% 

1018 

240 n , ^ 2 4 1 D 

Pu + n > Pu 
289 

241 

241 
beta decay to " Am 

Pu — > i (fission 73.6% 
+ n-->' 

242 Pu 26.4% 

1264 

242 243 
~Pu + n > P« - p - > Am 20 

242 

241 
Am 90.5% 

Am + n > 
242in 

%n 9.5% 
600 

242 
Am — > • 

fission on neutron 

impact 28% 

243 Am 72% 

7600 

24: 

242 
Pu 18% 

Am -a-> 242 
Cm 82% 
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Table 3.10 continued. 

Reaction Cross-section (bams) 

243 244 Am + n - - > ^^Am - p - - > ^^Cm 78.5 

244. \'^^Am - P - > ~^'Cm 21% 2,900 
Am + n — > • 

[fis ission 79% 

" ~Cm -a-> Pu, half-life = 133 days 

244 Cm+n — > 
[fission 6% 

245 
Cm 94% 

16 

245 Cm+n — > < 
fission 85% 

"'46 

Cm 15% 

2,350 

246 Cm+n —>-< 
fission 10% 

"̂̂ Ĉm 90% 

1.4 

247 Cm+n — > 
[fission 59% 

248 
Cm 41% 

139 

248 Cm+n — > 

fission 

'''Cm - p - - > 

13% 

'''Bk - p - - > ^'V87% 

2.94 

249, 250 250, Bk+n --> ''""Bk - p - - > -""C/ 710 
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Table 3.10 continued. 

Reaction Cross-section (bams) 

249 ̂ r 1 

Cf+n — > •« 

fission 11% 

['''Cf 23% ^'^^^ 

250^.^+,, - - > 2 ^ ' C / 
1,779 

[fission 63% 7 813 
^^'Cf+n - - > . 

^"C/ 37% 

^^Cf+n -a-> ^'^Cm 

half-life = 2.65 years 

"̂̂ "̂ Cm can easily be produced in large quantities (up to -5% of the amount of 

original plutonium bumed. Production of ^^^Cm is very difficult since its thermal neutron 

cross-section is 150 times greater than that of -"̂ "̂ Cm. Thus, it will be bumed as soon as it 

is produced. In order to produce large amount of ^"^^Cm, we will have to develop a system, 

in which "̂̂ "̂ Cm is constantly irradiated, while ^^^Cm is frequently or continually separated 

from it. "̂̂ ^Cm is a perfect nuclear explosive with critical mass much smaller, than that of 

any other fissionable isotope which can be obtained in reasonable quantities. 

^44^ 
Obtaining elements beyond curium is very difficult since from Cm to 

"̂̂ ^Bk 95.5% of nuclei are lost to fission. Even greater difficulty is the diminutive cross-

sections of ^'^^Cm and ^"^^Cm, as well as huge cross-sections for califomium isotopes, 

which cause califomium to be destroyed very quickly. 
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Below there are tabulated isotopic concentrations for a reactor which starts out 

with 100 kilograms of Cm and is irradiated by thermal neutrons at a rate of 5*10 

ri/s/cm^ (Table 3.11). 

Table 3.11. Heavy elements generated from "̂̂ "̂ Cm by high intensity thermal neutron 
irradiation. The quantities are given in grams. 

Day 244 Cm 246 Cm 
252 Cf 

0 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

l.OOOE+05 

5.157E-h04 

2.665E-h04 

1.380E-1-04 

7.161E+03 

3.721E-1-03 

1.937E-h03 

1.009E-h03 

5.263E-h02 

2.749E+02 

1.438E-H02 

O.OOOE-hOO 

6.199E-h03 

9.072E-f-03 

1.021E4-04 

1.047E-1-04 

1.030E-t-04 

9.920E-H03 

9.452E+03 

8.953E-h03 

8.453E-H03 

7.967E-H03 

O.OOOE-HOO 

4.585E-01 

2.463E-I-00 

5.296E-1-00 

8.198E-I-00 

1.080E-H01 

1.296E-I-01 

1.465E+01 

1.592E-h01 

1.681E-H01 

1.738E-h01 

'^44 J • '^5'^r-c 

As we can see from the above table, very little " Cm is converted into Ct. 

