
   

Abstract 

LIU, YAXI. A Study on the Feasibility of Electron-based Accelerator Driven Systems 

for Nuclear Waste Transmutation. (Under the instruction of professors Man-sung Yim and 

David McNelis.) 

Nuclear waste transmutation is an important option for the development of advanced 

fuel cycle and effective nuclear waste management. The electron accelerator driven system 

(ADS) was investigated in the study for nuclear waste transmutation as an alternative to 

proton based ADS. Target design and optimization was carried out to obtain maximum 

neutron generation. Subcritical core design based on single and multiple targets was 

investigated. System performance between electron-based ADS and proton-based ADS was 

compared in terms of neutron generation rate, transmutation efficiency and power generation. 

It was determined that the electron-based target was capable of providing high neutron flux, 

small target geometry size, small scale subcritical core, and low radiation damage.  Multiple 

target design in the electron-driven ADS was also explored to flatten power distribution in the 

ADS subcritical core. Regarding transmutation, the power peaking factors in both the 

electron- and proton- ADS increase ~ 10% during the burnup period of 700 days. Thermal 

power in proton ADS is higher than that of electron ADS by a factor ~ 20. The transmutation 

effectiveness of preliminary electron-based ADS is smaller by a factor of 11 compared to 

preliminary proton-based ADS. Proton ADS has higher radiation damage to target materials 

and surrounding materials. The capital cost for electron-based and proton-based accelerator 

facility is fairly comparable with the cost of proton-based facilities being slightly higher by a 

factor of 20%.  

Comparing with the proton-driven ADS, the electron-driven ADS pros include small 

target size and small core scale, multiple target possibility for low PPF, low radiation damage 

to target surroundings, wide availability electron beam at ~100 MeV, and low capital cost of 

electron accelerator facility. There are also aspects against electron-driven ADS, including 

low efficiency of neutron generation rate, low transmutation efficiency, low thermal power, 

and electricity generation.  
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Chapter 1 Introduction and Overview 

1.1 Nuclear Waste Issue 

Disposal of nuclear waste is critical to the continuous development and future use 

of nuclear energy. Nuclear waste results from various activities involving the use of 

radioactive materials, such as electricity production from civilian nuclear power plants, 

defense activities and nuclear weapons manufacture, medical treatment, nuclear research, 

industrial processes.  

Nuclear waste can be generally classified as either "low level" radioactive waste or 

"high level" radioactive waste. Low level nuclear waste usually includes materials used to 

handle the highly radioactive parts of nuclear reactors and waste from medical procedures 

involving radioactive treatments or x-rays. Low level waste is comparatively easy to 

dispose of. The level of radioactivity and the half life of the radioactive isotopes in low 

level waste are relatively small. Storing the waste for a period of 10 to 50 years will allow 

most of the radioactive isotopes in low level waste to decay, at which point the waste can 

be disposed of as normal refuse.  

High level radioactive waste is generally materials from the core of the nuclear 

reactor or nuclear weapon. This waste includes uranium, plutonium, and other highly 

radioactive elements made during nuclear fission. Most of the radioactive isotopes in high 

level waste emit large amounts of radiation and have extremely long half-lives (some 

longer than million years) requiring very long periods before the waste will settle to safe 

levels of radiation. This area will describe some of the methods being under consideration, 

for dealing with this high level waste. Nuclear waste has certain well-known features that 

place it in a special category. It lingers, exhibiting its radioactivity for long periods of time 

- timescales of tens or hundreds of thousands of years.  

Many nuclear power plants around the world are nearing the end of their operating 

lives. This is particularly true in the United States where most nuclear power plants are 

approaching the end of the operational time period allowed in their licenses. Currently, 

spent nuclear fuel and high-level radioactive waste are stored in temporary facilities at 

some 125 sites in 39 states. These storage sites are located in a mixture of cities, suburbs, 
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and rural areas. Most are located near large bodies of water. The concern is how to ensure 

isolation of waste to a degree sufficient to prevent severe contamination of resources, 

especially water resources. The disposal of radioactive waste from nuclear power plants 

and other high level nuclear waste sources is as politically intense an issue as 

scientifically.  

The concern associated with repository sites and the extremely long periods of 

isolation required support the view of transmuting long-lived radionuclides into short-

lived ones as a potential solution. Transmutation is the transformation of one element into 

another. The goal of transmutation, in radioactive waste disposal, is to transmute long 

lived, highly radioactive elements, into shorter lived, less-radioactive elements. 

Transmutation could be available for deployment in a short time, thus making a positive 

contribution to the solution of nuclear waste treatment in a timely manner.  

1.2 Accelerator-driven transmutation of waste  

Nuclear waste transmutation typically requires neutrons to induce nuclear 

reactions. The neutrons can be provided by either critical nuclear reactors or accelerators. 

Several countries have considered using accelerator driven transmutation systems for 

treating spent fuel. These systems are generally referred to as accelerator-driven systems 

(ADS) or accelerator-driven transmutation technologies (ADTT). The current concept of 

U.S. ADTT [DOE Roadmap to congress, 1999] is based on the use of powerful 

continuous proton accelerator. The proton beam generated from the proton accelerator hits 

the heavy metal target and produces neutrons. The produced neutrons interact with the 

fuel (causing fission or neutron capture reactions) in the assembly and produce more 

neutrons, which could also be used in the transmutation process. The waste remaining 

from these processes would ultimately be incorporated into forms acceptable for disposal. 

The excess thermal energy from the transmuter would be used to generate electrical 

power.  

 DOE’s proton-based transmutation program [DOE Roadmap to congress,1999] 

components include: 1) Chemical processes for treating spent fuel to separate long-lived 

radioactive isotopes and actinides for initial and recycle irradiation; 2) A linear accelerator 

that can deliver a high-energy (1 GeV) proton beam at high beam power; 3) A transmuter 
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consisting of a target/blanket in which spallation reactions convert the proton beam into an 

intense neutron flux, which could also be used to interact with the plutonium and minor 

actinides. The generated neutrons from the fission process would be used in the 

transmutation of long-lived fission products. 

 ADTT has the potential to generate significantly larger fluxes of neutrons than 

currently possible with critical reactor sources or pure spallation sources. However, ADS 

would require extensive development before even technical feasibility could be 

realistically assessed while applying thermal and fast reactors for transmutation would be 

based on considerable technological experience.  

 There has also been some interest in the efficacy of using electron accelerators for 

nuclear waste transmutation [Schneider, 1974]. In contrast to high-current proton 

accelerators, which are in more limited use, a newer and more expensive technology 

[JAERI, 1998], electron accelerators are well known technology and are used in lots of 

applications in many countries. The electron accelerator-based approach is similar to the 

proton accelerator-based approach in that both approaches are based on using separation 

technologies, accelerators, and target/blanket arrangements. The approaches are different 

from each other basically in the type of accelerator, heavy metal target, and type of 

reactions inside the target blanket assembly. The heavy metal target expected to be used in 

the proton-accelerator based approach is either lead-bismuth-eutectic (liquid) or tungsten 

(solid). In case of the electron accelerator-based approach, tantalum or tungsten was 

suggested for the target [Bogdankevich, 1966]. The predominant reactions inside the 

target/blanket arrangement in the proton accelerator-based approach are (p, n) in the heavy 

metal target, (n, fission) in the fuel of the transmutation system [plutonium and minor 

actinides], and (n, capture) in the long-lived fission products blanket. On the other hand 

the reactions inside the target/blanket arrangement in the electron accelerator-based 

approach are (e, γ) and (γ, n) in the heavy metal target, (γ, fission) and (n, fission) in the 

fuel of the transmutation system [plutonium and minor actinides], and (n, capture) in the 

long-lived fission products blanket 
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1.3 Motivation to Perform this Work 

Battelle Division of Pacific Northwest Laboratory had earlier investigated the 

feasibility of nuclear waste transmutation based on electron accelerators [Schneider, 

1974]. In a system with electron accelerators, there is a heavy metal converter target to 

convert the electrons to gamma rays and then gamma rays to neutrons. In other words 

both interactions, (e, γ) and (γ, n) would occur inside the converter target. The generated 

photo neutrons then would be used to transmute transuranics atoms. In that report, the 

feasibility criteria for the studied system were the reaction yield, which was the number of 

reactions per incident electron, and the energy supplied per reaction. The investigated 

electron source was a 34 MeV electron accelerator. For all investigated targets [uranium, 

lead, tantalum, copper, aluminum, and carbon], small photon yields and hence small 

photoneutron yields had been observed. The energy required for the transmutation 

reaction was found to be roughly two orders of magnitude larger than that gained in the 

most optimistic target case. Thus the energy balance criterion was not met and this scheme 

was concluded to be not practical. According to their analyses, the energy required to run 

the system was much more than the energy produced from the facility itself. There were 

several issues that were not addressed in the PNNL study which demand further 

investigations. These issues are: 

- The potential benefit of using high-energy continuous-wave electron accelerator 

instead of 34 MeV electron accelerators [i.e. a more advanced accelerator than the 

one cited in the PNNL report]. 

- Effects of a target blanket assembly that includes the heavy metal target and the 

transmuted nuclear waste for the neutron balance.  

- Effects of Photo fission reactions for the neutron and energy balance. 

With the availability of high energy of electron beam, when coupled with 

appropriate target materials, high energy electron accelerators can be used to produce 

large number of neutrons, thus providing an alternative source of neutrons. 

Currently, high energy electron beam facilities are widely available. Several 

accelerator facilities offer electron beams at low hundreds MeV, including ORELA, TN, 

USA [Larson 1996], GELINA Geel, Belgium. Electron beams, up to several GeV are also 

available at ELSA at German and the Continuous Electron Beam Accelerator Facility 
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(CEBAF) at the Thomas Jefferson National Accelerator Facility (JLab) with electron 

beam energy of up to 4GeV [Kees de Jager, 2004].  

Meanwhile, with the improvement in computational software capability and 

supporting hardware environment, opportunities to simulate very complex interactions 

associated with high energy electron particles had become available. The software, 

MCNPX [Waters, 2002], which based on Monte Carlo method, provides approximate 

solutions by performing statistical sampling experiments on a computer. Regarding the 

computational hardware environment, the North Carolina State University High 

Performance and Grid Computing (HPC) initiative offers high-performance research 

computing facilities. The high-performance computing makes it efficient to perform 

extremely time-consuming physical simulation.  

Furthermore, more photonuclear cross section data has been available and 

evaluated through the participation and cooperation of international laboratories, including 

Los Alamos National Laboratory (LANL), Korea Atomic Energy Research Institute 

(KAERI), China Nuclear Data Center (CNDC), Institute of Physics and Power 

Engineering, Russia (BOFOD), Center for Photonuclear Experiments Data (Centr 

Dannykh Fotoyadernykh Eksperimentov) Russia (CDFE), Japanese Evaluated Nuclear 

Data Library (JENDL) and Japan Atomic Energy Research Institute (JAERI) 

1.4 Proposed Work and Tasks 

The objective of this study is to examine the feasibility of electron accelerator-

based nuclear waste transmutation in comparison to the proton accelerator based approach. 

An optimized preliminary design of the system was investigated based on simulation and 

sensitivity analyses by using MCNPX [Waters, 2002]. A comparison on major system 

performance parameters for both proton-based and electron accelerator-based systems was 

performed. 

To examine the feasibility of electron accelerator-based nuclear waste 

transmutation system, transmutation efficiency and system cost were examined. A major 

focus of this study is to describe the electron-driven accelerator driven system design and 

compare the system performance of subcritical ADS between electron accelerator and 

proton accelerator for nuclear waste transmutation.  
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The principal design choice to be made between the electron- and proton- driven 

ADS is the design of subcritical core, including the target. The target is designed to 

generate the maximum number of neutrons. A study on target material and geometry to 

maximize neutron generation rate is to be carried out first. A choice between fast- and 

thermal-neutron spectrum system is to be made. An electron-based subcritical core is to be 

investigated in terms of reactivity balance, power generation, transmutation efficiency 

particle distribution, material radiation damage and other safety concerns. Since 

accelerator driven system is assumed, capital cost estimation is to be investigated in terms 

of spallation neutrons and photonuclear neutron generating cost. 

To accomplish the research objective, the following tasks are proposed. 

1. Develop an efficient methodology for tracking neutron generation escaped from 

target surface 

2. Select heavy metal target materials according to their neutron production 

performance and neutron spectrum 

3. Investigate the impact of electron accelerator beam energy on the target neutron 

production, and the impact of electron accelerator beam size on the neutron flux 

angular distribution 

4. Develop the surface matrix arithmetic method for the optimization of target 

geometry combined with source particle energy and target materials 

5. Perform the neutronic study of the electron-based and proton-based target systems 

for the purpose of accelerator driven subcritical core design 

6. Develop an electron-based accelerator driven subcritical core based on existing 

proposed proton-based ADS model 

7. Layout the flowchart of electron-based core design with the analysis of major 

components and design alternatives 

8. Perform the study of burnup and transmutation calculation for Pu and minor 

actinides in the proposed electron-based core using single or multiple target design  

9. Perform the system performance and analysis in term of thermal power, power 

distribution, and transmutation efficiency between the electron-based ADS and 

proton-based ADS 

10. Estimate the capital cost of electron accelerator facility and proton accelerator 
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facility. 
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Chapter 2 Accelerator-driven Transmutation Waste  

2.1  Introduction and Background 

2.1.1 Management and Treatment of Spent Fuel 

Spent nuclear fuel, the used fuel periodically removed from nuclear power reactors, 

is one of the most hazardous materials made by man. Nuclear power companies currently 

store 47,000 tons of spent fuel at 72 sites in 33 states [United States General Accounting 

Office, 2003]. That amount will increase through 2010, when the Department of Energy 

(DOE) expects to open a permanent repository for this fuel at Yucca Mountain, Nevada. 

Management of spent nuclear fuel, specifically the reduction of mass and volume of high-

level nuclear waste, requires the use of treatment technologies that separate the 

constituents of spent nuclear fuel as shown in Figure １into: 

1: uranium (which is approximately 95.6 percent of the spent fuel); 

2: short-lived radioactive elements (which decay to harmless species over few 

hundred years); and 

3: long-lived radioactive materials such as plutonium, americium, and other actinides. 

 
Figure １: Constituents of Spent Nuclear Fuel [INEEL, 2003] 

 

Actinides are a series of elements in the periodic table with atomic numbers 

between 89 and 104. They are heavy elements with similar chemical properties that 
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resemble the rare earth (or lanthanide) series. Uranium (U), plutonium (Pu), neptunium 

(Np), americium (Am), and curium (Cm) are the actinides of importance in determining 

the long term toxicity and heat load of spent nuclear fuel. Actinides with atomic numbers 

higher than uranium are called transuranics, and include Np, Pu, Am and Cm. Np, Am, 

and Cm are known as minor actinides because of their relatively low percentages in the 

isotopic mix in spent fuel as Figure ２. 

 
Figure ２: Chart of Important Actinides and Minor Actinides Associated with Nuclear 

Waste [Office of Nuclear Energy, Science, and Technology, 2003] 

 

The objective of treatment of spent fuel is to  

1) Reduce Spent Fuel Volume by creating a final high-level waste form that is lower in 

volume than the original spent fuel, 

2) Separate Long-Lived, Highly Toxic Elements (i.e., actinides such as plutonium and 

americium) that present the most difficult disposition challenge, and 

3) Reclaim Spent Fuel’s Valuable Energy by providing a method to reclaim the energy 

value contained in the highly toxic spent fuel elements while providing for their 

destruction. 

Aqueous chemical treatment of various types of spent nuclear fuel has been practiced 

on a commercial scale in a number of countries. A treatment process known as Plutonium-
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URanium EXtraction (PUREX) [NCSET, 2002], developed by the United States in the late 

1940s, is in active use on a large scale in France, Russia, and the United Kingdom. In the 

PUREX process, spent fuel is dissolved in acid and fed through a solvent extraction process. 

The process separates both uranium and plutonium. Afterward, both short and long-lived 

radioactive materials (neptunium, americium, etc.) are directed to a liquid waste stream, 

mixed with borosilicate glass, and poured into canisters where it vitrifies. This configuration 

is highly suitable for long-term storage or disposal. Although PUREX can be used to reduce 

spent fuel volume by removing the uranium, it has two major drawbacks: it produces 

separated plutonium (a proliferation concern) and it generates a relatively large amount of 

high-level waste, which is long-lived nuclides as Table 1.  

 
Table 1: Long-Lived Nuclear Waste Constituent, Relative Quantities by Mass of Long-lived 

Isotopes Occurring in Spent Reactor Fuel. 

 
 

2.1.2 ATW Concept 

The concept of ATW discussed here is to use external neutrons, generated from the 

bombardment of high energy particles with targets, to transmute the major very long-lived 

hazardous materials. These materials typically include the radioactive isotopes of 

technetium, iodine, neptunium, plutonium, americium, and curium (i.e., the radioisotopes 

identified by the U.S. Department of Energy (DOE, 1998) as responsible for the highest 

long-term risk to people living nearby a repository at Yucca Mountain, Nevada). In order 

to respond to the public concern about wastes and in particular the long-lived high level 

ones, the accelerator-based transmutation waste has been studied and investigated in the 
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United State of America, European countries, Russia and Japan. ATW begins with a spent 

fuel treatment center, where the uranium and short-lived fission products that do not need 

to be transmuted are separated from the rest of the waste. These short-lived fission 

products are prepared for disposal, while the uranium can be recycled for reuse or 

prepared for disposal. The remaining transuranics (plutonium, neptunium, americium and 

curium) are transferred to the waste burner, where they are transmuted into materials that 

pose mostly short-lived hazards.  

Two types of reaction in nuclear waste transmutation are of importance: neutron-

induced fission and neutron capture reaction. In neutron-induced fission, transuranics are 

induced by neutron, and then transferred into two nuclei, releasing energy in the form of 

neutrons, neutrinos, photons, and kinetic movement. The other reaction type is neutron 

capture, for examples, a radioactive I-129 atom capturing a neutron and being changed 

into a stable Xe-130 atom, as shown in Figure ３. 

 
Figure ３: Typical Reaction Types Layout of Nuclear Waste Transmutation 

 

Because these transuranics have some undesirable fuel characteristics, the fission 

process is controlled using neutrons produced by the high energy accelerator beam 

bombarded with target. The long-lived fission products are converted into short-lived 

fission produce or stable, non-hazardous materials. Because neutron-induced fission 



 

  12
  

releases energy as it is destroyed by fission in the waste burner, the produced energy could 

be used to the process of power. Only a fraction of the energy is needed to supply the 

ATW system; the rest of energy is considered to produce electricity, reducing ATW 

development and construction costs.  