Nevertheless, if we constantly reprocess the fuel, then as it can be seen from the cross-
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sections, much as 1.67% of "̂̂ "̂ Cm can be converted into ^^^Cf. If 50% of californium is 

959 , 
bumed, then only .8% of our initial curium will become ~ "Ct. 
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CHAPTER IV 

SUMMARY OF RESULTS 

In this chapter, we will discuss the contribution to the concept of accelerator 

driven nuclear energy systems obtained in this study. First, we will summarize our results 

for Accelerator Breeder Reactors (ABRs), then for Thermal Bumer Reactors, and finally for 

Accelerator Driven Thermal Thorium Reactors. Along the way, we will discuss isotope pro

duction. 

4.1. Results for ABRs 

As mentioned earlier, the main function of an ABR is to produce fissionable 

232 material. Simple Th ABRs, where thorium is both the primary and the secondary target, 

233 can produce U at the electrical price of between 6,000 MWh/kg and 10,400 MWh/kg. 

939 238 '^3'^ 
Compound ~ T h reactors, where U is the primary target and ~ T h is the secondary 

233 target, produce U at between 3,680 and 7,130 MWh/kg. As we can see from Table 3.1. 

233 ^3'^ 
in both cases uranium from these reactors is > 96% pure U. All ~ T h ABRs produce 

931 933 
.087 times as much " Pa as they produce ~ U. As discussed in subsection of section 3.4 

998 931 ^3^^ 
about Th, Pa can easily be converted to U in a thermal reactor. 

^18 939 
" U ABRs produce ~ Pu at an electrical price of between 2,200 MWh/kg 

and 4,330 MWh/kg. From Table 3.2, we can see that plutonium produced in an ABR would 

939 
be at least 92% pure " Pu. 
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We have also calculated heat production for typical uranium and thorium ABRs. The values 

of heat production per kilogram fuel (specific power) for these reactors are given in Table 

3.3 and Table 3.4. 

As we can see from our results, "̂ "̂ Û ABRs are more useful than 
9 0 9 

" T h ABRs in production of fuel for TBRs. Nevertheless, ~^Th ABRs even of the simple 

type can be very useful in preparation of weapons grade "^^U , as well as ""̂  ^Pa. 

4.2. Results for TBR 

Our main result for the thorium based thermal bumer reactors used to burn 

239 

Pu is introduction and calculation of Mp . Basically, Mp is the ratio of the total num

ber of fissions to the number of plutonium fissions. It is very important, because electrical 

output due to plutonium buming in a TBR is directly proportional to it: electrical output = 

6,600 MWh/kg Mp̂ .̂ Mp^ is given by (3.2.4.13): 

1.00-f 0.55 LQ-h(1.04-.28 TQ+ 1.35 L^) R 

P u " 0 .011-H2.75LQ-H(1 .60-H.67TQ)R 

where R is the fraction of thorium bumed per year by the TBR; L^ is the fraction of the neu

trons absorbed by the moderator, or leaking outside the reactor; T^ is time (in years) be

tween fuel reprocessing. R and T^ are parameters of reactor operation and L^ can be esti

mated once we know the reactor dimensions, and moderators. Thus, (3.2.4.13) is very use-
939 

ful for determining Mp and thus the electrical output of " Pu bumed within a TBR. 

9'3Q 938 

Electrical price of Pu produced in a " U ABR is 4,330 MWh/kg, and the 

electrical output due to plutonium buming in a TBR is 6,600 MWh/kg Mp , or is 1.52 Mp 

times greater, than its electrical price. Mp is greater than 1 by definition, and in most 
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reactors greater than 2.1. Thus, binary ABR - TBR systems produce at least four limes as 

much electrical energy, as they use. So, we can conclude, that these systems are both fea

sible, and very useful. 

We also summarized some ways in which TBRs can be used to produce useful 

isotopes, particulady the actinides. "̂̂ ^Cm is a useful TBR by product. About 5% of 

bumed plutonium is converted into '̂̂ '̂ Cm. If we irradiate it further, we can convert 0.8% -

944 25'̂  
1.6% of " Cm into "Cf, the isotope valued at $100,000,000 per gram. 

4.3 Results for ADTTR 

We have determined the relationship between ADTTR 's multiplication factor, 

and its electrical efficiency E rr= 3.08-2.08/k. 

Electrical efficiency is the fraction of electrical power generated by the reactor, which is not 

used to run the neutron source. 

We have calculated electrical efficiencies for several reactors as presented in 

Tables 3.7, 3.8, and 3.9. A superfast reactor which bums 8.6% thorium per year and has a 

neutron loss 11% would have electrical efficiency of 17% to 33%. That efficiency is so 

small, that such a reactor should not be seriously considered. A medium reactor, which 

bums 3.6% of thorium per year and has neutron loss of 8% would have electrical efficiency 

of 49% to 65%. A slow reactor, which bums .9% of thorium per year, and has a loss of 4% 

would have an electrical efficiency of 70% to 79%. 

In order for ADTTRs to have reasonable electrical efficiency, they have to be 

buming thorium at a relatively slow rate. Thus, it is difficult to compare ADTTRs with the 
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binary ABR-TBR systems without the knowledge of economic aspects of operation of both 

systems. 
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CHAPTER V 

CONCLUSION 

Based on this feasibility study, we are able to conclude, that accelerator-dri\en 

nuclear energy systems, which produce between 2 and 15 times the energy that their ac

celerators consume, are feasible. Such systems can either be binary systems consisting of an 

Accelerator Breeder Reactor and a Thermal Bumer Reactor, or they can also be Accelerator-

Driven Thermal Thorium Reactors. 

239 
ABR can produce -""̂ Pu fuel at between 2,200 MWh/kg and 4,330 MWh/kg. 

233 9'̂ 9 
U can be produced at between 3,680 and 7,130 MWh/kg in a compound " T h ABR, 

938 9'?9 Til 

where U is the primary target and Th is the secondary target. ~ U can be produced 
9^9 

at between 6,000 MWh/kg and 10,400 MWh/kg in a simple " Th ABR, where thorium is 

both the primary and the secondary target. We should also mention, that in our study, we 

used minimal values for the number of spallation neutrons per proton. Thus, the energy 

costs given here are in fact the maximum costs, or the "worst possible scenario." 
033 

Isotopes produced in ABRs have explosives grade purity. ~ U can be 96% 
939 933 

isotopically pure, while " Pu can be 92% isotopically pure. " U would be contaminated 
232 by highly radioactive U. Thus, it should be handled with extreme care. 

Accelerator driven nuclear reactors should be safer than the conventional fast 

breeder reactors. In the conventional reactors, criticality always has to be equal to one. 

Thus, conventional reactors can easily become supercritical, which would cause an accident. 

Accelerator driven reactors, however, have criticality less than one. Thus, they are less 
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likely to become supercritical. Another safety feature of ABRs, which LMFBRs do not 

have, is that ABRs can be instantly tumed off, when we tum off the accelerator. 

We have also shown, that an ABR generates fuel about five times faster than 

an LMFBR with the same cooling system (subsection 3.2.1). This is due to the fact, that an 

LMFBR produces about five times more heat per fissionable atom produced than an ABR. 

In the future, we should study the technical and economic aspects of ABRs. 

We should estimate the cost of building the first test ABR. We should also estimate the cost 

233 239 

of U and Pu produced in them, which would include the costs of building and run

ning the reactors, as well as the energy costs mentioned in this work. Hopefully, these reac

tors will be more cost-effective than modem LMFBRs. 
939 

When ~ Pu is bumed in TBR, its electrical output can be from 14,000 
MWh/kg to 66,000 MWh/kg, or 3 to 15 times its electrical price (end of Subsection 3.2.4). 

239 The electrical output of Pu bumed in TBR depends on the rate at which TBR bums fuel. 

939 
The smaller is the rate, the greater is the electrical output of " Pu, as we would see from 

Eq. (5.1). By using (3.2.4.13), and the fact that the electrical output due to plutonium bum

ing in a TBR is 6,600 MWh/kg Mp (Section 3.2) we have derived a formula for estimating 

the lower bound of electrical output in a TBR: 

^^ ;^ l.OO-hO.55 LQ-h(1.04-.28 T -̂h 1.35 L^) R 

Electncal Output = 6 , 6 0 0 - ^ * 0.011+2.75L, + (1.60+1.67 T,) R ' ^'-'^ 

where R is the fraction of thorium bumed per year by the TBR; LQ is the fraction of the neu

trons absorbed by the moderator, or leaking outside the reactor; TQ is time (in years) be

tween fuel reprocessing. 
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In order to maximize the electrical output of fuel in a TBR, we can see from 

Eq. (5.1) that (a) we should run it as slow as possible, (b) reprocess the fuel as often as pos

sible, and (c) use the best moderator. This may increase the price per kilowatt the reactor 

produces. 