2.1.3 ATW Features 

The ATW concept provides attractive transmutation features not available in other 

approaches. The first of these features is deep burnup; in principle, it can destroy major 

types of long-lived radionuclides, both fission product and actinide species described 

earlier with appropriate design of neutron energy spectrum. Reactors have more 

limitations in achieving these goals because of limitations in their neutron economy. 

Simply speaking, reactors must generally use all the neutrons produced during fission to 

sustain the nuclear chain reaction associated with critical operation. The accelerator 

system of ATW injects a second source of neutrons which can transmute troublesome 

fission products while simultaneously destroying actinides [LANSCE/ER, 1994]. In doing 

so, ATW significantly reduces or eliminates altogether the risks associated with long-term 

disposal. The specific choice of design of the ATW concept use of fluid fuel carriers 

allows creation of high-neutron flux systems which operate in energy regions where 

nuclear cross sections are large. This leads to the second attractive feature of ATW, the 

smaller inventories of radioactive materials needed in the system to sustain a desired 

transmutation rate. This low-inventory feature, in turn, has a significant overall system 

impact in that the times required to significantly reducing long-lived radioactive materials 

to very low level are much less than that for critical reactor concepts. Finally, the third 

attractive feature of ATW is that the accelerator allows subcritical operation, where the 

neutron-propagated chain reaction stops when the accelerator beam is turned off. This 

adds an important new element of control and safety into ATW’S nuclear system. 

Successful operation of ATW systems will have significant impact on the long-lived 

radioactive waste problem. By destroying certain key long-lived radionuclides, risk 

sources could be reduced by factors of 1000 or more. The remaining waste stream could 

be handled mainly in engineered storage facilities. Other material coming out of ATW and 

from the spent reactor fuel such as uranium and zirconium could be held for future use.  
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The major attributions of the ATW concept are: (1) it addresses issues of waste 

management storage capacity by efficiently destroying transuranics (TRU), transmuting 

long-lived fission products to more benign or stable isotopes, and partitioning of all 

fission products for optimal disposition, (2) it is reactor-like in scale and function and has 

the potential to be economically viable by producing usable energy by destroying 

hazardous components of spent nuclear fuel, (3) ATW allows deep burnup of Pu and 

minor actinides, while reactors have difficulty in performing multi cycles due to reactivity 

requirements, and (4) the radio toxicity of the residual material from a transmutation 

facility after 300 years is lower than direct-disposal of spent nuclear fuel after 100,000 

years, thus impacting the local population’s concern over long-term repository 

performance.  

2.2 ATW Research & Development in USA 

The United States has 47,000 metric tones (Mt) of spent nuclear fuel (data till 2002) 

residing at commercial nuclear power plants and generates approximately 2,000 Mt of 

additional spent fuel each year. At this growth rate, the statutory limit for the planned 

geologic repository, 63,000 Mt of civilian nuclear spent fuel, will be reached by 2015, as 

shown in Figure ４[D. Beller, 2005]. 
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Figure ４: Spent Fuel Accumulation as Function of Time 

 

ATW potentially can reduce the amount of waste requiring permanent storage to 

less than 3,000 tons, including less than 1 ton of plutonium. In addition, these wastes 

would require a few centuries of isolation instead of 10,000 years. 

2.2.1 Separations Technology and Transmutation Systems 

In June 1991, a 19-member interdisciplinary Separations Technology and 

Transmutation Systems [STATS, 1991] committee of the U.S. National Research Council 

was formed at the request of the U.S. Secretary of Energy to evaluate the state of the art of 

separations and transmutation concepts [Anthony 1996]. The committee’s peer-reviewed 

findings and recommendations were not encouraging. In essence, the committee felt that 

any transmutation process would not eliminate the need for a high-level radioactive waste 

repository and would be less economically attractive than the current once-through fuel 

cycle. STATS discusses the committee’s concerns and their recommendation that any 

research undertaken by the U.S. should be modest.  

In defense of the committee, they acknowledged that accelerator-driven 

transmutation systems were in a far less developed state than those of the light-water and 
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liquid metal fission reactors they evaluated. The ADTT project reviewed by the STATS 

committee had the aim of reducing TRU waste to such an extent that all waste containing 

residual TRU would be suitable for shallow land burial. The concepts they reviewed used 

a thermal neutron spectrum, fluid fuels or molten salt with dissolved radionuclides, and 

only aqueous separations technology. The current design has evolved significantly with 

particular attention to the STATS (1996) concerns and recommendations. For example, the 

committee felt that long-lived fission products may represent an equally significant 

concern as that of TRU and that advances in reprocessing may allow highly efficient 

separation operations. Technical improvements to the ADTT conceptual design discussed 

in this paper include a fast neutron spectrum that allows destruction of long-lived fission 

products, liquid lead-bismuth eutectic (LBE) coolant and spallation target, solid fuel 

processing.  

The current U.S. ADTT concept has evolved to the point that it is now based on 

maturing engineered designs as opposed to its 1991 predecessor. As currently envisioned, 

the facility would consist of three major components as illustrated in Figure ５: a high-

power proton accelerator, a spent fuel partitioning and treatment system, and a subcritical 

reactor containing the target and blanket system.  

 
Figure ５: Layout of Main Component, Preliminary ADTT System 
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There is optimism among eight national laboratories and many at research universities 

that the interfacing of the ADTT’s complex engineered components is achievable. 

Excerpts from the 1998 MIT review [Schriber, 1998] are summarized as follows: 

 No insurmountable issues or show stoppers were identified. While the proposed 

technologies are in several instances extrapolations of existing experience to untested 

conditions, they represent reasonable targets for development over the next 5 to 10 

years.  

 While we do not judge the merits of the [ADTT project] as an option to improve the 

management of nuclear wastes, we acknowledge that it has the potential to provide 

added flexibility to the design of the high level waste repository and to reduce the 

uncertainties about its performance. 

 The main technologies to be developed are all worthwhile technologies for other 

applications beside the transmutation of wastes. We see the spin-offs from the 

development efforts as equally important reasons for the undertaking of the proposed 

development program in the next few years. 

 There are several commendable attributes, but also questions and caveats to be 

addressed. The R&D [Research and Development] program is well designed to 

address these concerns. The U.S. Congress did not provide the necessary funding  

2.2.2 A Roadmap for Developing ATW Technology, Sept 1999 

Under the U.S. Accelerator Transmutation of Waste Program, Los Alamos and 

other Department of Energy laboratories are studying and developing accelerator-driven 

technologies that can transmute such waste into more benign, stable waste forms. About 

95 percent of reactor waste is uranium that by itself does not require long-term, permanent 

storage. The rest is plutonium and other transuranics (minor actinides) and highly 

radioactive fission products. The transuranics and fission products are far more hazardous 

than uranium.  

Transmutation is not a new technology, in fact, scientific knowledge of 

transmutation has been around since 1919 when Ernest Rutherford bombarded nitrogen 

with alpha particles and converted it to hydrogen and oxygen. In 1980, the DOE began to 
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look at strategies for high-level radioactive waste management, including transmutation of 

waste to a more benign form, but selected mined geologic disposal as the approach for 

waste isolation in the U.S. (presuming reprocessing of spent nuclear fuel and waste form 

optimization would occur first).   

Los Alamos has been studying ATW technology options for a decade. While many 

potential designs for an ATW system have been examined, the main technical components 

remain the same: a high-power proton linear accelerator, pyrochemical spent fuel 

treatment/waste cleanup system and subcritical waste burner that's based largely on 

existing nuclear technology. Los Alamos, in collaboration with eight other DOE 

laboratories, developed a five-year "road map" (reference number DOE/RW-0519) for 

ATW research and development, which includes examining all available technology 

development options; developing a prototype test facility; and demonstrating key aspects 

of the technologies.  

In 1998, the U.S. Congress mandated that a roadmap for the development of 

accelerator transmutation of waste be prepared. Specifically, the U.S. Department of 

Energy convened a steering committee to address (1) the scope of the congressional 

mandate to identify the technical issues that must be resolved, (2) a proposed time 

schedule and program to resolve these issues, and (3) the estimated cost of such a program. 

In addition, the report was to include an assessment of the institutional challenges of this 

program, the impact this technology could have on the civilian spent nuclear fuel program, 

areas of development which could have benefits to other ongoing programs, and the 

estimated capital and operational life cycle costs to treat civilian spent nuclear fuel. The 

steering committee’s report (DOE, 1999) was published in October 1999 in which they 

estimate a six year R&D program with a total cost of about $281 million would be 

necessary to complete a research, development, and demonstration plan. A near full-scale 

prototype to demonstrate the ability to deploy an ADTT system would require 

approximately 20 years and cost about $10 billion. Furthermore, because the issues 

addressed by ADTT are global (such as current and future energy needs and options, 

weapons nonproliferation, and management of radioactive waste), the committee 

recommended international collaboration. The principal technical issues to be resolved 

were identified in DOE (1999) as:  
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 Lifetimes of proposed materials and components in the radiation, thermal, and 

chemical environments of an ADTT system  

 Operational reliability and availability of an ADTT system  

 Operational safety of an ADTT system consistent with regulatory requirements  

 Degree of partitioning separation achievable for uranium, transuranics, and long-lived 

fission product elements from discharged commercial reactor fuel and spent ADTT 

system fuel assemblies  

 Quantification of long-lived radioactivity generated by an ADTT system including 

spallation products, and the implications for waste streams and waste forms. 

Los Alamos plans to conduct some of those demonstrations. Researchers are 

working on designs that would lower the cost of such a system, which is one of the major 

hurdles that must be overcome. While an ATW facility may be years away, its potential for 

solving a worldwide environmental dilemma is undeniable. 

 

 
Figure ６: Layout of Preliminary ADTT System [Office of Nuclear Energy] 
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2.3 Proton-based ATW Conceptual Design 

2.3.1 Proton Accelerator Beam 

Because isolated neutrons do not occur in nature, they must be extracted from 

atomic nuclei for use in scientific research. One source of neutrons is the nuclear fission 

process in a nuclear reactor. A second method of obtaining neutrons is spallation 

bombarding nuclei of heavy atoms with energetic particles (usually protons) from a high-

energy accelerator. When protons collide with target nuclei, 20 to 30 neutrons are knocked 

out, through a process called "spallation."  

Although the United States pioneered in developing neutron sources in the 1960s, 

the nation has now fallen behind Europe and Japan, where a new generation of research 

reactors and spallation neutron sources was built in the 1970s and 1980s. The justification 

and need for a new neutron source in the United States has been documented by numerous 

scientific and government assessments since the early 1970s. The development of new 

instruments and measurement methods has generally increased the demand for access to 

neutrons.  

The proposed neutron source consists of a high-energy particle accelerator that 

produces short bursts of protons at extremely high energies and power levels. These 

proton pulses bombard a heavy metal target and, through the spallation process, excite 

atomic nuclei, resulting in the emission of neutrons. The liberated neutrons are moderated 

(slowed down) to useful energies and then guided as beams into experimental areas for 

use in neutron science experiments.   

Los Alamos Neutron Science Center (LANSCE) is categorized as a non-nuclear 

accelerator facility. It provides a high-intensity, multiple-use accelerator to serve a large 

community of scientists in medium-energy nuclear and particle physics, applied research, 

condensed matter studies, medical isotopes, and nuclear technology development. The 

LANSCE complex includes an 800 MeV proton linear accelerator; several beam lines and 

experimental areas, meson and proton spectrometers, and other equipment used in 

medium-energy particle physics research. 

These systems use spallation reaction to produce high energy particles (e.g. l GeV 

protons), a large amount of neutrons that in a second moment are introduced in a 
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multiplying medium. Spallation, a reaction in which a high-energy primary particle 

interacts with a target nucleus, is thought to take place in two stages. In the first stage (the 

intranuclear cascade phase), the incident proton creates a high energy particle cascade 

inside the nucleus. During the intranuclear cascade, high-energy (>20MeV) secondary 

particles and low-energy (<20 MeV) cascade particles escape the nucleus; at the end the 

nucleus is typically left in a highly excited state. In the second stage (the evaporation 

phase), the excited nucleus relaxes, primarily by emitting low-energy (<20 MeV) 

evaporation neutrons. For thick targets, the high-energy secondary particles (plus their 

progeny) can undergo further spallation reactions. For some target materials, low-energy 

spallation neutrons can enhance neutron production through low-energy (n, xn) reactions. 

The total low-energy neutron production from a target is the sum of low-energy spallation 

neutron production plus the net production from low-energy (n, xn) reactions.  

2.3.2 Proton-Based ADS Concept 

The system is driven by an accelerator with a high-energy proton beam (800-1000 

MeV) that smashes a target atom into many atomic fragments producing a large number of 

neutrons (around 20 - 30 per atom smashed). Under a transmutation scenario, spent fuel 

would be processed for the removal of uranium and the separation of long-lived 

radionuclides, principally plutonium, neptunium, americium, curium, technetium, and 

iodine. Uranium would be recycled or disposed of as low-level radioactive waste and the 

short-lived radionuclides would be buried in a repository. The separated long-lived 

radionuclides would be manufactured into fuel or transmutation assemblies. The 

transmuter facility would use an accelerator-target assembly to produce large numbers of 

neutrons that cause the transmutations. The accelerator–target assembly basically consists 

of a powerful continuous-wave accelerator, a heavy metal target in the middle of the 

assembly, and fuel arrangements, typically plutonium and minor actinides. The heavy 

metal target is selected based on its physics properties and the number of neutrons that 

could be generated per each interacting particle. The heavy metal target is surrounded by 

the fuel arrangements.  
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Figure ７: Proton ADS Layout, Adapted from Schematic Figure of Accelerator- Driven 

Transmutation Concept -Alloy Fuel Core System [OECD, 1994] 

 

There are two types of conceptual design based on proton accelerator. One is using 

fast neutron, in this concept, for example, a JAREI proposed design, the accelerator injects 

1.5 GeV proton beam of 39 mA into the tungsten target located at the center of the sodium 

cooled fast reactor core, which is loaded with alloy fuel containing minor actinides. The 

main system performance parameter is listed as Table 2 
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Table 2: JAREI Proposed Concept Proton ADS System Performance Parameters [OECD, 

1994] 

 
The other ATW concept is to use the thermal neutrons to transmute minor actinides 

and long-lived fission products. In the LANL concept, the linear proton accelerator 

operates at 1.6 GeV at a continuous wave current of 250 mA. The primary proton beam is 

then split into four beams, each having a current of 62.5 mA. Each of the four beams 
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directed into four separated target/blanket modules. The high-energy proton beam strikes a 

centrally located spallation target to produce an intense source of neutrons. The base-case 

design is comprised of heavy-water-cooled tungsten rods, and its blanket region and 

balance of plant design is based on existing heavy-water reactor technology employed in 

the CANDU reactor system [Cappiello, 1992]. 

2.4 Electron ADS Preliminary Design 

The main difference of an electron-based ADS preliminary design compared with 

proton-based ADS is the core design. In the electron-based ADS, the source particle beam 

is a high energy electron beam instead of a proton beam.  

2.4.1 Bremsstrahlung Physics 

When high-energy electrons interact with matter, only a small fraction of the 

energy is dissipated as a result of collision processes. A large fraction is spent in the 

production of high-energy photons (Bremsstrahlung), shown in Figure ８.  

 
Figure ８: Electromagnetic Cascade 
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Bombarding a target with high energy electrons will result in the development of 

an “electron-gamma shower”, also known as an “electromagnetic cascade”, or as 

“electromagnetic shower”. A high energy electron produces a high energy photon 

(Bremsstrahlung). This photon then produces electron-positron pairs and Compton 

electrons. These electrons then produce more photons by Bremsstrahlung.  This continues 

until the collision losses dominate the radiative losses and the cascade or shower dies out. 

The Bremsstrahlung photons are mostly forward directed. The angular distribution of 

photons is a function of the energy of the incident electron. The electrons and positrons 

generated by pair production are also forward directed.  The angular distribution is also a 

function of energy. Therefore, the electron-photon-electron cycle (cascade or shower) is 

forward directed. The photoneutron generated by interaction of the high energy photons 

with atomic nuclei is then emitted isotropic (governed by cross section). Analytical 

shower theory describes the development of the electromagnetic cascade. This theory 

describes longitudinal shower development as well as lateral (or transverse, or width) 

shower development. 

An approximate yield of neutron from thick targets bombarded by electrons was 

suggested [Barber and George, 1959] 
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Where Eo is the incident electron energy,  

Ko is the photon energy at the peak of the giant dipole resonance,   

tr(Z) is the number of grams/cm^2 in one radiation length,  

A is the atomic weight of the target materials,  

The integral ∫ dkkZ ),(σ is the photon energy integral for producing a neutron by 

any reaction 

The expression of 
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ZR
+

 is a ratio of the electron energy loss by radiation 

to that by both ionization and radiation 

The constant K was determined to give agreement with their experimental yield  

A shower is produced when the primary electron beam energy is much greater than 
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the critical electron energy. The critical energy, Ec , is the electron energy at which the 

average energy loss due to radiation equals that due to ionization and is given [Swanson 

and Thomas, 1990] as: 

)2.1(
800)(
+

=
Z

MeVEc  …………………………………………..(2.2) 

where Z is the atomic number of the target material.  

The electromagnetic shower contains photons of all energies up to the primary 

particle energy. The photon spectrum has a 1/(E^2) distribution for thick targets, and a 1/E 

distribution for thin targets (here, E is the photon energy) [Fasso, 1990]. 

A photonuclear interaction begins with the absorption of a photon by a nucleus. 

There are several mechanisms by which this can occur. The nuclear data files currently 

available focus on the energy ranging up to 150 MeV of incident photon energy [MCNPX, 

2002]. The value of 150 MeV was chosen as it represents the energy below the threshold 

for the production of pions to avoid the need for much more complicated nuclear 

modeling. Below 150 MeV, the primary mechanisms for photon absorption are the 

excitation of either the giant dipole resonance or a quasi-deuteron nucleon pair. The giant 

dipole resonance (GDR) absorption mechanism can be conceptualized as the 

electromagnetic wave, the photon, interacting with the dipole moment of the nucleus as a 

whole. This results in a collective excitation of the nucleus. It is the most likely processing 

(that is, the largest cross section) by which photons interact with the nucleus. (Expected 

peak cross sections of 6-10 millibarns are seen for the light isotopes and 600-800 

millibarns are not uncommon for the heavy elements. Thus, photonuclear collisions may 

account for a theoretical maximum of 5-6% of the photon collisions.) The GDR occurs 

with highest probability when the wavelength of the photon is comparable to the size of 

the nucleus. This typically occurs for photon energies in the range of 5-20 MeV and has a 

resonance width of a few MeV. For deformed nuclei, a double peak is seen due to the 

variation of the nuclear radius. Outside of this resonance region, the cross section for a 

GDR reaction becomes negligible [Bohr, 1998].  