In Section 3.4, we also discussed some ways in which both ABRs and TBRs 

232 931 
can produce useful isotopes. Th ABRs produce Pa, which can later be converted to 

^^^U, and "^^Th. ^^^U ABRs produce "^^Np and ^^^Pu. TBRs produce heavy isotopes, 

244 244 952 
like Cm. Up to 0.8% of Cm can be converted to Cf via thermal neutron irradia-

252 tion (subsection 3.4.6). Cf is currently valued at $100,000 per mg. It is the most valu

able isotope. 

ADTTRs can produce at least 2 to 5 times the energy their accelerators con

sume, depending on the speed at which they work. The faster they work, the smaller is their 

electrical efficiency, which can be seen from the data presented at the end of Section 3.3. In 

the table below (Table 5.1.), we have values for electrical efficiency of ADTTR depending 

on its speed: 

Table 5.1. Minimal efficiency ranges of ADTTR reactors given their speed. 

Rate of thorium buming. Neutron 

% per year loss 

Efficiency 

range (minimal 

estimate) 

Efficiency 

range (maximal 

estimate) 

3.6% 

0.9% 4% 

49-65% 

70-79% 

82-74% 

89-85% 
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Once again, the slower the reactor is, the greater is its electrical efficiency. 

However, if the reactor is too slow, the constmction and materials price may not be repaid 

by the income from energy production in any reasonable time. This would need an exhaus

tive economical study to determine accurate optimal speed for these reactors, which is be

yond the scope of this study. 

Based on these results, we may be tempted to think that an ABR-TBR system 

is more useful than an ADTTR. Nevertheless, we cannot conclude this until a detailed 

study is conducted on the cost of such systems. 

Since uranium and thorium reserves on Earth are virtually unlimited [54], these 

reactors can be a great source of energy for the future. Since ABRs have a relatively simple 

construction and require only the natural thorium or uranium to start up, they can be built by 

nations other than superpowers. 

All results presented in this study were obtained by ORIGEN2 program. These 

results are tabulated in Tables 3.7-3.10, as well as C.5-C.10. 

The concepts of the systems discussed in this study were designed in some pre

vious studies (Section 1.5). Unlike this study, however, previous studies focused on 

buming LWR waste products, rather than natural uranium and thorium. That seems to be a 

part of the modem overconcem with nuclear safety. Some scientists, for example, are con

cemed about contained radioactive waste becoming unsafe within millions of years [22]. 
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MODERATORS AND MODERATOR IMPURITIES 
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Table A.l: Moderators. [49] 

Moderator Absorption Scattering Melting Boiling Contains 

cross-section cross-section point point ^ C isotopic 

per atom per atom ^ Q impurities? 

7Li 

^LiF 

^LiOD 

7^2 C O3 

Be 

llB 

IIB2O3 

C 

Mg 

MgF2 

88sr 

88srF2 

88sr (0 D)2 

Pb 

PbF2 

Bi 

Bi2 03 

D2O 

37 mb 

24 mb 

13 mb 

13 mb 

9.5 mb 

5 mb 

2mb 

3.4 mb 

64 mb 

29 mb 

5 mb 

8mb 

1.3 mb 

170 mb 

63 mb 

34 mb 

12 mb 

.4 mb 

1.4 b 

2.7 b 

3.4 b 

3.4 b 

7.0 b 

4.8 b 

4b 

4b 

10 b 

6b 

5.6 b 

l i b 

6.3 b 

9b 

6.1b 

4.5 b 

181 

845 

450 

723 

1,278 

2,300 

450 

4,100 

648 

1,261 

769 

1,473 

375 

382 

855 

271 

825 

0 

1,342 

1,676 

924 

1,310 

2,970 

2,550 

1,860 

1,107 

2,239 

1,384 

2,489 

710 

1,740 

1,290 

1,560 

1,890 

100 

maybe 

yes 

maybe 

maybe 

no 

maybe 

maybe 

no 

no 

no 

yes 

yes 

yes 

no 

no 

no 

no 

yes 
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Table A. 2: Moderator Impurities [46]. 

Impurity Mode of Cross- Abundance Left after Left after 

neutron section in natural Itot= Itot= 

absorption element oi35 b'^ .05 b'^ 

88 Sr 

y^Sr 

85Rb (fron 84sr) 

89Y(fron 88sr) 

90zr (fron 90sr) 

.9 b 

.5 b 

1.3 b 

. l b 

1 H lH-hn-> .33 b 99.85% 99.6% 98.4% 

2H 

^Li 6Li+n-> 960 b 7.4% 0 0 

4He-f-T 

10B 10B+n-> 3,840 20% 0 0 

4He-t-7Li b 

84sr 84sr+n-> .9 b .55% 98.8% 95.6% 

85sr 

86sr 86sr-hn-> .8 b 9.9% 98.9% 96.1% 

87sr 

87sr 87sr-f-n-> 17 b 7.0% 79.5% 42.7% 

98.8% 

99.3% 

98.3% 

99.9% 

95.6% 

97.5% 

93.7% 

99.5% 
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932 
Cross-sections for" Th.[55] 

Table B.l. Fast neutron cross-sections for ""^"Th. 

Neutron 

energy 

Mev 

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

4.0 

4.5 

5.0 

5.5 

6.0 

(n,2n) 

cross-

section 

(bam) 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

(n,3n) 

cross-

section 

(bam) 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

fission 

cross-

section 

(bam) 

0.0 

0.0 

0.002 

0.080 

0.120 

0.123 

0.143 

0.149 

0.149 

0.147 

0.152 

0.142 

0.165 

inelastic 

cross-

section 

(bam) 

0.0 

1.482 

2.611 

3.403 

3.622 

3.911 

3.682 

3.701 

3.720 

3.521 

3.322 

3.154 

2.986 

capture 

cross-

section 

(bam) 

0.133 

0.130 

0.098 

0.062 

0.039 

0.027 

0.019 

0.015 

0.012 

0.009 

0.008 

0.007 
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Table B.l (continued) 

Neutron 

energy 

Mev 

6.5 

7.0 

7.5 

8.0 

8.5 

9.0 

9.5 

0.0 

10.5 

11.0 

11.5 

12.0 

12.5 

(n,2n) 

cross-

section 

(bam) 

0.003 

0.291 

0.707 

1.073 

1.359 

1.566 

1.703 

1.809 

1.882 

1.929 

1.959 

1.961 

1.862 

(n,3n) 

cross-

section 

(bam) 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.015 

0.125 

fission 

cross-

section 

(bam) 

0.277 

0.419 

0.396 

0.378 

0.345 

0.333 

0.334 

0.316 

0.312 

0.311 

0.311 

0.315 

0.318 

inelastic 

cross-

section 

(bam) 

2.818 

2.650 

2.319 

1.987 

1.646 

1.305 

1.169 

1.032 

0.988 

0.943 

0.899 

0.850 

0.822 

capture 

cross-

section 

(barn) 

0.006 

0.005 

0.004 

0.004 

0.003 

0.003 

0.003 

0.002 

0.001 

0.0 

0.0 

0.0 

0.0 
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Table B.l (continued) 

Neutron 

energy 

Mev 

13.0 

13.5 

14.0 

14.5 

15.0 

15.5 

16.0 

16.5 

17.0 

17.5 

18.0 

18.5 

19.0 

19.5 

20.0 

(n,2n) 

cross-

section 

(bam) 

1.667 

1.427 

1.181 

0.949 

0.765 

0.611 

0.484 

0.384 

0.306 

0.243 

0.193 

0.152 

0.121 

0.096 

0.076 

(n,3n) 

cross-

section 

(bam) 

0.324 

0.563 

0.800 

1.001 

1.185 

1.333 

1.451 

1.548 

1.629 

1.688 

1.728 

1.751 

1.762 

1.765 

1.766 

fission 

cross-

section 

(bam) 

0.314 

0.334 

0.350 

0.400 

0.414 

0.424 

0.444 

0.455 

0.459 

0.464 

0.486 

0.509 

0.528 

0.548 

0.568 

inelastic 

cross-

section 

(bam) 

0.790 

0.758 

0.726 

0.694 

0.662 

0.645 

0.629 

0.613 

0.596 

0.580 

0.564 

0.547 

0.531 

0.514 

0.498 

capture 

cross-

section 

(bam) 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
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Cross-sections for ^•^^Pa.[55] 

Table B.2. Fast neutron cross-sections for ^^ ^Pa. 