2.4.2 Electron-Based ADS Concept 

The high energy photon induces photonuclear interaction when hitting heavy target 
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materials and neutron is generated during the photonuclear interaction. The total neutron 

yield is composed of neutrons from (γ , n), (γ , f) and (n, f) [Gindler, 1956 ].  

The schematic of high-energy electron induced neutron fission in nuclear waste 

transmutation was originally proposed [Battelle, 1974] as Figure ９. 

 
Figure ９: Layout of High-Energy Electron Induced Neutron Fission by PNNL 

 

An electron accelerator-based waste transmutation system requires four basic 

components: a separation or reprocessing facility, an electron accelerator, a subcritical 

assembly, and reflector. A preliminary conceptual design of such a system was developed 

in this study and, for the purposes of this study, it was assumed that the nuclides were 

already separated and put into suitable forms for irradiation in the transmutation system. 

The specifications of the Jefferson Lab CEBAF continuous wave accelerator were used in 

this design. The subcritical assembly contained a converter target, minor actinides and 

plutonium containing fuel assemblies and reflector. 

The current development and experiment of electron-based accelerator driven 

system is on preliminary stage. The Idaho Accelerator Center of the Idaho State University 

hosted a third annual Workshop on Accelerator-Driven Subcritical System (ADSS) 

Experiments on June 2005. In the unique workshop nuclear engineering and physics 

faculty and research scientists from Idaho State University, Texas A&M University, 

University of Texas at Austin, University of Nevada, Las Vegas, and University of 
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Michigan [IAC, 2005 ] met with scientists and engineers from Los Alamos and Argonne 

National Laboratories as well as several international organizations. They discussed the 

use of accelerators in nuclear experiments for the Advanced Fuel Cycle Initiative (AFCI) 

of the U.S. Department of Energy (DOE) as well as for European programs. This is the 

only DOE-sponsored workshop on the coupling of neutron-generating accelerator systems 

and subcritical nuclear assemblies or reactors. The workshop included presentations on the 

latest results and status of U.S. and international ADSS experiments, with the focus on the 

AFCI Reactor Accelerator Coupling Experiments (RACE) Project. The RACE Project is a 

series of ongoing and future experiments to determine the performance of subcritical 

driven nuclear reactor systems. At ISU, UT-Austin, and Texas A&M the driving source 

uses photonuclear reactions produced by ISU’s electron accelerators, with energy ranging 

from 20MeV to 40 MeV. Future European efforts will be concentrated on a collaboration 

between the ISU-led RACE Project and the European ECATS project (Experiment on the 

Coupling of an Accelerator, a spallation Target and a Sub-critical blanket, a component of 

EUROTRANS). 
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Chapter 3 Study on Target Design for Accelerator Driven System 

This chapter is focused on the target design in the electron accelerator driven 

system (ADS). A study on the target for proton ADS was also made to compare the 

performance between the electron-based and the proton-based systems. Monte Carlo 

simulations have been carried out in thick targets, which were bombarded by high energy 

(~100Mev up to 1Gev) source particles.  Neutron yields escaping from target outer 

surfaces were calculated and compared as function of beam energy, beam size, target 

geometry, size and target materials. The surface matrix arithmetic method was used for 

this purpose. Comparisons of computational and experimental results on neutron yield 

were compared with electron beam in low hundreds MeV.  High neutron yield target 

materials were selected from low-Z materials to high-Z materials. The maximum neutron 

generations from electron-based target and from proton-based target were obtained with 

consideration of characteristics of source particle beam energy and properties of target 

material and geometry.  The mesh tally method was applied to efficiently determine the 

target and beam size with respect to maximum neutron generation and neutron isotropic 

angular distribution.  Electron, photon and neutron energy spectrum were plotted in 

electron-based target; proton and neutron energy spectrum were plotted in proton-based 

target. And the neutron energy spectrum in electron-based target and proton-based target 

were compared regarding the intensity of neutron per source particle and neutron energy 

range.  

3.1. Background of Bremsstrahlung and Photonuclear interaction 

With the availability of more photonuclear cross section data and higher energy 

electron beams, the potential for the application of electron ADS is increasing, not only in 

medical application, but also in nuclear waste transmutation. The topic of neutron yield 

from targets driven by electrons was studied very early in 1950’s at Stanford University 

[Barber, 1959]; and in 1970’s at National Bureau of Standards [Berger, 1970] with thick 

targets. Neutron yields from thick targets of selected materials were given as technical 

report series [Swanson, 1979]. Until recently, cylindrical geometry targets were widely 

used in various facilities [Pohang, 1997], [GELINA, 2001]. This paper describes the 
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method of design target in terms of target geometry, size and target materials. The neutron 

yield ratios were studied with electron beam energy ranging from 20 MeV to 1GeV. The 

selected candidates of target materials include as Tantalum, Lead, Bismuth, Tungsten, and 

Uranium [Swanson, 1990] in terms of high neutron yield.  

There is angular dependence of thick-target Bremsstrahlung intensity [Koch, 1959]. 

The neutron intensity is symmetrical on axis of incident electron accelerator. No general 

analytical expressions which accurately predict the spectrum as a function of angle for any 

experimental situation are available. Therefore, simulation by using physics-based 

computer models becomes important and necessary, especially for high energy electron 

accelerator. We investigated the target geometry optimization for high energy electron 

accelerator and observed the cylindrical shape target is approximately the optimal 

geometry in terms of maximum neutron capable escaping from target outer surfaces. 

Therefore, the basic model of target we approach is a cylinder with electron beam driven 

along the cylindrical axes, as shown in Figure 10. 

 
Figure 10: Cylindrical Geometry Target with Electron Beam Driven on the 

Cylindrical Axes 

  

In early 1970’s, the calculation of Bremsstrahlung production and associated 

photoneutron production in thick target irradiated by electron was carried with electron energy 
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between 10MeV and 60 MeV [Martin and Stephen]. By thick target it means targets whose 

thickness is at least an appreciable fraction of the mean range of the incident electrons. The 

accurate evaluation of the Bremsstrahlung production depends on knowledge of the entire 

electron-photon cascade set up in the target. A theoretical treatment must include the slowing 

down and multiple scattering of the primary electron as well as of the secondary electron that 

are produced in knock-on collisions and as the results of photoelectric absorption, Compton 

scattering, and pair-production events.  

The absorption of the bremsstrahlung photons in thick target is large, the angular 

distribution of the bremsstrahlung is largely dependent on the target geometry in specific 

experiment situation. One of the few examples in which angular distribution data are present 

in a more general way with correction for the geometry and the target absorption is to be 

found in the measurement of Beuchner, Van de Graaff for initial electron kinetic energy in the 

region from 1.25 to 2.35 MeV. Their results for beryllium and gold targets are given in Figure 

11.  It indicated that higher electron energy, the electron-induced photon reached deeper inside 

the thick targets. 

 
Figure 11: Angular dependence of the thick-target bremsstrahlung intensity integrated over 

photon energy from 1.25 to 2.35 MeV [Buechner, Van De Graaff, 1948] 
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3.2. Methods and Approaches - Surface Matrix Arithmetic 

 The objective of a target design in electron-driven ADS is to convert the energy of 

electron into a Bremsstrahlung field efficiently and produce highest possible number of 

neutrons. In the photoneutron calculation work of [Seltzer and Berger, 1972], a thick target 

was divided by 50 equal layers, the photoneutron yield was calculated by forming the 

production the differential track length, the photonuclear cross section and the number of 

atoms per unit volume, and integrating the production down to the threshold energy.  

With the availability of Monte Carlo simulation tools, such as MCNPX, it is feasible 

to simulate high energy electron in thick targets. Optimizations of the target design with the 

calculation of Bremsstrahlung production and photoneutron yield in targets irradiated by 

electron beams was carried out by the method of surface matrix arithmetic.   

3.2.1: Basic Matrix Arithmetic with Target Cylindrical variables   

By tallying the neutron from planar surfaces and cylindrical surface, the total 

neutron yield exiting from the outer surface is calculated.  To obtain optimal target, the 

cylindrical diameter and the height of the cylinder need to be determined. The outer 

surface of a cylinder target consists of two planar surfaces and one cylindrical surface. 

The two planar surfaces are defined as the top planar surface, PT,  with the neutrons 

escaping in the reverse direction of electron beam direction, and bottom planar surface, 

PB,  with the neutrons escaping in the same direction of electron beam direction. And the 

cylindrical body surface is called S. 

To get the maximum neutron yield from target outer surfaces, which including top 

planar surface, bottom planar surface and cylindrical surface, the target cylindrical 

diameter and thickness were to be determined.  
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Figure 12: Target Disc Piled up and multiple planar surfaces 

 

With variables of diameter and thickness of target, we tallied the neutron current 

exiting across top surface, side surface and bottom surface as PTi,j,  Si,j,  and PBi,j.  Further 

more, the total outer surface neutron current, Ni,j,  was calculated as sum of PTi,j,  Si,j,  and 

PBi,j, where i=0, 1, 2, …, I,  stands for diameter subscript, and j=0, 1, 2, …, J, stands for 

thickness subscript, as shown in Figure 12 
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With i=0, 1, …, I stands for target diameter  

and j = 0, 1, …, J,  stands for target thickness  

Neutron currents exiting each surface, as a function of target diameter and 



 

  33
  

thickness, forms a matrix. Using 3-dimension plotting, the relationship of neutron exiting 

across each surface and the total number of neutrons escaping outer surface were obtained.  

To consider the neutron yield as a function of electron beam energy, electron beam 

energy range was chose from 100MeV, 200MeV… 1GeV. To get the neutron of target 

outer surface as function of electron energy and target size, right cylindrical target 

geometry was used, in which the target diameter equals the target thickness.  

3.2.2: MCNPX Variance Reduction in Electron ADS 

Due to the very time consume nature of MCNXP calculations in this study, neutron 

yield calculation using various variance reduction tools war investigated. The variance 

reduction method included energy cutoff, geometry splitting with Russian roulette, weight 

window and source variable biasing etc. We observed that the energy cutoff is the most 

efficient one in performing Bremsstrahlung calculation in terms of reducing computation 

time. Setting the energy range of interest, especially in lower limit, i.e., electron energy for 

Bremsstrahlung reaction and photon energy for photonuclear reactions separately, turns 

out to be a very effective way of saving computation time.  

Here we take a 1GeV electron beam, 10 cm * 10 cm (Diameter * Height) Cylindrical 

target with target material as uranium for example. The simulation history was set as 1,000 

since 1GeV case need 30+ hours without energy cutoff.  As observed, without/with setting the 

threshold energy in Bremsstrahlung, the total neutron yield changes of 1%, at the same time, 

the simulation computing time was reduced by a factor of low hundreds, as shown in Table 3. 

 

Table 3: Simulation Computation Time without/with Energy Cutoff 

 
* The delta signal in the table stands for the total neutron current difference 

without/with energy cutoff. RE stands for relative error. 
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3.3. Simulation Results and Analysis for Electron-based Target 

3.3.1: Target Materials Selection 

As the basis for studying neutron yield from various target materials, the data from an 

IAEA technical report Radiological Safety Aspects of the operation of Electron Linear 

Accelerator [Swanson, 1979] was used. The report summarized the neutron yield per electron 

in an assumed infinite target with 100 MeV electrons. The neutron yield was expressed in 

neutrons/sec-Kw. From this, the neutron yield per electron was derived as shown in Table 4. 

 

Table 4: Approximate Neutron Yields from Thick Targets and converted to Neutron Ratio  

 
 

Consider the results in Table 4 and the availability of supporting photonuclear 

cross sections; we selected the candidate target materials as Tantalum, Tungsten, Lead, 
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Bismuth, Thorium and Uranium. The isotope abundance in the selected target materials 

are: Tantalum (Ta-181 100%); Tungsten (W-182 26.5%, W-183 14.31%, W-184 30.64%, 

W-186 28.43%); Lead (Pb-206 24.1%, Pb-207 22.1%, Pb-208 52.4%); Bismuth (Bi-209 

100%); Thorium (Th-232 100%) and Uranium (U-235 0.72%, U-238 99.28%). 

 

Table 5: Neutron yield comparison between for various target materials with 100Mev 

Electrons 

 
Neutron generation in the selected target materials was investigated as function of 

electron accelerator energy above 100MeV. For the purpose of benchmarking the MCNPX 

model based on the surface matrix arithmetic developed in this study, neutron yield results fro 

the MCNPX analysis were compared with those obtained from experimental studies. Table 5 

represents the comparison for the selected 7 target materials at electron beam energy of 

00MeV. Results indicated good agreements between the experiment and the calculation 

results. The results obtained from MCNPX calculation were listed in Table 6 and Figure 13. 

We observed that neutron yield from Uranium was the highest among all of the candidate 

target materials. The target material was selected as Uranium in the subsequent studies of 

electron beam energy selection and target geometry optimization.  
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Table 6: Neutron generation per electron as function of accelerator energy and target materials 

 
 

 
Figure 13: neutron generation as function of electron accelerator energy and target 

materials 

  

In target materials selection, the choice between solid and liquid heavy metal can 

also be considered. Typically in operating accelerators solid targets are used for neutron 

generation. Solid targets are usually assemblies of rods or disks fabricated from tungsten, 

uranium, tantalum and cooled with heavy water 

Issues associated with solid heavy metal materials include:  

♦ Radiation damage of targets materials with swelling and heat-conducting properties 
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degradation accompanied with helium accumulation due to high energy particle 

interaction. Radiation damage of targets in accelerator was estimated to be 

approximately 10 times higher than the one in fast reactors [Bauer, 1998]. 

♦ Complexity of targets cooling, where high energy deposition is observed (several 

hundred kW per liter). 

♦ Target cooling down after accelerator stops. Relatively powerful auxiliary cooling 

system is needed to remove the energy deposited. 

In liquid targets, high energy electron/proton beam interacts with a flow of liquid 

metal. In this case the target material does not need to have crystalline structure, which 

can be damaged with radiation. The liquid target works simultaneously as a coolant 

constantly being removed from the zone of heating and cooled down in heat exchanger. 

Spallation products are dispersed on the whole volume of the target circuit and the target 

cooling possible by means of natural convection. 

The liquid target technology has been developed with bismuth. It requires 

formation and maintenance of oxide films on structural materials surfaces to protect them 

against corrosion as well as reduction of lead oxides by means of insertion of gaseous 

mixtures with hydrogen. 

Issues associated with lead-bismuth liquid heavy metal target materials includes: 

♦ Low melting point (Bismuth melts at 519.8 F (271.3 oC), which cause multiple 

engineering and technology problems; 

♦ Corrosion problems at high temperature, and a ductile-to-brittle transition temperature 

(DBTT) problem because of radiation damage. 

Given the lack of apparent advantage with liquid target, solid target will be employed 

in the study. 

3.3.2: Electron Beam Energy Selection 

Currently, availability of high energy electron beam mainly depends upon the 

electron energy range. For ~10 MeV electrons, the beam facilities are widely available. 

For low hundreds MeV, available beam facilities include ORELA, TN, USA [Larson 

1996], GELINA Geel, Belgium. For several GeV electron beam, the beam facilities exist 

in a large research institutes such as Electron Stretcher Accelerator, Germany, and the 
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Continuous Electron Beam Accelerator Facility (CEBAF) at the Thomas Jefferson 

National Accelerator Facility (JLab) with electron accelerator energy up to 4GeV [Kees de 

Jager, 2004]. Examples of electron beam energy and associated neutron yield data fro 

some of the major were shown in Table 7. Considering the availability and cost, the 

electron beam energy in this study was selected in the low tens MeV up to 1GeV. 1GeV is 

also the maximum energy allowed in MCNPX simulations [Water, 2002].  

 

Table 7: Electron Linear Accelerator Laboratories Facility Details 

 
 

Calculated neutron generation per source particle characteristic by using surface 

matrix arithmetic at different electron energy was again benchmarked by comparing the 

simulation results with the measured date in Table 7. The comparison was shown in Table 

8. In the simulation, the target geometry was chosen as the right cylinder of 10cm in 

thickness and diameter, which is not necessarily the optimal target size for low energy 

electron beam. The exalt size and geometry of the targets in the listed facilities are not 

know which may explain the differences observed in the comparison.   
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Table 8: Comparison Ratio of neutron to electron with facilities data and simulation 

results 

 
A detailed surface matrix data was obtained as shown in Table 9 to show neutron 

yield characteristics as function of electron beam energy. Results demonstrated 

approximately linear relationship between the neutron yield and electron energy; the 

neutron yield escaping from target outer surfaces increase as the electron beam energy 

increases.  The linear relationship was much more pronounced when the target size was 

bigger than 5cm, as observed from Figure 14. 

 

Table 9: Neutron Yield per electron escaping from Target Outer Surface as 

Function of Electron Beam Energy and Target Size 
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Figure 14: Neutron Yield as Function of Electron Beam Energy and Target Size 

 

Neutron yield reached the highest at 1GeV electron energy which was selected as 

the optimal beam energy in the subsequent analysis electron ADS.  

3.3.3: Target Geometry Optimization 

A set of comprehensive cases was set up to determine optimum target geometry, 

i.e., target diameter and thickness. The electron beam was assumed at a GeV hitting 

uranium target. The beam size radius was assumed at 1cm. Other details are as followings:     

1GeV electron beam was used as source beam, bombarded at the top center of 

cylindrical target as shown in Figure 10. Target material consists of Uranium-235 as 0.7% 

and Uranium – 238 as 99.3%. The electron beam size was set up as 1cm at diameter. The 

target diameter changes from 1cm, 3cm, 5cm, 10 cm, up to 40cm. By tallying neutron 

yield across the entire cylinder surfaces (i.e., the top surface, side surface and bottom 

surface), four different data tables were obtained. Table 10 for top surface neutron yield, 

Table 11 for side surface neutron yield, Table 12 for bottom surface neutron yield and 
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Table 13 for total outer surface neutron yield were shown as followings. We define that 

the top surface is the surface where electron beam enter into the target. Therefore, the 

bottom surface is the surface opposite to top surface, far end surface from electron beam 

source. All the cases were simulated by using 10,000 electrons. The relative error in the 

results was less than 5%.  