Neutron 

energy 

Mev 

0.0 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

8.0 

9.0 

10.0 

11.0 

12.0 

13.0 

(n,2n) 

cross-

section 

(bam) 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.085 

0.430 

0.681 

0.903 

0.954 

1.004 

0.864 

(n,3n) 

cross-

section 

(bam) 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

fission 

cross-

section 

(bam) 

0.0 

0.810 

1.140 

1.070 

0.960 

0.870 

1.060 

1.770 

2.030 

2.000 

1.870 

1.860 

1.840 

1.960 

inelastic 

cross-

section 

(bam) 

0.0 

1.959 

2.408 

2.630 

2.628 

2.580 

2.288 

1.494 

0.896 

0.650 

0.526 

0.445 

0.363 

0.308 

capture 

cross-

section 

(bam) 

0.278 

0.178 

0.175 

0.025 

0.007 

0.002 

0.001 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
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Table B.2 (continued) 

Neutron 

energy 

Mev 

14.0 

15.0 

16.0 

17.0 

18.0 

19.0 

20.0 

(n,2n) 

cross-

section 

(bam) 

0.724 

0.545 

0.366 

0.277 

0.188 

0.147 

0.106 

(n,3n) 

cross-

section 

(bam) 

0.134 

0.266 

0.446 

0.523 

0.611 

0.654 

0.697 

fission 

cross-

section 

(bam) 

2.080 

2.110 

2.140 

2.146 

2.152 

2.152 

2.152 

inelastic 

cross-

section 

(bam) 

0.252 

0.218 

0.193 

0.176 

0.158 

0.144 

0.130 

capture 

cross-

section 

(bam) 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
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APPENDIX C 

DERIVATION OF C FOR TBR REACTORS 

77 



C.l. Description 

In this section, C (for definition of C, see (3.2.4.6)) is empirically derived in 

terms of x - the fraction of neutrons absorbed by plutonium. and P - the part of the thorium 

bumed in our reactor. To do so, values for C will be analyzed for the reactors with different 

values of x, and different proportions of fuel bumed. 

The reactors, we analyze contain both uranium and thorium. In these reactors, 

938 plutonium comes from -̂ ^U rather than from extemal sources. However, neutrons needed to 

generate plutonium would come from extemal sources. In every other respect, the neutron bal

ance within the two reactors would be exactly the same. Thus, we can use the data for the 

938 nuclear reactor, where plutonium comes from U, to determine similar quantities (in our 

case neutron absorption by fission products) for the reactor, in which plutonium comes at the 

same rate from an extemal source. 
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C.2. Calculations for ^ T h - ^ ^ U reactor. 

1. The reactor with x=0. The average number of neutrons per fission is 2.48. 

Table C.l. C coefficient versus percentage of fuel bumed for a -^"Th - — U thermal 
reactor with x=0.0. 

Day Fuel bumed 

300 1.97% .138 

400 3.08% .148 

500 4.22% .161 

600 5.37% .174 

700 6.52% .187 

800 7.66% .199 

900 8.80% .211 

1000 9.94% .222 
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2. The reactor with x=.2. The average number of neutrons per fission is 2.60. 

Table C.2. C coefficient versus percentage of fuel bumed for a ^ ^ ^ h - '^^U thermal 
reactor with x=0.2. 

Day Fuel bumed 

300 2.64% .157 

400 3.89% .176 

500 5.15% .194 

600 6.40% .212 

700 7.65% .228 

800 8.87% .244 

900 10.09% .258 

1000 11.29% .272 
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3. The reactor with x=.4. The average number of neutrons per fission is 2.69. 

Table C.3. C coefficient ersus percentage of fuel bumed for a -^~Th - -"^^U thermal 
reactor with x=0.4. 

Day Fuel bumed C 

300 2.2 0% .149 

400 3.20% .170 

500 4.21% .190 

600 5.22% .209 

700 6.22% .226 

800 7.21% .242 

900 8.19% .257 

1000 9.17% .271 
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4. The reactor with x=.6. The average number of neutrons per fission is 2.77. 

Table C.4. C coefficient versus percentage of fuel bumed for a ^^h:h - --^^U thermal 
reactor with x=0.6. 

Day Fuel bumed C 

300 2.70% .171 

400 3.82% .199 

500 4.93% .224 

600 6.04% .247 

700 7.13% .268 

800 8.22% .287 

900 9.29% .304 

1000 10.35% .320 
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5. The reactor with x=0.8. The average number of neutrons per fission is 2.83 . 

Table C.5. C coefficient versus percentage of fuel bumed for a ^^h:h - ""^^U thermal 
reactor with x=0.8. 

Day Fuel bumed 

300 2.42% .165 

400 3.37% .195 

500 4.32% .221 

600 5.27% .245 

700 6.21% .265 

800 7.15% .284 

900 8.08% .301 

1000 8.99% .316 
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6. The reactor with x=1.0. The average number of neutrons per fission is 2.88. 