 

Table 10: Bottom Surface Neutron Yield with variables of Target Diameter and 

Thickness 
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Figure 15: Bottom Surface Neutron Yield as Function of Target Diameter and Thickness 

with Uranium Target Driven by 1Gev Electron Beam 

 

As shown in Figure 15, maximum neutron yield across the bottom surface occurs 

when the thickness of target is from 3cm to 5cm. At given target thickness, the neutron 

yield escaping from the bottom surface increases as the target diameter increases.  
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Table 11: Side Surface Neutron Yield with variables of Target Diameter and Thickness 

 
 

0

20

40

0510152025303540
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Ta
rg

et
 T

hic
kn

es
s (

cm
)

Side Surface Neutron Yield 
as Function of Target Diameter and Thickness

Target Diameter (cm)

N
eu

tro
n 

Y
ie

ld
 p

er
 E

le
ct

ro
n

 
Figure 16: Side Surface Neutron Yield as Function of Target Diameter and Thickness with 

Uranium Target Driven by 1Gev Electron Beam 
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 Figure 16 indicates that the maximum neutron yield across the side surface occurs 

when the diameter of target is around 3cm to 5cm. When target diameter is fixed, neutron 

yield escaping from the cylindrical surface increases as the target thickness increases.  

 

Table 12: Top Surface Neutron Yield with variables of Target Diameter and Thickness 
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Figure 17: Top Surface Neutron Yield as Function of Target Diameter and Thickness with 

Uranium Target Driven by 1Gev Electron Beam 

  

 Figure 17 indicates that neutron yield across the top surface increases as the 

target diameter and/or thickness increases, and at a given target diameter, the estimated 

neutron yield  remains a constant after the target thickness reaches 13cm ~ 16cm.  
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Table 13: Total Outer Surface Neutron Yield with variables of Target Diameter and 

Thickness 

 

 
Figure 18: Total Outer Surface Neutron Yield as Function of Target Diameter and 

Thickness with Uranium Target Driven by 1Gev Electron Beam 



 

  47
  

 

The total neutron yields across the entire surface are a sum of neutron yields across 

the bottom surface, the side surface and the top surface. It gives the comprehensive view 

of the neutron yield as function of target diameter and thickness. Figure 18 shows that at a 

given target diameter, total outer surface neutron yield increases as target thickness 

increases up to 10cm. After passing 10cm thickness, the neutron yield remains almost 

constant. When target thickness is fixed, total outer surface neutron yield increases as 

target thickness increases up to 10cm. Then neutron yield remains almost constant with 

the increase in thickness too. 

The maximum neutron across the bottom surface occurs when the thickness of 

target ranges between 3cm to 5cm. The maximum neutron across the side surface occurs 

when the diameter of target is around 3cm to 5cm. Neutron yield across the top surface 

increases as target diameter and/or target thickness increases. Based on the results, the 

optimal target diameter zone is expected to be around 10cm and the optimal target 

thickness is expected to be around 10cm as well.  

Considering the fact that may of the photons backscatter, effect of capturing 

photons escaping from the top surface was examined by creating a hole in the target. The 

increase in neutron yield at low hundreds electron beam, was estimated to be around 5% 

and around 2% with electron beam energy in high hundreds MeV. Therefore the effect of 

creativity a hole was not significant and was not considered in the subsequent studies.  In 

summary, the maximum neutron, about 7.62E-02 per electron was obtained with 

consideration of characteristics of target materials as Uranium, source particle electron 

beam energy as 1GeV, and target geometry as right cylinder with diameter and thickness 

as 10cm.  

3.4. Methods and Approaches - Mesh Tally Method 

3.4.1: MCNPX New and Advance Tally Feature, Mesh Tally  

In section 3.3, we introduced the surface matrix arithmetic method in order to 

determine the optimized target geometry with numerical simulations. It turned out to be an 

accurate method since only the neutron escaping from the outer surfaces were tallied. 

However, the method was a very time consuming and needed great effort to obtain one data 
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point of total neutron generation from one given target design. Considering multiple variables, 

including target size and beam size, a more efficient method is essential and feasible to be 

applied in the ADS target design. MCNPX happens to have the advanced feature meeting the 

requirement, which is mesh tally. MCNPX program began in 1994, and was intended to 

extend the existing functionalities of MCNP to be able to track all particles at all energies, to 

improve physics simulation models, to extend or develop neutron, proton and photonuclear 

libraries up to 150 MeV, and to introduce new variance reduction and data analysis techniques. 

In a short period, MCNPX has rapidly developed into a significant Monte Carlo simulation 

tool for various applications in the low-energy and high-energy transport fields. In our 

application, it involved that accelerator targets design, accelerator isotope production and 

destruction programs (i.e. ATW), and accelerator-driven energy sources research. 

Mesh tally, the technique which has become known as the ‘Mesh Tally’ has become 

very widely used in many applications. The development of this method grew out of research 

with codes such as LCS, GEANT, FLUKA, CALOR, and MARS at the Superconducting 

Super Collider in 1993. Some form of this method is currently in standard use in most high-

energy Monte Carlo codes. 

The Mesh Tally is a method of graphically displaying particle flux, dose, or other 

quantities on a rectangular, cylindrical, or spherical grid overlaid on top of the standard 

problem geometry. Particles are tracked through the independent mesh as part of the regular 

transport problem, and the contents of each mesh cell were written to a file at the end of the 

simulation. This file can be converted into a number of standard formats suitable for reading 

by various graphical analysis packages. The conversion program, gridconv, is supplied as part 

of the overall MCNPX package. 

For each mesh tally card, the following set of cards must be present which give details 

on the mesh characteristics: 

CORAn corra(n,1), corra(n,2), ... corra(n,N) 

CORBn corrb(n,1), corrb(n,2), ... corrb(n,N) 

CORCn corrc(n,1), corrc(n,2), ... corrc(n,N) 

where the CORAn, CORBn, and CORCn, cards are used to describe the three 

coordinates as defined by the mesh type (rectangular, cylindrical or spherical), prior to any 

trans transformation. 
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In the case of rectangular meshes, CORAn represent planes perpendicular to the x-axis, 

CORBn are planes perpendicular to the y-axis, and CORCn are planes perpendicular to the z-

axis. Bins do not have to be equally spaced.  

3.4.2: Electron, Bremsstrahlung Photon and Photoneutron Distribution in Thick 

Target  

 With the application of rectangular mesh tally, we divided the targets by 50 * 50 * 50 

for the three coordinates, which provides 125,000 points. For each point, the flux of electron, 

bremsstrahlung photons and photoneutron were tallied. With the embedded tool, Gridconv, 

the code converts the mesh and radiography tally as well as standard mctal-file results for 

viewing by independent graphics packages. Then the data can be converted to be readable by 

Tecplot, a code which provides advanced features in three key areas: plotting, data 

managements, and the user interface, which providing extensive 2- and 3-D capabilities for 

engineering and scientific data visualization. 

Details descriptions of the electron, photon and neutron flux distributions were 

analyzed in the study using these features. Target material was selected as natural uranium, 

consisting of 99.3% U-235 and 0.7% U-238.  The target is set up with Z-axis as the 

cylindrical axis, the YZ plot is cut at X=0 plane. Electron beam bombards the target at the 

cylindrical bottom surface at Z = - 5 cm, with current as 1mA. The electron flux axial 

distribution in Uranium target driven by 1GeV electron is shown in Figure 19. 
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Figure 19: Electron Flux Axial Distribution at X=0 Slide, in Uranium Thick Target Driven by 

1 GeV Electron Beam, with beam size R=1cm 

  

The electron beam current was 1mA, which equals to 6.25E+15 particles per second. 

The electron source beam flux in the entrance spot was 2.0E15 / cm^2 s. In Figure 19, the 

peak electron flux was 3.75E+16 /cm^2 s. A large enhancement of electron flux was observed 

mainly due to the secondary electron generation from pair production, Compton recoil and 

Bremsstrahlung interaction.  

 For visualization of the electron flux radial distribution, which is represented in Figure 

20, a cross section was at Z = -3.8cm plane. The figure depicts the electron flux radial 

distribution in Uranium target driven by 1GeV electron at the plane of peak flux. 
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Figure 20: Electron Flux Radial Distribution in Uranium Thick Target Driven by 1 GeV 

Electron Beam at Z= - 3.8cm plane, with beam size as 1cm in radius 

  

As discussed earlier, neutron generation from electron-based ADS is through 

photonuclear interaction. So the photon flux distribution with the target plays an important 

role in controlling neutron flux distribution. Figure 21 represents the axial distribution of 

photon flux with thick uranium target driven by 1 GeV electron beam.  
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Figure 21: Photon Flux Axial Distribution in Uranium Thick Target Driven by 1 GeV Electron 

Beam at X=0 plane 

 

Since the photon generation comes from electron-induced Bremsstrahlung interaction, 

the photon flux distribution profile is expected to resemble the profile of electron flux 

distribution. Comparing the electron flux distributions in Figure 19 with the photon flux 

distributions in Figure 21 (axial view) and Figure 20 with Figure 22 (radial view) indicated a 

match in this profile.  

 Regarding the photon flux radial distribution, we cut a cross section at Z = -3.6cm 

plane for visualization. The radial distributions of photon flux at the plane of peak flux is 

shown in Figure 22 when the uranium target driven by 1GeV electron. 
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Figure 22: Photon Flux Radial Distribution in Uranium Thick Target Driven by 1 GeV 

Electron Beam at Z= - 3.6cm plane, with electron beam size as 1cm in radius 

  

A photonuclear interaction begins with the absorption of a photon by a nucleus and 

generates neutron when photon energy exceeds the threshold energy. The distribution of 

neutron axial and radial flux inside the target driven by 1GeV electron are shown in Figure 23 

and Figure 24, respectively. 
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Figure 23: Neutron flux axial distribution in electron-based target (Uranium) driven by 1GeV 

electron beam, beam size radius =1cm 

 
Figure 24: Neutron flux Radial distribution in electron-based target (Uranium) driven by 

1GeV electron beam, beam size radius =1cm 
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The peak neutron flux was estimated from these calculations to be around 8.5E+14 

/cm^2 sec in uranium target. Similar calculations were made: 

1. To determine the electron, photon and neutron flux distribution for other target 

materials 

2. To estimate the maximum generation in these materials, including bismuth, 

lead, tantalum and tungsten. 

For each target, two types of energy, 100MeV and 1GeV were chosen to show the 

impact of particle energy change on particle flux distribution.  

 A 3-dimension color map was used to plot the axial and radial distribution of neutron 

flux.  Figure 25 is one major examples of this 3-D color map for various dimension of 

geometry. In this map, changes in color stand for changes in flux intensity.  

 
Figure 25: Neutron flux spatial distribution in electron-based target (Uranium) driven by 

1GeV 

  

The axial distributions of electron, photon and neutron flux for Bismuth target driven 
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by 100MeV and 1GeV are shows in Figure 26 and Figure 27 respectively. The magnitudes of 

electron, photon and neutron flux with 1GeV electron and the covered area of high intensity 

flux of electron, photon and neutron were shown to be larger than those with 100MeV 

electrons.  

 
Figure 26: Electron, photon and neutron flux distribution in electron-based target (Bismuth) 

driven by 100MeV electron beam 

 
 

 
Figure 27: Electron, photon and neutron flux distribution in electron-based target (Bismuth) 

driven by 1GeV electron beam 

 

Figure 28 and Figure 29 show the axial distribution of electron, photon and neutron 

flux of lead target driven by 100MeV and 1GeV, respectively. The maximum flux of electron, 

photon and neutron achieved in electron-driven bismuth target is summarized in Table 14. 
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Figure 28: Electron, photon and neutron flux distribution in electron-based target (Lead) 

driven by 100MeV electron beam 

 

 
Figure 29: Electron, photon and neutron flux distribution in electron-based target (Lead) 

driven by 1GeV electron beam 

 

Figure 30 and Figure 31 show the axial distribution of electron, photon and neutron 

flux of tantalum target driven by 100MeV and 1GeV, respectively. The maximum flux of 

electron, photon and neutron achieved in electron-driven tantalum target is summarized in 

Table 14. 
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Figure 30: Electron, photon and neutron flux distribution in electron-based target (Tantalum) 

driven by 100MeV electron beam 

 

 
Figure 31: Electron, photon and neutron flux distribution in electron-based target (Tantalum) 

driven by 1GeV electron beam 

 

Figure 32and Figure 33 show the axial distribution of electron, photon and neutron 

flux of tungsten target driven by 100MeV and 1GeV, respectively. The maximum flux of 

electron, photon and neutron achieved in electron-driven tungsten target is summarized in 

Table 14. 
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Figure 32: Electron, photon and neutron flux distribution in electron-based target (Tungsten) 

driven by 100MeV electron beam 

 

 
Figure 33: Electron, photon and neutron flux distribution in electron-based target (Tungsten) 

driven by 1GeV electron beam 

 
Figure 34 and Figure 35 show the axial distribution of electron, photon and neutron 

flux of uranium target driven by 100MeV and 1GeV, respectively. The maximum flux of 

electron, photon and neutron achieved in electron-driven urarium target is summarized in 

Table 14. 
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Figure 34: Electron, photon and neutron flux distribution in electron-based target (Uranium) 

driven by 100MeV electron beam 

 
Figure 35: Electron, photon and neutron flux distribution in electron-based target (Uranium) 

driven by 1GeV electron beam 

  

The maximum flux of electron for the five targets materials was estimated to range 

between 6.15E+15 to 6.58E+15 /cm^2 s in the 100MeV electron-based target; and 3.33E+16 

to 3.75E16 /cm^2 s, in the 1GeV electron-based target. For the simulation targets, the 

estimated value of maximum photon flux was similar. The estimated peak neutron peak flux 

showed the difference among the targets. Uranium was shown to give the maximum flux 

among all the target materials considered. The results are consistent with the results obtained 

in Table 6 and Figure 13, which were based on simulation by using the surface matrix 
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arithmetic.   

 

Table 14: Electron, photon and neutron peak flux in various targets driven by 100 MeV and 

1GeV electron 
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Figure 36: Electron, photon and neutron flux peak in electron-based target driven by 100MeV 

and 1GeV electron beam separately with beam size radius as 1cm 

 

Neutron generation is affected by multiple parameters, including target materials, 

target size, beam energy and beam size. In the uranium target case, the optimal target size was 

studied by mesh tally method. The results show that the optimized target radius and height is 
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in the range of 4~7 cm and 8 ~11 cm, respectively. These independently obtained results 

match the results in Figure 18, which is obtained by the surface matrix method.  

3.5: Impact of Various Electron Beam Size on the Neutron Flux Angular 

Distribution in Thick Target  

The effect of beam size is of importance in determining neutron flux angular 

distribution. Neutron generation from target is not only related to the neutron flux 

distributions, but the source particle beam distributions. Impact of various beam size on 

neutron flux distribution and neutron generation from the uranium target is investigated in this 

section. The concentrated beam provides concentration in the induced particle distribution. 

For a target bombarded by electrons, photon and neutron flux distribution are closely related 

to the electron flux distributions. These distributions were captured by the above mesh tally 

plots. In the preliminary core design, the target is set up at the center of core. One of the 

design goals is to have an isotropic distribution as possible of neutrons escaping from the 

target to flatten the spatial distribution of thermal power generation.  Controlling the beam 

size is expected to have a major impact on obtaining isotropic neutron flux distribution. 

Here we first study the effect of electron beam size on the neutron generation and 

angular distribution. Two aspects might be taken into consideration, the beam profile shape, or 

beam distribution and beam size. In most of electron accelerator facilities, electron beam is 

found to be concentrated in the center and fades to beam edge. A Gaussian distribution could 

be used to represent the beam profile in this case.  However, it was also found that a uniform 

distribution assumption is often used as well, which was the case with the RACE experiment 

[James Jones, INL, 2006]. It was found that the difference in the neutron flux distribution 

calculation between the Gaussian and uniform distribution for the beam profile is very small, 

less than 3% when accelerator beam radius is small from 1cm to 5cm. For the simplicity of 

calculation, the uniform beam profile assumption was sued in subsequent analyses.   

3.5.1: Neutron Flux Distribution with Electron Accelerator Beam Size ranging from 

1cm to 10cm in Radius  

In this section, the distribution of neutron flux with respect to isotropy as a function of 

beam size was investigated. This was done by examining the relationship between side 

surface neutron flux and the top/bottom surface neutron flux in the target as a function of 
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electron beam size and target radius/height. The objective is to obtain the highest neutron 

generation with isotropic neutron flux distribution.  

Method Description: 

 
Figure 37: Schematic of E-beam driven target 

 

The total neutron generation from the bottom, side and top surface equals to the sum 

of neutron flux from the bottom, side and top surface multiplying the bottom, side and top 

surface area.  

Ω (n) = ∑Ψ
i

iAi )(*)( , i = b, s, t ………………………..……………..(3.2) 

Where Ω stands for the total neutron yield 

 Ψ stands for the neutron per area 

 A stands for the surface area 

The neutron flux exiting from each surface is a function of electron beam side, target 

diameter and height. 

Ψ(i) = F ( d, D, H) ……………………………………………………...(3.3) 

i = b, s, t, stands for bottom surface, side surface and top surface 

A(s) = F( D, H) and A(b) = A (t) = F (D)………………..……….….….(3.4) 

To obtain isotropic neutron distribution, the flux from each surface should be equal to 

each other under an ideal condition. This means that the factors of α and β should be close as 

1. 

 Ψ(s) = α Ψ(b) = β Ψ(t)…………………………………..…………….(3.5) 
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We also need to satisfy  

Ω(n) max = Ψ(s) *A(s) +  Ψ(b) * A(b) +   Ψ(t)* A(t)  ……………………(3.6) 

  = β Ψ(t) * A(s) + β/α  Ψ(t) A(t) + Ψ(t) * A(t)             [considering A(b) = A(t)] 

  =  Ψ(t) * [β A(s) + (β/α +1) A(t)] 

 

To achieve the maximum Ω(n) and isotropic distribution, in which  β and β/α are close 

to each other, beam size is to be changed in reasonable range. In this study, the bea size 

ranged between 1cm and 5cm in radius. Initially the beam size radius was set at 1cm in the 

uranium target driven by 1GeV electron. The axial and radial distributions of neutron flux are 

plotted in Figure 23 and Figure 24.  

 We use the mash tally to obtain the detailed neutron flux distribution inside the target 

and at same time, to obtain the total neutron generation escaping the top, bottom and size 

surfaces of the target.  

 Figure 38 shows the neutron flux distribution in the axial direction in the uranium 

target driven by 1GeV electron (with beam size radius = 2cm). 