Table C.6. C coefficient versus percentage of fuel bumed for a - ^ ^ h - -̂ ^^U thermal 
reactor with x=1.0. 

Day Fuel bumed 

300 2.71% .188 

400 3.74% .225 

500 4.77% .256 

600 5.79% .282 

700 6.80% .305 

800 7.80% .326 

900 8.79% .345 

1000 9.76% .363 

All data above has been obtained by 0RIGEN2 calculations. An upper bound 

for C which also approximates C very good for small x and p can be written by the formula: 

C = 0.117-H(l.06-h2.36;c)p^ ( d ) 

where p is the fraction of fuel bumed. 

Our goal is to express C in terms of the fraction of thorium bumed. In order to 

do that, a relationship between the fraction of thorium bumed (P) and the fraction of fuel 

bumed (p) is determined. 
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Claim: 

^ ^ 0 . 4 4 M . 3 7 . 
0.44-H0.l9x^ 

Proof: 

1. By definition, in our system, thorium and its products absorb (1-x) N neutrons. 

Similady, plutonium absorbs x N neutrons. 

2. It takes about 1 (for ^^^Pu) -h2*.272 (for "̂̂ ^Pu and -"^^Pu)+.055 (for 

949 9'^Q 

~ ~Pu)=1.6 neutrons to fission a " Pu atom or change it by successive captures to another 

element. 

3. It takes about 1 (for -^^h)-hl(for ^^^U or -^^Pa)-f-~2*.15 (for -^'^U and 

2^^U)-h.01(for ^^%)=2.31 neutrons to bum one ^^"Th atom. 

4. It follows from 1) and 2) that x N/1.6=0.63 x N plutonium atoms will be 

bumed. Since plutonium originates from uranium, we can say that 0.63 x N uranium atoms 

are bumed. 

5. It follows from 1) and 3) that (1-x) N/2.31=0.44 (1-x) N thorium atoms are 

bumed. 

6. The fraction of thorium atoms, which are bumed is P. Since uranium has neu

tron absorption cross-section 0.368 times as large as is thorium has, the fraction of uranium 

bumed will be 0.368 P. 

7. It follows from 5) and 6) that the original number of thorium atoms before 

buming was 
, . - atoHLs burned ^ (1--^) ^ 
'^Th - ^ = 0.44 - , 

0.44 (1-x) N of which were bumed. 
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8 . I t f o l l o w s f r n m 7 ^ CinH A \ t U o f tU^ ^ ^ r r l n o l n i imK^^r r>f - 3 8 T T , It follows from 7) and 6) that the original number of -^^U atoms before bum

ing was 

# atom.i burned 0.63 x N t n ^'^ ^ 

P .368 P ^ • ' ^ ~ ^ 

0.63 X N of which were bumed. 

9- It follows from 7) and 8) that originally there were 

0.44 ^ + 1 . 7 1 ^ . (0.44+1.37 ;c)^ 

uranium and thorium atoms, 0.44 (1-x) N-hO.63 x N=(0.44-h0.19 x) N of which were bumed. 

10. From 9) it follows that p, or the portion of fuel which has bumed, is given by 

(0.44-h 0.19 x)N 0.44-h 0.19 x p = -̂  — = p 
(0.44+1.31 x)^ 0.44-f 1.37 X 

Hence, 

„ 0.44-h 1.37 ;c 
P = - p. 

0.44-f0.19x^ 

The proof is complete 

Finally, with (C.l) and (C.2), we get the expression for C in terms of P, or part 

of thorium bumed: 

C = 0.117-H (1.06 + 2.36 x)p = 0.117 + (l.06 + 2.36 x)^'^']^^'ll^ P (c 3^ 
V /^ \ ^0.44+1.37 ;c ' ^^-^^ 

For x<0.6, which is our working range, the upper bound for C is 

C=0.117+1.08 P (C.4) 
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C.3. Conclusion 
9-50 

For a thermal thorium reactor, where plutonium is produced from " U, the upper 

bound for C is C=0.117+1.08 P. Due to the arguments, given in the Description, the same 

formula should be true for our reactor, where plutonium is supplied by an extemal source. 

A thorium reactor bums R*100% of thorium per year. The reactor operates TQ years 

before fuel is recycled, and fission products are removed. Thus, an average amount of fis

sion products, present in the reactor, is given by 0.5 T^ R*(Original amount of thorium). 