 
Figure 38: Neutron flux axial distribution in YZ slice at X=0 in target with beam size Radius 

as 2cm, Target size:  Radius * Height as 5cm *10cm 

  



 

  65
  

The neutron generations from each surface with beam size radius of 2cm are estimated 

as: (unit: #/s mA) 

surface 1  (entrance )                  1.73399E+15 

surface 2  (far end )                     2.45461E+14 

surface 3   (side)                          2.64012E+15 

 surface (total)                        4.61957E+15 

Total neutron per electron:           7.39 E-01 N/E 

Figure 39 shows the neutron flux distribution in the axial direction in the uranium 

target driven by 1GeV electron (with beam size radius = 3cm). 

 
Figure 39: Neutron flux axial distribution in YZ slice at X=0 in target with beam size Radius 

as 3cm, Target size:  Radius * Height as 5cm *10cm 

  

The neutron generations from each surface with beam size radius of 3cm are estimated 

as: (unit: #/s mA) 

surface 1  (entrance )                  1.68042E+15 

surface 2  (far end )                     2.32951E+14 
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surface 3   (side)                         2.71041E+15 

 surface (total)                     4.62378E+15 

Total Neutron per electron:           7.40E-01 N/E 

When electron beam radius is over 4cm, the majority of neutrons escape from the 

entering surface, as shown in Figure 40 and Figure 41. 

 
Figure 40: Neutron flux axial distribution in YZ slice at X=0 in target with beam size Radius 

as 4cm, Target size:  Radius * Height as 5cm *10cm 

  

The neutron generations from each surface with beam size radius of 4cm are estimated 

as: (unit: #/s mA) 

surface  1  (entrance )                  2.59809E+15 

surface  2  (far end )                     1.02903E+14 

surface  3   (side)                         1.88499E+15 

 surface (total)                     4.58599E+15 

Total Neutron per electron:           7.43E-01 N/E 
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Figure 41: Neutron flux axial distribution in YZ slice at X=0 in target with beam size Radius 

as 5cm, Target size:  Radius * Height  as 5cm *10cm 

  

The neutron generations from each surface with beam size radius of 5cm are estimated 

as: (unit: #/s mA) 

surface  1  (entrance )                 2.53E+15 

surface  2  (far end )                    1.02E+14 

surface  3   (side)                         1.97E+15 

surface (total)                              4.60E+15 

Total neutron per electron:         7.36E-01 N/E 

 

The total neutron generation from each surface for various beam sizes is summarized 

in Table 15. 
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Table 15: Neutron Generation from top, bottom and side surfaces driven by 1GeV electron 

with beam size as variable, Target size:  Radius * Height as 5cm *7cm 

 
  

As shown in Table 15, the total number neutrons escaping from the three surfaces are 

found to be not very sensitive to the changes of the beam size. However, their distributions 

among different surfaces are found to be very sensitive to the changes in the beam size. The 

trend is that the neutron generation from the top (entrance) surface increases as the beam size 

increase, and that the neutron generation from side surface and bottom surface (far end 

surface) decrease as the beam size increases.  Although the beam size on the total neutron 

generation from target outer surfaces is not a significant factor, it has a major impact on the 

neutron flux angular distribution.  We also observed that a large target (i.e. thickness 10cm) 

results in a large shield effect on the neutron escaping from bottom surface.  

3.5.2: Selected Beam Size and Associated Target Geometry  

Based on the results of neutron flux distribution at various beam size (beam radius 

ranging from 1cm to 10cm at target radius at 5cm and target height at 7cm), the beam radius 

between 2cm ~ 3cm is expected to provide a good isotropic flux distribution. It is also found 

that the height of target is expected to be around 7cm for higher neutron generation and for 

improving neutron angular distribution.  

Three additional cases (beam radius as 2cm, 2.5cm and 3 cm) were simulated with 

respect to the combined effect of target material (Uranium), electron beam size and target size. 

The objective was again to achieve maximum neutron generation and isotopic neutron flux 

distribution.  The results of axial neutron flux distributions for beam size of 2cm, 2.5cm and 3 

cm are shown in Figure 42, Figure 43 and Figure 44, respectively.  
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Figure 42: Neutron flux axial distribution in YZ slice at X=0 in target with beam size Radius  

as 2cm, Target size:  Radius * Height as 5cm *7cm 

 
Figure 43: Neutron flux axial distribution in YZ slice at X=0 in target with beam size Radius 

as 2.5cm, Target size:  Radius * Height as 5cm *7cm 
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Figure 44: Neutron flux axial distribution in YZ slice at X=0 in target with beam size Radius 

as 3cm, Target size:  Radius * Height as 5cm *7cm 

 
Neutron generation characteristic from the three surfaces in each simulation case are 

listed in Table 16. 

 

Table 16: Neutron Generation from top, bottom and side surfaces driven by 1GeV electron 

with beam size as variable, Target size:  Radius * Height as 5cm *7cm 

 
As shown in Table 16, neutron generation from the bottom (far end) surface is smaller 

than that of the other two. This indicates that when the height of the cylinder is reduced, the 

concentration of the beam is also reduced compared to smaller size beam at the same current. 
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That is expected as the wider beam is not expected to penetrate deep. With given electron 

beam size (radius = 2 ~ 3 cm), the maximum neutron generation from the outer surfaces is 

expected to  occur when the target geometry is set up as 5cm in radius and 7 cm in height. 

Another observation from study of beam size effect is that peak neutron flux decreases 

as the electron beam size increases. For instance, Figure 42, Figure 43 and Figure 44 indicate 

that changing electron beam size from 2cm, to 2.5cm and 3cm, results in the peak flux 

changes from 4.0E+14 /cm^2 s mA, to 3.2 E+14 /cm^2 s mA and 2.6 E+14 /cm^2 s mA. And 

the total neutron generation per source particle is very close ranging from 0.738 to 0.740.  

Based on these observations, the subsequent studies will be based on using 1GeV 

electron beam with the beam radius 2.5 cm with the cylindrical of 4cm radius and 7cm high 

target.  
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3.6 Study of Proton-based Target  

Comparison of neutron yield characteristics between the two accelerators was 

performed based on the selected accelerator target designs that were expected to maximize 

neutron generation. The target designs were determined through sensitivity analyses. The 

energy of the incident particle energy, target material and its compositions, and the size 

and geometry of the target were examined in the sensitivity analyses. Target optimization 

was based on maximizing the total number of neutrons escaping from the target outer 

surfaces. The MCNPX code was used for the supporting calculations.  Due to the 

extremely time consuming nature of MCNP simulations for the electron-accelerator target 

system, variance reduction methods were investigated. Out of the options such as energy 

cutoff, geometry splitting with Russian roulette, weight window and source variable 

biasing, the energy cutoff was found to be most effective in reducing simulation time. 

Throughout the analyses, the uncertainties in MCNP calculations were controlled to be 

less than 5 percent.  

It was found that for both accelerators neutron yield in the target increases nearly 

linearly as the energy of the incident particle increases. Among various target materials 

examined (Bi, W, Pb, Ta and U for proton accelerator and Bi, W, Pb, Ta, and U for 

electron accelerator), uranium was found to produce the maximum neutron yield for both 

accelerators. 

With natural uranium as target material and using 1 GeV as incident particle 

energy, the optimum target size and geometry was investigated. Based on this effort, a 

cylinder of 20 cm in diameter and 40 cm in thickness was selected for the proton 

accelerator system. For the electron accelerator, a cylinder of 10 cm in diameter and in 

thickness was chosen. In terms of changes in neutron production as a function of target 

size, both accelerators showed similar behavior: neutron yield peaks in the middle of a 

system and flattens out as the target size increases. In the electron accelerator target, the 

peak arrives at a much shorter distance. The magnitude of neutron production rate was 

much smaller with the electron accelerator system. After the peak, the neutron production 

rate remained almost a constant with the increase in thickness. Number of neutrons 
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escaping through the side surface decreased for a large diameter cylinder because of the 

shield effect.  

3.6.1 Proton Accelerator Target Surface Matrix Arithmetic 

Proton accelerator target are driven by an accelerator with a high-energy proton 

beam (~GeV). A proton particle bombards a target atom into many atomic fragments 

producing a large number of neutrons, (around 20 - 30 per source particle [Russell, 1994]). 

Targets for proton accelerator driven system has been widely studied and well developed. 

Here for comparative assessments purpose, we simulated the target driven by proton under 

a similar scenario as discussed with electron accelerator. 

Results of neutron generation by using the same surface matrix arithmetic from a 

proton driven target as a function of target geometry are listed in Table 17. 

 

Table 17 Neutron Production Escaping from Proton-based Target with 1 GeV Proton 

Beam 

 
 

Figure 45Figure 45 shows the total number of neutrons escaping from target outer 

surfaces in proton accelerators.   
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Figure 45: Neutron Production Escaping from Proton-based Target as Function of Target 

Diameter & Thickness with Natural Uranium as Target Material, Driven by 1Gev Proton 

Beam 

 

From the results as Table 17 (based on uranium target), a cylindrical target with 

diameter as 20cm and thickness as 40cm was selected as optimum geometry. Using this 

geometry, the effect of varying proton energy beam and using different target was 

analyzed. The results are shown in Table 18 and Figure 46. Based on these results, 

uranium was selected as target material and 1Ge proton beam was used in the subsequent 

analysis.  

 

 

 

 

 



 

  75
  

Table 18: Neutron generation per proton as function of accelerator energy and target 

materials 

 
 

 
Figure 46: neutron generation as function of proton accelerator energy and target materials 

 

3.6.2 Proton Accelerator Target Neutron Flux Distribution and Beam Size Impact 

by Mesh Tally 

As part of the effect for target design for proton accelerator system, the impact of 

beam size variation on neutron flux distribution is examined in this section. The mesh tally 

method which was used for electron-ADS target design was also employed in this study.  
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Again, the objective is to obtain maximum neutron generation and achieve isotropic 

distributed neutron flux. 

The results of proton and neutron flux distribution are given with the bean size of 1cm 

and 2cm in Figure 47 and Figure 48. In these two figures, the peak proton flux with the 2cm 

radius beam was about 1/4 of the peak flux with the 1cm radius. That is mainly because of the 

increase in proton entrance area by a factor of 4 and because the secondary protons contribute 

little to the proton flux [Wei Lu, 2003].  The peak neutron flux with the target 2cm radius size 

was estimated to be about half of that in a target with 1cm radius beam size.  

 
Figure 47: Proton and Neutron flux axial distribution in YZ slice at X=0 in Proton-based 
target with beam size Radius as 1 cm, Target size:  Radius * Height as 10cm * 40cm 
 

The neutron generations from each surface with beam size radius of 1cm are estimated 

as: (unit: #/s mA) 

Top surface (entrance)  5.90609E+16  

Bottom surface (far end)       2.73706E+15  

Side surface          1.80338E+17  

Total surface   2.42136E+17  

Total neutron per proton:           38.7 E+01 N/P 
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Figure 48: Proton and neutron flux axial distribution in YZ slice at X=0 in Proton-based target 

with beam size radius as 2 cm, Target size:  Radius * Height as 10cm * 40cm 

 
The neutron generations from each surface with beam size radius of 2cm are estimated 

as: (unit: #/s mA) 

Top surface (entrance)  5.87129E+16  

Bottom surface (far end)       2.72605E+15  

Side surface        1.80529E+17  

Total surfaces    2.41968E+17  

Total neutron per proton:           38.7 E+01 N/P 

  

The neutron generations from three outer surfaces of target were very close to each 

other with less than 2% difference.  Changing the size of proton beam was found to have a 

major effect on total neutron generation fro the target, as summarized in Table 19. 
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Figure 49: Neutron flux axial distribution in YZ slice at X=0 in Proton-based target with beam 

size Radius = 3 cm, Target size:  Radius * Height as 10cm * 40cm 

 

 
Figure 50: Neutron flux axial distribution in YZ slice at X=0 in Proton-based target with beam 

size Radius = 4 cm, Target size:  Radius * Height as 10cm * 40cm 
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Figure 51: Neutron flux axial distribution in YZ slice at X=0 in Proton-based target with beam 

size Radius = 5 cm, Target size:  Radius * Height as 10cm * 40cm 

 
Table 19: Neutron Generation from top, bottom and side surfaces driven by 1GeV proton with 

beam size as variable, Target size:  Radius * Height as 10cm *40cm 

 
  

Table 19 indicates that the peak neutron flux decreases as the proton beam size 

increases by a factor of 3 when proton beam size increase from 1cm to 5cm in radius.  

However, the neutron flux of total neutron generation rate is not sensitive to the changing in 

beam size. Characteristics remain very close regarding to the neutron generation from three 
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different surfaces and the total neutron generation. That provided a benefit feature, which is 

the neutron generation from target outer surface remains almost the same and the peak 

neutron flux decrease.  

 For further optimization of the target, the target radius was adjusted and the resulting 

neutron generation was noted, see Figure 52, Figure 53, Figure 54 and Figure 55 .  

 

 
Figure 52: Neutron flux axial distribution in YZ slice at X=0 in Proton-based target with beam 

size Radius = 5 cm, Target size:  Radius * Height as 20cm * 30cm 

 
Figure 53: Neutron flux axial distribution in YZ slice at X=0 in Proton-based target with beam 

size Radius = 6 cm, Target size:  Radius * Height as  20cm * 30cm 
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Figure 54: Neutron flux axial distribution in YZ slice at X=0 in Proton-based target with beam 

size Radius = 7 cm, Target size:  Radius * Height as 20cm * 30cm 

 

 

 
Figure 55: Neutron flux axial distribution in YZ slice at X=0 in Proton-based target with beam 

size Radius = 8 cm, Target size:  Radius * Height as 20cm * 30cm 
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Table 20: Neutron Generation from top, bottom and side surfaces driven by 1GeV proton with 

beam size as variable, Target size:  Radius * Height as 20cm *30cm 

 
Table 20 shows that the peak neutron flux fades as the proton beam size increases. 

However, the neutron flux was much more isotropic with a large beam size and large target 

after comparing Table 19 and Table 20.   

From this study, an optimized geometry for a proton-ADS target is selected as a 

cylinder with 20cm radius and 30cm height with proton beam radius of 5cm.  

3.7 Comparison of Electron-driven Target and Proton-Driven Target  

Detailed comparisons of neutron generation characteristics were made for the 

electron- and proton-ADS based on using the same accelerator beam power at 1 GeV of 

beam particle energy. As shown in Table 21, both proton and electron accelerators were 

found to be capable of producing high levels of neutron flux, when coupled with 

appropriately designed target. Neutron production rate was about a factor of 45 higher 

with the proton accelerator system. The average neutron flux and flux-weighted neutron 

energy were very comparable between the two systems. The optimized size of the target 

of the proton accelerator-based system, in terms of the volume, was about 16 times larger 

than that of the electron accelerator system.  
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Table 21: Technical Parameters of Proton-based and Electron-based ADS Target 
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For the electron accelerator-based system to be a feasible alternative as a 

transmuter, the factor of 45 disadvantages in neutron yield needs to be overcome through 

other designs features. With the smaller size of the target with the electron accelerator 

system, implementation of multiple targets into the subcritical reactor system is a 

possibility to increase the neutron production rate. This will also help to flatten the spatial 

neutron flux distribution in the core. 

Neutron production in the target of the proton accelerator system was found to be 

mostly contributed by spallation reactions followed by prompt fissions. In the electron 

accelerator target, neutron generation was mostly through photonuclear reactions (~92 

percent) followed by prompt fission (8 percent). Based on this observation, possibility of 

increasing neutron yield by employing an enriched uranium target was investigated. 

However, the results showed that increase in neutron yield was more dramatic with the 

proton accelerator than with the electron accelerator with the increase in uranium 

enrichment.   

The results show that neutron production in the target of the proton accelerator 

system was found to be mostly contributed by spallation reactions followed by prompt 

fissions. In the electron accelerator target, neutron generation was mostly through 

photonuclear reactions followed by prompt fission. The results showed that increase in 

neutron yield was more significant with the proton accelerator than with the electron 

accelerator with the increase in uranium enrichment. The neutron generation escaped from 

proton-based target higher than that of electron-based target by a factor of 51. The neutron 

flux averaged in target surfaces of proton-based target is higher than that of electron-based 

target by a factor of 7.1 with taking target outer surfaces area into account. The flux 

weighted average energy of neutrons with the proton-based target is slightly higher than 

the average energy of neutrons with the electron-based target.  

3.7.1 Neutronic Behavior of Electron-driven Target and Proton-Driven Target  

To compare the neutronic behavior between electron-driven target and proton-

driven target, the neutron spectrum as function of energy and as function of distance 

(radial or axial) was examined.  
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To determine neutron flux as a function of the energy in target cell and fuel cell in 

the core, a logarithmic energy bin was chosen. The energy bin was created by using the 

equal logarithmic energy interval as: 

 log(E
i+1

) – log(E
i
) = log (E

i
) – log(E

i-1
) = Δlog E,  and in this case, Δlog E as 0.046  

The resulting energy bin setting is in the following with energy ranging between 

1.096E-06 MeV to 1000 MeV: 

1.096E-06  1.148E-06  1.202E-06  1.259E-06  1.318E-06  1.380E-06 
1.445E-06  1.514E-06  1.585E-06  1.660E-06  1.738E-06  1.820E-06 
1.905E-06  1.995E-06  2.089E-06  2.188E-06  2.291E-06  2.399E-06 
2.512E-06  2.630E-06  2.754E-06  2.884E-06  3.020E-06  3.162E-06 
3.311E-06  3.467E-06  3.631E-06  3.802E-06  3.981E-06  4.169E-06 
4.365E-06  4.571E-06  4.786E-06  5.012E-06  5.248E-06  5.495E-06 
5.754E-06  6.026E-06  6.310E-06  6.607E-06  6.918E-06  7.244E-06 
7.586E-06  7.943E-06  8.318E-06  8.710E-06  9.120E-06  9.550E-06 
1.000E-05  1.047E-05  1.096E-05  1.148E-05  1.202E-05  1.259E-05 
1.318E-05  1.380E-05  1.445E-05  1.514E-05  1.585E-05  1.660E-05 
1.738E-05  1.820E-05  1.905E-05  1.995E-05  2.089E-05  2.188E-05 
2.291E-05  2.399E-05  2.512E-05  2.630E-05  2.754E-05  2.884E-05 

…  … … 
9.541E+01  9.991E+01  1.046E+02  1.095E+02  1.147E+02  1.201E+02 
1.257E+02  1.317E+02  1.379E+02  1.444E+02  1.512E+02  1.583E+02 
1.657E+02  1.735E+02  1.817E+02  1.902E+02  1.992E+02  2.086E+02 
2.184E+02  2.287E+02  2.394E+02  2.507E+02  2.625E+02  2.749E+02 
2.878E+02  3.014E+02  3.156E+02  3.304E+02  3.460E+02  3.623E+02 
3.793E+02  3.972E+02  4.159E+02  4.355E+02  4.560E+02  4.774E+02 
4.999E+02  5.234E+02  5.481E+02  5.739E+02  6.009E+02  6.292E+02 
6.588E+02  6.898E+02  7.223E+02  7.563E+02  7.919E+02  8.292E+02 

  8.683E+02  9.091E+02  9.519E+02  9.968E+02 
 

Electron driven target neutron spectrum  

Electron, photon and neutron spectrum in a target driven by 1000MeV electron 

beam were plotted in Figure 56. Natural uranium was used as target materials in a 

cylindrical geometry with 10cm diameter and 10cm height.  
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Figure 56: Electron-driven Target (Uranium) Electron, Photon and Neutron Spectrum, 

driven by 1GeV Electron beam  

 

Proton driven target neutron spectrum  

Proton and neutron spectrum in a target driven by 1000MeV proton beam were 

plotted in Figure 57. Natural uranium was again used as target materials in a cylindrical 

geometry with 20cm diameter and 40cm height. 



 

  87
  

 
Figure 57: Proton-driven Target (Uranium) Proton an Neutron Spectrum, driven by 1GeV 

Proton beam  

 
The resulting neutron spectrum information for electron- and proton-driven target 

provides the basis for core design. Since there are several types of core design proposed 

for a proton-driven core system, these design can be adapted as the basis for electron-ADS 

core design. Compared with proton-ADS target, the electron-ADS target features small 

target, small neutron flux and neutrons with comparable average neutron energy. 

Figure 58 shows the comparison of neutron spectrum between the electron-ADS target 

driven by 1GeV electron beam and the proton-ADS target driven by 1GeV proton beam. 

The peak value of neutron generation in a proton-based system is larger by approximately 

one of magnitude than the peak value of neutron generation in an electron-based system. 

The energy of neutrons in a proton-based target system distributed wider (from 1E-5 MeV 

to 1GeV). The neutron energy ranged between 1E-3 MeV and 30 MeV in an electron-

based target system.  
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Figure 58: Neutron Spectrum in Uranium Target driven by 1GeV Electron and Proton beam 

separately 

 
As mentioned earlier, for the electron accelerator-based system to be a feasible 

alternative as a transmuter, the factor of 45 disadvantages in neutron yield needs to be 

overcome through other designs features. With the smaller size of the target with the 

electron accelerator system, implementation of multiple targets into the subcritical reactor 

system is a possibility to increase the neutron production rate. This will also help to flatten 

the spatial neutron flux distribution in the core. 

Neutron production in the target of the proton accelerator system was found to be 

mostly contributed by spallation reactions followed by prompt fissions. In the electron 

accelerator target, neutron generation was mostly through photonuclear reactions (~92 

percent) followed by prompt fission (8 percent). Based on this observation, possibility of 

increasing neutron yield by employing an enriched uranium target was investigated. 

However, the results showed that increase in neutron yield was more dramatic with the 

proton accelerator than with the electron accelerator with the increase in uranium 

enrichment.   
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 Comparison of capital cost between electron-based and proton-based accelerator 

facility will be addressed in Chapter 6.  
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Chapter 4  Radiation Damage Production Calculations  

The purpose of this study is to describe the calculation of radiation damage to heavy 

materials induced by high energy particle (electron and proton) accelerators and to compare 

the radiation damage production between the two accelerator-driven systems (ADS). In this 

study, radiation damage productions, as displacement per atom (dpa) is investigated with 

detailed description of proton and spallation neutron spectrum and flux distribution in a 

proton-based ADS, and with the description of photon and photoneutron spectrum and flux 

distribution in an electron-based ADS. The displacement per atom was calculated for targets 

materials of interest, including uranium and another widely used target material - lead. The 

spallation neutron spectrum and neutron flux distribution induced by proton for various types 

of materials were characterized by using MCNPX. The Bremsstrahlung photon and 

photoneutron spectrum and flux distribution were determined by using MNCPX based on the 

use of enhanced photo nuclear cross section data.  

4.1. Introduction of Radiation Damage Production to Target  

Radiation damage to material is generally defined as the alteration of material 

properties arising from exposure to ionizing or penetrating radiation. Harmful changes in 

the properties of liquids, gases, and solids, caused by interaction with nuclear radiations. 

The damage caused by the removal of atoms from a solid material when elementary 

particles, such as those associated with cosmic rays or radioactivity, collide with it.   

Radiation damage is an important consideration in the design of nuclear reactors, where 

radiation levels are high. 

The initial event in the damaging of a crystal lattice by high energy radiation is the 

sudden transfer of a rather large amount of kinetic energy to a single atom. The energized 

atom then ploughs through the lattice knocking other atoms from their sites and leaving a 

damaged region behind. From a theoretical standpoint this damaging event is a complex 

many-body problem, it has been treated in the past by making drastic approximations [F. 

Seitz and J. S. Koehler, 1956]. Generally it has been considered as a cascade of 

independent, two-body collision between knock-on atoms and stationary atoms.  

The radiation inside a reactor generally consists of fast and thermal neutrons, r-
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rays and a small number of β -rays. The proportions of these radiations vary not only 

between one reactor and another, but also from one part of a reactor to another. In the 

majority of cases, however, the overwhelming majority of displaced atoms are produced 

by fast neutron bombardment [KINCHIN and PEASE, 1955]. 

4.1.1: Radiation production of displacement of atom   

 Kinchin and Pease (1955) had described the displacement of atoms in solids by 

radiation including electrons, gamma and neutrons radiation effect. The damage produced by 

neutrons is usually of an intermediate character and the criteria are not able to well-defined to 

provide a decision. The fast neutrons used in radiation work are usually produced by fission. 

The cross section for producing displacement is the total neutron cross section. Electrons 

radiation displacement is predominant by Coulomb interaction with nuclei. The gamma ray 

production of displace received very little attention due to high threshold radiation energy and 

low radiation production cross section. Radiation generally produces groups of displaced 

atoms after a time t and temperature T. The total number of displace atoms is an accumulated 

effect and is roughly through constant throughout the radiation. Threshold radiation energies 

were considered for various types of radiation, as shown in Table 22. 

 

Table 22: Threshold Radiation Energy for Displacement [Kinchin, 1955] 

 
 

In the proton-based target, the proton and neutron radiation damage are taken into 

account. In the electron-based target, electron and neutron radiation damage are considered. 

With the availability of electron, proton and neutron fluxes and the cross sections, the 

radiation damage products, displacements, are calculated by folding the proton or neutron flux 

into the corresponding cross section as described in: 
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dEEXERP )()('
0∫
∞

Φ=             

where Rp is the radiation product concentration, with unit as dpa  

X(E) is the cross section at energy E, 

Φ′(E) is the corresponding differential fluence  Φ′=Φ(E) / E, where is the differential 

neutron flux, Φ(E) is average neutron flux for given neutron energy E. 

Unit: dpa, which is a measure of the amount of radiation damage generally in neutron-

irradiated materials, for example, 10 dpa means each atom in the material has been displaced 

from its site within the structural lattice of the material an average of 10 times (due to 

interactions between the atoms and the energetic neutrons irradiating the material.) 

This calculation method is widely adopted for the evaluation of displacement and 

proved to be useful. Meanwhile, the integration involves complicated calculation on cross 

section and differential incident flux. The final results of dpa were discussed along with the 

consideration of uncertainty and relative error.  

4.1.2: Radiation Production Modeling and Simulation 

The calculations were made for two accelerator beams, proton beam and electron beam. 

Accelerator beams of electron and proton are uniformly distributed area source with 1mA 

current. The beam radius was assumed as 1cm. The current was assumed at 6.25 1510×   /s and 

the flux at the entrance to the target was about 2.0 1510×  #/ cm^2 s mA. Both proton and 

electron beam were transmitted through an infinite target. In the MCNPX simulation model, 

the targets were set up with cylindrical geometry with particle beam upstream entrance at the 

cylinder bottom surface. A target material is selected with natural uranium, consisting of 

99.3% U-238 and 0.7% U-235.  

 The calculation of radiation damage were performed using a traditional method, which 

enclosures the proton and neutron fluxes into corresponding cross sections for radiation 

products as displacement in a proton-based target; and enclosures the electron, photon and 

neutron fluxes into corresponding cross sections for radiation products in an electron-based 

target. Processing of the calculation is described in the flow chart of Figure 59. It should be 

noted that the use of cross section sections is complicated as various cross section sources are 

involved with difficulty in checking the validity of the cross section sources. An enhanced 
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method [Lu W. 2003] was proposed to calculated radiation damage production without 

explicitly involving damage cross sections, which could be considered as alternative method 

if a benchmark is necessary for the reliability and accuracy. This method is not employed in 

the present study. 

 
Figure 59: Flow chart of calculating the radiation damage production 

 
In the flow chart, the first path is on MCNPX simulation in order to obtain the particle 

flux and spectrum. The second path is on the processing of cross sections. Since the most of 

the evaluated cross section data are developed at room temperatures. Considerations need to 

be made to take into account the fact that in the accelerator bombard target, the temperature 

ranges from room temperature up to about 600 K. The temperature-dependant cross section 

was generated by processing NJOY. 

4.2. Radiation Damage Production to Target Materials in Electron-based ADS 

In the target of electron ADS, the interaction is mainly through of electron-induced 

Bremsstrahlung interactions, which produced high energy photons. The photon induces 

photonuclear interaction and produce photoneutrons. The flux distribution of all three particle 

flux distribution are plotted and shown in Figure 60.  When high-energy electrons interact 

with matter, only a small fraction of the energy is dissipated as a result of collision processes. 

A large fraction is spent in the production of high-energy photons. High energy electron 

hitting a target will result in the development of an “electron-gamma shower”. A high energy 

electron produces a high energy photon (Bremsstrahlung). This photon then produces 

electron-positron pairs and Compton electrons. These electrons then produce more photons by 

Bremsstrahlung. This continues until the collision losses dominate the radiative losses and the 

cascade or shower dies out. The Bremsstrahlung photons are forward directed. The angular 

distribution of photons as a function of the energy of the incident electron favors forward 
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movement for high energy electrons. The electrons and positrons generated by pair production 

are also forward directed, whose angular distribution is also a function of energy.  

 

 
Figure 60: Electron, photon and photoneutron flux distribution in uranium target driven by 

1GeV electron beam 

 
The method of mesh tally as discussed in Chapter 3 was used in this calculation with 

MNCPX.  In Figure 60, the red color stands for the peak flux with the peak electron flux as 

3.75E+16 /cm^2 s mA, the peak photon flux as 2.77E+17 /cm^2 s mA and the peak neutron 

flux as 8.37E+14 / cm^2 s mA. The magnitude of the peak electron flux is approximately one 

order of magnitude lower compared to that of the peak photon flux. But the peak flux level of 

the electrons is higher than the peak neutron flux level by about one order of magnitude. The 

location of the peak flux occurrence was observed approximately at the same location for all 

three particles, at about 1.5 cm upstream from the target entrance point.   

The spectrum of particles, (electron, photon and neutron) is plotted in Figure 61.  The 

tally/particle (Y-axis) in this figure stands for the average particle flux as /cm^2 per particle in 

the entire target volume. Considering the threshold energy involved, the electron energy was 

cut off if lower than 1MeV.  
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Figure 61: Electron, photon and photoneutron spectrum in uranium target driven by 1GeV 

electron beam 

 

Radiation damage production was calculated after 10 Ah of exposures. The peak dpa 

from the electrons and neutrons was estimated as:  

Rpep = 0.15 +/- 0.02 dpa by electron radiation 

Where, Rpep stands for the peak radiation production by electron 

 

Rpnp = 0.36 +/- 0.03 dpa by neutron radiation 

Where, Rpnp stands for the peak radiation production by neutron 

 

The total radiation product in uranium target induced by 1GeV electron is about 0.51 +/- 

0.05. That peak displacement occurs in the red zone in Figure 60. Outside the red zone, the 

radiation product is roughly proportional to the neutron flux.  

Please note that the peak radiation damage production by proton is found to be much 

smaller by a couple of orders of magnitude compared to radiation damage by electrons, or 

neutrons. The contribution of photons to the total radiation damage production is insignificant 

and was ignored. 
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4.3. Radiation Damage Production to Target Materials in Proton-based ADS 

In proton-based target, the neutrons are mainly produced in spallation reactions under 

the bombardment of protons upon spallation target. The peak neutron flux occurred at the 

center of entrance of the target where the strongest reactions took place. The neutron flux 

decreased with increasing distance from the center of the peak neutron flux. The proton and 

neutron flux distribution inside the target are shown in Figure 62. A mesh tally of MCNPX 

was conducted along the beam direction, (i.e., Z-axis). For the target geometry as a cylinder, 

the flux distribution was plotted at the X=0 plane, (i.e., YZ plane). The red color stands for the 

peak flux in the figure. The peak flux was estimated to be 2.81E15 /cm^2 s mA and 2.54E+15 

/ cm^2 s mA for protons and neutrons, respectively. The magnitude of the peak flux of protons 

and neutrons were approximately equal. Neutrons were found to penetrate deeper and wider 

inside the target through proton-induced neutron generation and by fission.  

 
Figure 62: Proton and neutron flux distribution in uranium target driven by 1GeV proton 

beam 

 
As the proton beam travels further into the uranium target, the proton flux drops quickly 

as more and more protons are lost through spallation reactions. Though there are secondary 
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protons produced by spallation reactions, their contribution to the total proton flux is 

relatively small. Therefore, no apparent increase in proton flux is expected as observed in the 

figure.  

The calculated proton and neutron spectrum is plotted in Figure 63. The tally/particle 

(Y-axis) in this figure stands for the average particle flux as /cm^2 per particle in the entire 

target volume. As observed, the majority of neutron energy was around several MeV, while 

the protons were at higher energy range (several hundred MeV up to 1 GeV).  

 
Figure 63: Proton and spallation-neutron spectrum Uranium target driven by 1GeV proton 

beam 

 
Radiation damage production was calculated at 10Ah of exposure in the target from 

proton irradiation. The total displacement is the combination of proton and neutron radiation 

product, which is proportional to its corresponding flux.  

Total radiation damage of the target entrance point, was estimated from the MCNPX 

calculations. The peak radiation damage production induced by proton and neutron was 

calculated as: 

 

Rppp = 9.41 +/- 0.34 dpa by proton irradiation 

where, Rppp stands for the peak radiation production by proton 

For neutron flux, the peak is along the Z-axis, at 3cm to 10cm away from the target 
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entrance point. 

 The displacement by neutron radiation was estimated as: 

 

Rpnp = 8.03 +/- 0.29 dpa by neutron radiation 

where, Rpnp stands for the peak radiation production by neutron 

 

The total dpa reaches its maximum value of 17.4 dpa at 10cm upstream from the target 

entrance. Radiation damage calculation was performed on the uranium target induced by 

1GeV protons and electrons separately. The flux distributions and energy spectrum of the 

particles were estimated by using MCNPX with the mesh tally method. Calculations of 

radiation damage were based on folding the neutron fluxes into corresponding cross sections 

for determining radiation products as displacement. The peak radiation product in proton-

ADS was estimated to be higher than the peak radiation product in the electron-ADS by a 

factor of 34. In the proton-ADS, the protons and neutron have almost equally contributed to 

the total radiation product. In the electron-ADS, the neutrons have contributed almost twice 

more than the electron to the total radiation product.  
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Chapter 5  Electron Accelerator Driven Subcritical Core Design 

This chapter mainly addresses the preliminary subcritical core design in electron 

accelerator driven systems.  The investigation of electron accelerator driven core design 

includes the consideration of the multiplication factor, neutron flux, energy balance and 

the design options involving single and/or multiple targets. The objective of this research 

was to perform a comprehensive evaluation of the feasibility of using an electron 

accelerator for nuclear waste transmutation. The electron accelerator based core design of 

the system was investigated based on sensitivity analyses using computer models such as 

MCNPX in combination with Origen2 [Radioactive decay and buildup code] and 

MONTEBURNS [an automated burnup/linkage code]. The feasibility of the system for 

nuclear waste transmutation was examined based on the predicted net electricity 

generation and amount of waste transmuted; the safety characteristics of the design; and 

the economics and uncertainties for the hypothetical operation. These results were 

compared with those predicted for the proton accelerator-based system. 

5.1 Overall Preliminary Subcritical Core Design 

When high-energy electrons interact with matter, only a small fraction of the 

energy is dissipated as a result of the collision processes. A large fraction is spent in the 

production of high-energy photons (Bremsstrahlung) [Gridler, 1956]. These photons 

produce additional electrons through pair production or Compton collisions. These new 

electrons radiate more photons, which in turn interact to produce more electrons. At each 

new step, the number of particles increases, and the average energy decreases. This 

process continues until the collision losses dominate the radiative losses and the cascade 

or shower dies out. That is to say, the process continues until the electrons fall into the 

energy range where radiation losses no longer compete with collision losses. Eventually, 

the energy of the primary electron is completely dissipated in excitation and ionization of 

the atoms resulting in heat production. This entire process results in a cascade of photons, 

electrons, and positrons. The high energy photon induces photonuclear interaction when 

hitting heavy target materials generating neutrons.  

The preliminary electron-based ADS core layout with a single target is shown as 

Figure 64. The electron beam enters the center of the core through an evacuated tube and 
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hits the target and neutrons are emitted. The first step in the design process is to develop a 

set of specific performance objectives or design criteria. These criteria then form the basis 

for evaluating a specific design at various stages of completion. The design criteria can be 

used to select one design from a number of alternatives. For an electron based ADS core 

design, one of the primary design criteria is that the core is capable of providing a neutron 

flux sufficient for nuclear waste transmutation under sub-critical conditions. Additional 

criteria involving the power distribution, core safety and different fuel loading patterns 

will be discussed in future studies. In the preliminary design stage, the multiplication 

factor Keff, and the spent fuel destruction rate were studied first in order to meet the 

acceptable design limits.  

 
Figure 64: Heterogeneous core layout for electron-based ADS 

5.1.1  Analysis on the reactivity during burnup of ADS 

For ADS, it is generally assumed that safety is primarily based on current interruption.  The 

general, simplified point kinetics equations relevant to a subcritical system, assuming one 

group of delayed neutrons, may be written in the form: 
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where l is the prompt neutron lifetime  

and ρ is the subcriticality level, 

effK−= 1ρ …………………………………….…………………………….(5.3) 

ρ may be generally considered a function of (integrated and instant) power, i.e., 

accounting for burnup material changes (affecting the subcriticality) and power (prompt and 

delayed) feedbacks during transients. 