Hence, a good estimation for P in a working reactor is 0.5 TQ R. Thus, we can approximate 

C by the formula 

C = 0 . 1 1 7 + . 5 4 T Q R , (C.5) 
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APPENDIX D 

CALCULATION OF THE TOTAL CROSS-SECTION OF AN 

EVENT OVER THE ENTIRE NEUTRON ENERGY SPECTRA 

GIVEN THE ENERGY DEPENDENT CROSS-SECTION OF 

THE EVENT AND NEUTRON ENERGY DISTRIBUTION. 
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Suppose, the energy dependent cross-section of an event a^ .̂̂ /̂Ej) is given for 

energies 

Ei=i*EQ, i=0... N (D.l) 

where EQ is the energy step, and N*EQ is the maximal energy, for which we have data. Sup

pose, we also have the formula for the neutron energy distribution F(E). We want to ap

proximate the total cross-section integral of the event over the entire energy range denoted 

by ^evenr ^event '^ givcn by (3.1.2.2.1) as: 

f 
J events 

E 
event 

\ 
F(E)dE 

E 

With our data, we would have to approximate the integrals in the above expres

sions by the following sums: 

£a„.„,(' E,)F(i £„) ^E 

^event~ N ' ( D . - ) 

^ F ( / E,) AE 

/ = 0 
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APPENDIX E 

DERIVATION OF RELATIONSHIP BETWEEN THE FRACTION 

933 
OF -̂̂ -̂ Pa WHICH ABSORBS A NEUTRON BEFORE DECAYING 

TO ^^^U (p )̂ AND THE FRACTION OF "^^Th WHICH 

GETS BURNED EVERY YEAR (R) 
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Our goal in this appendix is to prove (3.2.4.3): 

p^- 0.576 R, 

where p' is the portion of ^^^Pa which absorbs a neutron before decaying to "^^U. and R is 

the fraction of ^^^Th which gets bumed in one year. 

First of all, let us define: 

^Th~ ^"^^ ^^"^'" ^^^"^a^ neutron absorption cross-section for ~ Th. 

(7p^= 40.0 bam ~ thermal neutron absorption cross-section for "-̂ -̂ Pa. 

^DPa^ 9.38 year' - rate of -̂̂ -̂ Pa beta decay. 

I — rate of irradiation, r 

Rp^=Ij. CTp̂ -- rate of ^^^Pa depletion via ^^^Pa (n, Y)"-̂ ^Pa. 

939 
R= I Gj, - rate of'" T h buming. 

/ # of ^^^Pa nuclei depleted via^^^Pa(n,yf^'^Pa ^Pa 1 

# of Pa nuclei depleted via all processes ^Pa^^DPa ^opa 

' • " ' " =.576 R, (E.1) 
/?op^ 1 + .576 R 

1+ 

R ^ 

^ 7 - / , 

since in all our concepts of reactors R<.08. In all reactors, which are not superfast, R<.04. 
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APPENDIX F 

GLOSSARY 

Accelerator Breeder Reactors (ABR) - a nuclear reactor containing spallation neutron 

source, which convert fertile material into fissionable material 

Accelerator Driven Thermal Thorium Reactors (ADTTR) - a thermal thorium reactor 

with an extemal neutron source 

Conversion ratio - ratio of fissionable atoms formed from fertile material to the 

fissionable atoms destroyed by fission and capture 

Electrical efficiency (Eeff) - the ratio of the useful electrical energy generated and the 

total electrical energy generated. Useful electrical energy generated by a 

reactor is the surplus to the electrical energy necessary to run the generator. 

Electrical output - heat output for buming of fuel, which can be converted into 

electrical energy. Obviously, it includes the heat generated by 232jh or -38ij 

converted into fuel, and bumed in the process. 

Electrical price (EP) of an isotope — amount of energy it takes to produce one mole of an 

isotope. 1 MeV/atom = 26,800kWh/mole. Can also be applied to neutrons. 

-1 28 

Inverse bam (b )~ irradiation unit of 10 neutrons per square meter. 

Subcritical assembly — an assembly, which contains fissionable isotopes, and has 

criticality less, then one. 

Thermal Bumer Reactor — usual thermal nuclear reactor, which bums fuel (plutonium) 

manufactured by the accelerator breeder reactors. 

Thermal output - heat output for buming one of fuel. Obviously, it includes the heat 
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generated by 2327^ or -38u converted into fuel, and bumed in the process. 
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