In an ADS system the source q corresponds to the amount 

00 Pnq ηξ=          

where Po is the power at nominal conditions (corresponding to neutron density no), 

η is the fraction of this power needed to feed the accelerator current i, while ξ is the amount 

of source neutrons (in no units) produced per feed energy unit (quantity ξ is then independent 

of power changes).  

To compensate reactivity during operation and burnup, fraction η is (independently) 

adjusted by the operator to the power level requested. 

Since the neutron source is proportional to the current, which is the same for the proton and 

electron accelerator beam, the equation can be written: 

i
i

q
q δ

η
δηδ

== …………………………………………………………(5.5) 

 

Extensive analyses of critical systems has been made since the late 80's at the Argonne 

National Laboratory, specifically with respect to the Integrated Fast Reactor (IFR), using a 

synthetic, quite effective deterministic method based on a "balance of reactivity" asymptotic 

approach (Wade, 1986). 

0)1()1( =++−+−= extTinCB
F
PAP δρδρ ………………………(5.6) 

P and F are power and coolant flow (normalized to unity at operating conditions) 

δTin is the change from normal coolant inlet temperature Tin 

C is the inlet temperature reactivity coefficient 
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(A+B) is the reactivity coefficient experienced in going to full power and flow from zero 

power isothermal at coolant inlet temperature 

B is the power/flow reactivity coefficient 

 δρext is an external reactivity insertion. 

In Eq. (5.6) it is assumed that convergence (criticality) has been reached 

asymptotically. There are circumstances in which this may not be physically possible, as, 

under certain conditions, in presence of a scram intervention, implying a strong negative 

reactivity insertion.  

In ADS, with the current shut off, it reflects a strong negative reactivity insertion. 

 

5.1.2: The Keff Selection Approach in Electron-driven Core Design 

Nuclear criticality, the ability to sustain a chain reaction by fission neutrons, is 

characterized by Keff, the eigenvalue to the neutron transport equation. In reactor theory, 

Keff is thought of as the ratio of the numbers of neutrons in successive generations, with 

the fission process regarded as the birth event that separates generations of neutrons. For 

critical systems, Keff = 1 and the chain reaction will just sustain itself. For subcritical 

systems, Keff < 1 and the chain reaction will not sustain itself. For supercritical systems, 

Keff >1 and the number of fissions in the chain reaction will increase with time.  

Calculating Keff consists of estimating the mean number of fission neutrons 

produced in one generation per initiating fission neutron. A generation is the life of a 

neutron from birth in fission to death by escape, parasitic capture, or absorption leading to 

fission. In MCNP, the computational equivalent of a fission generation is a Keff cycle; that 

is, a cycle is a computed estimate of an actual fission generation. Processes such as (n,2n) 

and (n,3n) are considered internal to a cycle and do not act as termination. Because fission 

neutrons are terminated in each cycle to provide the fission source for the next cycle, a 

single history can be viewed as continuing from cycle to cycle. The effect of the delayed 

neutrons is included by using the total when the data are available. In a Mode N,P problem, 

the secondary photon production from neutrons is turned off during inactive cycles. 

MCNP uses three different estimators for Keff.  In the following simulations, we use, for 

the final Keff result, the statistical combination of all three [Urbatsch, 1995]. 
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It is important to emphasize that the result from a criticality calculation is a 

confidence interval for Keff that is formed using the final estimated Keff and the estimated 

standard deviation. A properly formed confidence interval from a valid calculation should 

include the true answer the fraction of time used to define the confidence interval. There 

will always be some probability that the true answer lies outside of a confidence interval. 

. The number of fission sites n stored at each collision is rounded up or down to an integer 

(including zero) with a probability proportional to its closeness to that integer. 

In each Keff cycle, M (varying with cycle) source particles are started isotropically. 

For the first cycle, these M points come from one of three user–selected source 

possibilities. For subsequent cycles, these points are the ones written at collision sites 

from neutron transport in the previous cycle. 

Source particles are transported through the geometry by the standard random 

walk process, except that fission is treated as capture, either analog or implicit. At each 

collision point the following four steps are performed for the cycle: 

1. the three prompt neutron lifetime estimates are accumulated; 

2. if fission is possible, the three Keff estimates are accumulated; and 

3. if fission is possible, fission sites (including the sampled outgoing energy of the 

fission neutron) at each collision are stored for use as source points in the next cycle. 

During the design of the electron-driven subcritical core, the framework studies 

were processed in respect to the original preliminary design, K-eigenvalue, thermal 

hydraulics, neutronic analysis and power distribution. With the objective of safety core 

design and flatter power distribution, we chose the Keff around 0.95 +/- 0.01 and refer the 

fuel components from the proposed proton-based alloy fuel [JAERI, 1994] design and the 

MOX fuel [BNL, 1994] design.   

5.2 Options for a Subcritical Core in an Electron Accelerator-Driven System 

A subcritical core consists basically of a mass of fissionable material usually 

encased in shielding and provided with devices to regulate the rate of fission. A subcritical 

core is so constructed that the fission of atomic nuclei produces a self-sustaining nuclear 

chain reaction, in which the neutrons produced fission other nuclei. A chain reaction can 

be produced in a subcritical core by using a uranium or plutonium target which increases 
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the concentration of fissionable isotopes..  

If the target is placed in the center of a subcritical core, the latter can act as a 

neutron multiplier even if it would not otherwise be self-sustaining. The losses of neutrons 

can be compensated for through the supply of new neutrons generated from the target. The 

external neutrons supplied by the target provide for sustaining a constant power in the 

system and play the same role as delayed neutrons in critical reactors.. There is a great 

amount of configuring in designing a subcritical core in terms of target material selection, 

fuel component; fuel load patterns, and coolant selection. In this preliminary conceptual 

design, a simplified homogeneous fuel load pattern was investigated, with sodium coolant 

and fuel component, like the proposed proton ADS fuel component [JEARI 1994], [BNL 

1994].  

5.2.1: Single Target Core Design 

A chain reaction can also be accomplished in a reactor core by employing a 

moderator to retard the neutrons so that they may be more easily captured by the 

fissionable atoms. The neutrons carrying on the chain reaction in this type of reactor core 

are slow (or thermal) neutrons. Substances that can be used as moderators include graphite, 

beryllium, and heavy water (deuterium oxide). The moderator surrounds or is mixed with 

the fissionable fuel elements in the reactor core. 

Because absorption in the moderator is a major loss of neutrons in a thermal reactor core, 

a fast reactor core has an inherently superior neutron economy; that is, there are excess 

neutrons not required to sustain the chain reaction. These neutrons can be used to produce 

extra fuel, as in the fast breeder reactor core, or to transmute long half-life waste to less 

troublesome isotopes. 

With the consideration of the average neutron energy, two types of subcritical cores 

are considered, one is based on fast neutrons; the other is based on thermal neutrons. 

Considering the low neutron generation rate from an electron driven target, the subcritical 

core based on fast neutrons is preferred.  Even though the neutrons move at high velocities, 

the enriched fissionable isotope captures enough neutrons to make possible a self-sustaining 

chain reaction.  
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5.2.2: The Simulation of Subcritical Core in Electron-driven System 

 To realize the preliminary design of the subcritical core, the MCNPX code must 

have geometry information including all fuel rods, target, moderator and reflector data as 

input. Figure 65 shows the geometry layout from a MCNPX simulation.  

Even after simulating with several systems or components of different design that equally 

satisfy a given performance requirement, there are still factors that must be addressed for 

core configuration.   For example, specifications for spent fuel rod size, fuel type, cooling 

time, and core thermal performance must be considered.  

Therefore the following simulation model is for academic analysis and study. To 

reach engineering design, the ADS core and associated coolant, control and protection 

system was designed with appropriate safety margin to assure that specified acceptable 

fuel design limits were not exceeded during any condition of normal operation, according 

to NRC regulation. 

The main components are: Green: Target; Blue: coolant; Yellow: cladding material; 

Pink: Spent Fuel Rod, (Pu-238, Pu-239, Pu-240, Pu-241, Pu-242, Np-237, Am-241, Am-

243, Cm-244, Cm-245), Purple: Iron.    

 
Figure 65: (a) Electron-based ADS Core Z-slice View (Z=0),  (b) Electron-based 

ADS Core X-slice view (X=0) 

Green: Target; Blue: Sodium; Yellow: Cladding; Pink: Spent Fuel Rod, (Pu-238, Pu-239, 

Pu-240, Pu-241, Pu-242, Np-237, Am-241, Am-243, Cm-244, Cm-245), Purple: Iron. 
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In a critical reactor, there is a balance between the number of neutrons produced in 

fissions and the number lost, either by absorption or leaking.  This model of neutron 

transport plays an important role in reactor theory since it is sufficiently simple to allow 

detailed calculations and also sufficiently realistic to allow us to study many of the 

important concepts arising in nuclear reactor analysis.  

In one group reactor calculation, the neutron diffusion equation is expressed as 

),(),(1 trvtrD
tv fa φφφφ

Σ=Σ+∇⋅∇−
∂
∂  

φ (r,t) is the one-group neutron flux,  

While D and aΣ are the one-group diffusion coefficient and macroscopic 

absorption cross section; 

),( trv f φΣ  is the source density. 

For space-dependent general solution,   the neutron diffusion equation is given as 

0)(22 =+∇ rBg φφ  

The Bg
2

  is the geometric buckling, which only depends on the core geometry.  The 

flux solution [Lamarsh, 1983] for one group is given in Table 23. 

 

Table 23: Bucklings and fluxes or critical bare reactors     

 

It has become customary to refer to Bm
2

 ≡
D

v af Σ−Σ
  as material buckling, it 

depends only on the material composition of the reactor core.  
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Hence the criticality condition can be written concisely as  

(material composition) Bm
2 = Bg

2 (core geometry) 

Bm
2 > Bg

2  supercritical 

Bm
2 = Bg

2  critical 

Bm
2 < Bg

2 subcritical  

When the core size is increased, Bg
2  is decreased, and while the concentration of 

fissile material is increased, fΣ and hence Bm
2 are increased. Both of these modifications 

tend to enhance core multiplication.  

The Keff was simulated using the single target core geometry shown in Figure 65.  

The average Keff is plotted in Figure 66. 

 
Figure 66: Keff in the EADS preliminary heterogeneous core 

5.3 Multi target Preliminary Core Design 

The optimized size of the target of the proton accelerator-based system, in terms of 

the volume, was about 16 times larger than that of the electron accelerator system. For the 

electron accelerator-based system to be a feasible alternative as a transmuter, the deficit 

factor of 40 in neutron yield needs to be overcome through other designs features. With 

the smaller size of the target with the electron accelerator system, implementation of 

multiple targets into the subcritical reactor system is a possibility to increase the neutron 

production rate. With a multi-target design as shown in Figure 67, multiple peaks in terms 

of neutron flux distribution are observed as shown in Figure 68. This will be a benign 
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factor to flatten the spatial neutron flux distribution in the core.  

 
Figure 67: Preliminary Electron-based ADS core layout with multiple targets 

 

5.3.1 Neutron flux inside the core  

It is important to measure the thermal and fast neutron flux distribution in the core, 

as the neutron flux relates to the power distribution and provides a measure of 

performance as a neutron source. The neutron flux plots in the Figure 68 and Figure 69 

show the relative neutron flux intensity in the preliminary core. The technique used was to 

tally the neutron flux in the whole core after dividing the core by a 3-D mesh grid.  

These plots show the relative neutron flux intensity with various view angles and 

slices.  
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Figure 68: Neutron flux in X-Y plane in 3-D display 
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Figure 69: Neutron flux in X-Y plane in 2-D with neutron flux intensity in color maps 
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Figure 70: Neutron flux as a function of the distance to the electron beam line 

Figure 70 shows the neutron flux distribution in the X plane with y = 0, a cross-cut from 

Figure 68.  The three peaks align with the electron beam centerlines. 

5.3.2 The power distribution and power production in Electron ADS 

The maximum value of the flux, φ max is always found at the center of the reactor 

core. Since the power density is proportional to the neutron flux, this means that the power 

density is also highest at the center. It is of interest to compute the ratio of the maximum 

flux to its average value throughout the reactor. This ratio is a measure of the overall 

variation of the flux within a reactor and it’s an indication of the extent to which the power 

density at the center of the system exceeds the average power density.   

The average value of neutron flux φ  is given by  

∫= dV
Vav φφ 1  

Where the integral is carried out over the volume of the core, 

Therefore, the power distribution  

Pav = ER Σ f ∫ dvφ  = ER Σ fφ av V. 
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Where ER is the energy converter factor, fΣ is the macroscopic fission cross-section. 

Power Production 

In accelerator driven subcritical assemblies with Keff < 1.0, the power production 

Pfi can be quantified [Rief, date] by 

fspfi E
C
i

kv
kanP

)1( −
⋅

=  

Where k = multiplication factor;  

a = importance of the target position and target neutron energy distribution (usually a>1 

for a central target position, values of 1.6 is used in single proton target, assumption of 1.6 

* 3 is used in multi-target electron driven ADSR) 

Ef =energy release per fission (200MeV); 

v = mean number of neutrons in a fission process; 

nsp = neutron yield from one source particle (electron or proton) 

i = source beam current; 

C = source particle charge (1.6E-19 A*sec).  

In this dissertation research, the electron-based ADSR design, the electron beam of 

1GeV and 1mA impinge on a uranium target, releasing 0.80 neutrons per electron, the 

power production is expressed as: 

 

Pfi = 0.32 keff / (1-keff )   MW 

 

From this equation, it can be shown that near criticality, a 1 mA current source 

particle generates a relatively high fission power. For keff =0.95, about 4 MWt can be 

achieved when a conservative importance factor, i.e., a=1.1 is used.  

The power production as function of the subcriticality (1-Keff) is plotted in Figure 

71.  
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Figure 71: Power production using a 1 GeV, 1 mA electron beam as a function of the 

subcriticality (1-Keff) in an electron-driven ADSR. 

 

The energy Efp per fission products in such a system is expressed [Takahashi, 1992] 

as: 
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Where ).(
)(

MatStructFuelFPa
FPa

fp ++Σ
Σ

=η , 

Es: Energy of source particle, 

η b = efficiency of converting electricity into source beam energy (=0.5) 

η T = efficiency of converting thermal energy into electricity (=0.33) 

When Efp is positive, it indicates that there is a surplus of energy, while a negative 

indicates the need to add energy to the system from outside.  

The condition to obtain a break-even or a positive energy balance is given by 
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In the electron driven ADSR with electron particle energy of 1GeV, the break-even 

point required a Keff > 0.982. That is to say, the system needs external energy to operate 

the system if Keff is less then 0.982 in an electron-driven ADSR.  In the current design, 

Keff is set between [0.92-0.97] with consideration of safety.  

For the proton-driven ADSR, the break-even energy only required a Keff near 0.75. 

This provides an advantage for the proton-driven ADSR in terms of system safety and 

power generation as compared with the electron-driven ADSR.  

5.4 Transmutation Effectiveness Evaluation 

Parametric survey calculations of transmutation rate have being performed 

considering fuel cycle including burnup and recycle. To calculate the spent fuel 

transmutation rate based on an electron-driven ADSR, existing pre-conceptual proton-

driven ADSR designs are used with a similar neutron spectrum in both cores.  

 The following data were adapted from System Design Parameters of Accelerator-

Driven Transmutation Concept [OECD, 1994] as shown in Table 24: Alloy Fuel Core 

System, Proposed by Japan Atomic Energy Research Institute (JAERI); Table 25: Molten 

Salt Core System, Proposed by Japan Atomic Energy Research Institute (JAERI); Table 

26: MOX Fuel Core System, Proposed by Brookhaven National Laboratory (BNL, USA) 

and Table 27: Particle Fuel Core System, Proposed by BNL (Brookhaven National 

Laboratory, USA) respectively.  

 

 

 

 

 

 

 

 



 

  115
  

Table 24: Alloy Fuel Core System, Proposed by Japan Atomic Energy Research Institute 
(JAERI)  

 
 

Table 25: Molten Salt Core System, Proposed by Japan Atomic Energy Research Institute 
(JAERI)  
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Table 26: MOX Fuel Core System, Proposed by Brookhaven National Laboratory (BNL, 
USA) 

 
 

 

Table 27: Particle Fuel Core System, Proposed by BNL (Brookhaven National Laboratory, 
USA) 

 
 

Using the JAERI design as an example, it is comprehensive design with detailed 

core layout, core parameters, fuel composition and burnup data. There was also 

optimization processing by simulating cases with variable parameters. The design 

parameters were initial plutonium loading, buffer region between spallation target and 

core, and zone fuel loading. Parametric survey calculations were performed considering 

fuel cycle including burnup and recycle. The results show that burnup reactivity swing 

depends on the plutonium fraction in the initial fuel loading and the lead-bismuth buffer 

region. An optimum value for the effective multiplication factor was also evaluated using 

reactivity coefficients. Based on this result, the maximum allowable value of the effective 
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multiplication factor for a practical ADS can be set at 0.95. 

The calculation of burnup and system parameters based on electron-ADS was 

investigated with various fuel loadings. With consideration of the destruction rate of spent 

fuel, the effect of fuel loading was investigated and an optimized fuel composition 

selected.  

5.4.1: Transmutation Efficiency Evaluation Methods Description 

The integrated technology studies were initiated in the US in FY 2000 to evaluate 

the efficacy of the various technical options for ATW system configuration [Roadmap, 

1999]. The studies include a plan to demonstrate the efficiency and effectiveness of 

transmutation of minor actinides (MA) in ATW fuel assemblies. With respect to the 

effectiveness of transmutation, currently there exist a few calculation methods 

demonstrating the transmutation effectiveness, e.g., the mass balance transmutation rate, 

Support Ratio, Maximum Rate of Transmutation. These evaluation methods demonstrate 

the technical feasibility of various burnup concepts.  

 The following is a summary of the valuation of the transmutation rate for minor 

actinides. And with the application of these methods in a study case, a comparison of the 

transmutation effectiveness was accomplished.  

 ORIGEN [Oak Ridge National Lab, 2002] is a computer code for calculating the 

buildup, decay, and processing of radioactive materials. ORIGEN2 is a revised version of 

ORIGEN and incorporates updates of the reactor models, cross sections, fission product 

yields, decay data, and decay photon data, as well as the source code. ORIGEN2.1 

replaces ORIGEN2 and includes additional libraries for standard and extended-burnup 

PWR and BWR calculations.  The ORIGEN2.1 code is documented in ORNL/TM-11018. 

METHOD OF SOLUTION 

ORIGEN uses a matrix exponential method to solve a large system of coupled, 

linear, first-order ordinary differential equations with constant coefficients. 

ORIGEN2 has been variably dimensioned to allow the user to tailor the size of the 

executable module to the problem size and/or the available computer space. Dimensioned 

arrays have been set large enough to handle almost any size problem, using virtual 

memory capabilities available. The user is provided with much of the framework 
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necessary to put some of the arrays to several different uses, call for the subroutines that 

perform the desired operations, and provide a mechanism to execute multiple ORIGEN2 

problems with a single job.   

 

 Method 1:  Minor Actinide mass balance transmutation rate 

Among all of these evaluation methods, the most wildly accepted one, which is 

also the most direct one, is to calculate TRU inventory at the beginning of cycle (BOC) 

and the ending of cycle (EOC). This calculation simulates the minor actinide mass balance 

in a particular reactor.  

Definition: 

MA Transmutation Rate TR 
)(

)()(
BOCTRU

EOCTRUBOCTRU −
≡  

Method 2: OECD Rate of transmutation TR  

Another calculation of the rate of transmutation is described by [ref] Nuclear 

Energy Agency, (NEA), Organization for Economic Co-option and Development (OECD) 

For the total MAs, including the MA nuclides and the Pu isotopes produced from 

the MAs during the transmutation cycle 

Definition:  

RT = 
∑

∑ −

i
i

i
ii

N

TNN

)0(

])()0([
 

The time dependent concentration of a radionuclide, not exposed to any neutron 

flux, can be calculated by the relationship: 

)(*)0()( tExpNtN λ−=  

5.5 Burnup and System Parameters in Preliminary Conceptual Electron ADS 

To calculate the burnup efficiency and system parameters, including the thermal power 

in the core, the power peaking factor and the neutron intensity in the subcritical core, three 

versions of the pre-conceptual design were simulated.. The first design model was based on a 

single target Electron ADS; the second model was based on a multi-target electron ADS; and 

the third model was of the single target proton ADS. And for all the three models, two types 
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of fuel components, one based on JAERI proposed alloy fuel, and the other based on BNL 

proposed MOX fuel, were simulated. The objective was to simulate the three models with two 

types of fuel to investigate the transmutation efficiency of electron ADS and comparing it 

with the proton ADS.   In addition one fuel component which fit more to electron ADS 

according to the total transmutation efficiency in given burnup time was chosen.  

The burnup time was set at  700 days, in the first 300 days, the  time interval of 50 

days was chosen, and from 300 days to 700 days, a time interval of 100 days was chosen..  

The neutron flux intensity and neutron spectra inside the core and the multiplication 

factor during the selected time interval were tallied. The remained mass balance data of given 

time interval are tracked as well.  The geometry of electron-ADS core is 100cm in diameter 

and 100 cm in height.  

The following are the simulation results on electron-ADS burnup and system 

parameters after 700 days burnup for all the three models with two types of fuel component 

loading.  Fuel loading type I represents the fuel was based on the JAERI proposed fuel in 

Table 24; and fuel loading type II represents the fuel was based on the BNL proposed fuel 

Table 26.  

5.5.1: Single Target Electron-ADS Burnup and System Parameters 

The first model is based on single electron-driven ADS by using the fuel load 

according to the JAREI proposed proton-based ADS design in Table 2. And the core is 

simulated with Keff as 0.95 and the initial and remaining isotopic mass as shown in Figure 28. 

There is more isotopic mass data available for the after 700 days burnup and with the mass 

fraction less than 0.01 %.  Those data were excluded from this table.  
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Table 28 :  Isotopic mass balance (gram) in Electron-ADS with fuel loading I 

 
  

The plots of neutron spectra, total mass balance, and the main isotopic mass 

inventories are listed in Figure 72 thru Figure 77 for the single electron-based target ADS. 

JF in the following plots represents the original JAERI proposed fuel, according to Table 2. 



 

  121
  

 
Figure 72: Electron ADS Single- target Neutron Spectra inside Core with Fuel Loading I  

 
 

 
Figure 73: Electron ADS Single-target Total Burnup Mass Balance with Fuel Loading I 
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Figure 74: Electron ADS Single-target Np237 Burnup Mass Balance with Fuel Loading I 

 

 
Figure 75: Electron ADS Single-target Am241 Burnup Mass Balance with Fuel Loading I 
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Figure 76: Electron ADS Single-target Am243 Burnup Mass Balance with Fuel Loading I 

 

 
Figure 77: Electron ADS Single-target Pu239 Burnup Mass Balance with Fuel Loading I 

The data observation and comparison are summarized in Table 34. 
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5.5.2: Single Target Electron-ADS Burnup and System Parameters by using MOX 

Fuel  

The first model was based on single electron-driven ADS with Keff as 0.95., The next 

simulation included another fuel component based on MOX fuel (BNL, 1994). The initial and 

remaining isotopic mass is shown in Table 29 . There is more isotopic mass data available for 

the after 700 days burnup and with the mass fraction less than 0.01 %.  Those data were 

excluded from this table. 
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Table 29: Isotopic mass balance (gram) in single-target Electron-ADS with fuel loading II 

(Identify II) 
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The plots of neutron spectra, the total mass balance, and the main isotopic mass 

balances are listed from Figure 78 and Figure 83 for single electron-based target ADS. 

“BF Case” in the following plots represents the MOX fuel in the BNL proposed design, 

based on Table 26.    

 
Figure 78: Electron ADS Single-target Neutron Spectra inside Core with Fuel Loading II 
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Figure 79: Electron ADS Single-target Total Burnup Mass Balance with Fuel Loading II 

 
 

 
Figure 80: Electron ADS Single-target Np237 Burnup Mass Balance with Fuel Loading II 
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Figure 81: Electron ADS Single-target Am241 Burnup Mass Balance with Fuel Loading II 

 

 
Figure 82: Electron ADS Single-target Am243 Burnup Mass Balance with Fuel Loading II 
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Figure 83: Electron ADS Single-target Pu239 Burnup Mass Balance with Fuel Loading II 

 
 

5.5.3: Three-target Electron-ADS Burnup and System Parameters with fuel loading 

I 

To the first model which was based on single electron-driven ADS with Keff as 0.95, 

the fuel component based on alloy fuel (JAERI, 1994) was simulated. The initial and 

remaining isotopic masses are shown in Table 30. There is more isotopic mass data available 

for the after 700 days burnup and with the mass fraction less than 0.01 %.  Those data were 

excluded from this table. 



 

  130
  

 

Table 30: Isotopic mass balance (gram) in three-target Electron-ADS with fuel loading I 

 
The plots of neutron spectra, the total mass balance, and the main isotopic mass 
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balance are listed from Figure 89 to Figure 89 for the three-target electron-based ADS. JF 

in the following plots represents the original fuel based on the JAERI proposed fuel 

component.  

 
Figure 84: Electron ADS Three-target Neutron Spectra inside Core with Fuel Loading I 

 

 
Figure 85: Electron ADS Three-target Total Burnup Mass Balance with Fuel Loading I 
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Figure 86: Electron ADS Three-target Np237 Burnup Mass Balance with Fuel Loading I 

 

 
Figure 87: Electron ADS Three-target Am241 Burnup Mass Balance with Fuel Loading I 
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Figure 88: Electron ADS Three-target Am243 Burnup Mass Balance with Fuel Loading I 

 
Figure 89: Electron ADS Three-target Pu239 Burnup Mass Balance with Fuel Loading I 

 

5.5.4: Three-target electron-ADS burnup and system parameters with fuel loading 

II 

The second model was based on a three-target electron-driven ADS with Keff as 0.95. 
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It was simulated another fuel component based on MOX fuel (BNL, 1994). The initial and 

remaining isotopic masses are shown in Table 31. There is more isotopic mass data available 

for the after 700 days burnup and with the mass fraction less than 0.01 %.  Those data were 

excluded from this table. 
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Table 31: Isotopic mass balance (gram) in Three-target Electron-ADS with fuel loading II 

 
The plots of neutron spectra, the total mass balance, and the main isotopic mass 
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balances are listed from Figure 90 and Figure 95  for three-target electron-based ADS. BF 

in the following plots represents the original BNK proposed fuel component.  

 
Figure 90: Electron ADS Three-target Neutron Spectra inside Core with Fuel Loading II 

 

 
Figure 91: Electron ADS Three-target Total Burnup Mass Balance with Fuel Loading II 
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Figure 92: Electron ADS Three-target Np237 Burnup Mass Balance with Fuel Loading II 

 

 
Figure 93: Electron ADS Three-target Am241 Burnup Mass Balance with Fuel Loading II 
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Figure 94: Electron ADS Three-target Am243 Burnup Mass Balance with Fuel Loading II 

 

 
Figure 95: Electron ADS Three-target Pu239 Burnup Mass Balance with Fuel Loading II 
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5.6 Burnup and System Parameters in Pre-conceptual Proton ADS 

To calculate the proton-ADS burnup efficiency and system parameters, including the 

thermal power in the core, power peaking factor and neutron intensity in the subcritical core, 

three kinds of pre-conceptual design were simulated. Two types of fuel components, one 

based on JAERI’s proposed alloy fuel, and the other based on BNL’s proposed MOX fuel 

were simulated. The core geometry is 200 cm in diameter and 200 cm in height. The objective 

is to investigate the transmutation efficiency of a proton ADS as compared with an electron 

ADS using two types of fuel. The total burnup time considered was 700 days; in the first 300 

days, a time interval of 50 days was chosen; and from 300 days to 700 days, a  time interval 

of 100 days was selected. The neutron flux intensity and neutron spectra inside the core and 

the multiplication factor during the selected time interval were tallied. The mass balance data 

for each time interval was also tracked.  

The simulation results on proton-ADS burnup and system parameters after 700 days 

burnup with two types of fuel are shown in Table 30.  

5.6.1: Proton-ADS burnup and system parameters with fuel loading I 

The third model which was based on single proton-driven ADS with Keff as 0.95, the 

simulation made use of an alloy fuel (JAERI, 1994). The initial and remaining isotopic 

masses are shown in Table 32.  There is more isotopic mass data available for the after 700 

days burnup and with the mass fraction less than 0.01 %.  Those data were excluded from this 

table.  
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Table 32: Isotopic mass balance (gram) in Proton-ADS with fuel loading I 

 
 

The plots of neutron spectra, the total mass balance, and the main isotopic mass 
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balances are listed from Figure 96 thru Figure 101 for the single proton-based target ADS. 

JF in the following plots represents the original JAERI fuel.  

 
Figure 96: Proton ADS Single-target Neutron Spectra with Fuel Loading I 

 

 
Figure 97: Proton ADS Single-target Total Burnup Mass Balance with Fuel Loading I 
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Figure 98: Proton ADS Single-target Np237 Burnup Mass Balance with Fuel Loading I 

 

 
Figure 99: Proton ADS Single-target Am241 Burnup Mass Balance with Fuel Loading I 
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Figure 100: Proton ADS Single-target Am243 Burnup Mass Balance with Fuel Loading I 

 

 
Figure 101: Proton ADS Single-target Pu239 Burnup Mass Balance with Fuel Loading I 
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In Figure 101, it was noticed that the Pu-239 decreased during the first 250 days of 

burnup time and then increased thereafter. . Under appropriate operating conditions, the 

neutrons given off from the fission reactions can "breed" more fuel from otherwise non-

fissionable isotopes. The most common breeding reaction is that of plutonium-239 from 

nonfissionable uranium-238. The term "breeder" refers to the types of reactors which can 

actually produce more fissionable fuel than they use, like for example, the liquid metal fast 

breeding reactor (LMFBR). This scenario is possible because the nonfissionable uranium-238 

is approximately 140 times more abundant than the fissionable U-235 in natural uranium and 

it can be efficiently converted into Pu-239 by neutrons of appropriate energy from the fission 

reaction. 

 

5.6.2: Proton-ADS Burnup and System Parameters Fuel Loading Case II 

The third model which was based on the single proton-driven ADS with Keff as 0.95, 

MOX fuel (BNL, 1994) was used for the simulation. The initial and remainder isotopic 

masses are shown in Figure 33. There is more isotopic mass data available for the after 700 

days burnup and with the mass fraction less than 0.01 %.  Those data were excluded from this 

table.  
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Table 33: Isotopic mass balance (gram) in Proton-ADS with fuel loading II 
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The plots of neutron spectra, the total mass balance, and the main isotopic mass 

balances are listed from Figure 102 thru Figure 107  for single proton-based target ADS. 

BF in the following plots represents the original fuel based on BNL proposed fuel.  

 
Figure 102: Proton ADS Single-target Neutron Spectra inside Core with Fuel Load II 

 
Figure 103: Proton ADS Single-target Total Burnup Mass Balance with Fuel Loading II 
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Figure 104: Proton ADS Single-target Np237 Burnup Mass Balance with Fuel Loading II 

 

 
Figure 105: Proton ADS Single-target Am241 Burnup Mass Balance with Fuel Loading II 
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Figure 106: Proton ADS Single-target Am243 Burnup Mass Balance with Fuel Loading II 

 

 
Figure 107: Proton ADS Single-target Pu239 Burnup Mass Balance with Fuel Loading II 

 
 

The thermal power in the single target electron-ADS is 4 MWt in fuel I and 3.5 MWt 
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in fuel II, meanwhile, for multiple target of electron-based ADS, the thermal power in single 

target electron-ADS is 4.3 MWt in fuel I and 3.9 MWt in fuel II; for proton-ADS, the thermal 

power in is 80 MWt in fuel I and 54MWt MWt in fuel II.  
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Table 34: Overall Electron-ADS and Proton-ADS burnup and system parameters 
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Combining the burnup and system parameters data in Table 34, it was observed that 

the three target electron ADS performs similar to the single target electron ADS in terms of 

total mass burnup and Keff; the average neutron flux was10% higher and PPF was 23% lower.  

Regarding transmutation, the power peaking factor in both electron- and proton- ADS 

increases ~ 10% during the burnup period of 700 days. Thermal power in the proton ADS is 

higher than that in the electron ADS by a factor of approximately 20. The transmutation 

effectiveness of electron-based ADS (.29% total burnup) is less by a factor of  approximately 

11 as compared with a typical proton-based ADS (3.1% total burnup). 
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Chapter 6 Capital Cost Study of Electron Accelerators and Proton Accelerators 

Capital cost is another important factor to be considered in the comparison of the 

electron-based ADS and proton-based ADS, primarily on the cost of the accelerator 

facility. The investigation is made to examine the construction cost of two accelerator 

systems as indispensable part for evaluating the feasibility of electron accelerator driven 

subcritical system for nuclear waste transmutation.  

6.1 Capital Cost Estimation of Electron Accelerator Beam Facility  

The use of accelerators in basic and applied research as well as in medical 

applications has blossomed since the discovery of X-rays in the late 19th century. For 

basic research, accelerators are most commonly used in high-energy physics and nuclear 

physics.  

The purpose of accelerators in basic research is to accelerate ions or electrons to 

high speed and then collide these beams of energetic particles with a fixed target (or 

sometimes another counter-rotating beam).  

Generally, the electron accelerator beam facility is consisted by cyclotron, 

synchrotron and storage, in which constant energy could be remained. For electron 

accelerator to be bombarded with target in nuclear waste transmutation, the electron 

accelerator beam could be made only by cyclotron and synchrotron.  

An alternative electron accelerator facility design, instead of using LINAC, 

Rhodotron is used to accelerate electron energy up to 10MeV, and then goes to 

synchrotron. A schematic figure is followed. 
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Figure 108: Layout of Electron Accelerator Facility Design with Rhodotron and Booster 

Synchrotron 

 
 First Stage:  Electron Gun (Energy up to ~10 MeV, $12.9M ~ $50M) 

Rhodotrons are electron accelerators based on the principle of re-circulating a 

beam through successive diameters of a single coaxial cavity resonating in metric waves. 

Such design makes it possible to achieve (Continuous Wave) CW acceleration of electron 

beams to high energies. The original design principle of the Rhodotron was first proposed 

in 1989 by J. Pottier from the French Atomic Energy Agency (CEA), who suggested the 

use of a half wavelength coaxial cavity, shorted at both ends to accelerate electrons 

[Jongena, 1999 ]. 

Three industrial Rhodotron systems ranging from 35 kW to 200 kW beam power 

at 10 MeV have been completely designed, and are routinely manufactured at IBA's 

facilities in Louvain-la-Neuve. Specifications of these industrial accelerators were chosen 

in order to address the needs of the market of industrial irradiation for simple, compact 

and reliable high-power EB units: 

 

Model Energy Maximum Power Size 
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(MeV) (kW) (meter) 

TT100 3 - 10 40 1.6 

TT200 3 - 10 100 2.9 

TT300 3 - 10 200 2.9 

Rhodotron cavities are shaped as coaxial lines shorted at both ends and resonating 

in the l/2 mode at 107.5 MHz or 215 MHz. The beam crosses the cavity in the median 

plane through successive. External window-frame magnets are used to bend back the 

electrons emerging from the cavity and to redirect them toward the cavity centre. A high 

power RF system using a tetrode produces the electric field allowing an energy gain of 

0.833 or 1 MeV per crossing. Ten or twelve crossings of the cavity (which means nine or 

eleven bending magnets) are therefore required to obtain 10 MeV electron beams. 

 

Rhodotron TT1000  

Key Features(Current 100mA, Energy 5MeV ~ 7 MeV, Size: 2.9m, Cost:  ~12.9 

Million 

 
Figure 109: Industrial Rhodotron from Industrial Electron-Beam Processing 

 
The last development in high energy and high power electron accelerator, the 

Rhodotron TT1000 is able to produce beam current up 100 mA at energies between 5MeV 

and 7MeV. The machine can produce beams at two different preset energies on the same 

output port. The accelerator has been primarily developed to produce very large capacity 

X-ray sources used in sterilization in pasteurization. The machine exhibits very high 

power conversion efficiency (up to 55%). 

The Rhodotron design is based upon a continuous wave (CW) mode of operation, 

enabling the delivery of an uninterrupted (non-pulsed) stream of electrons. Combined with 
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IBA’s expertise in beam-line optics, this design provides an accelerator-based system with 

unparalleled flexibility and adaptability. Actually the size of Rhodotron is around several 

meters in diameter and is capable to be put inside the booster circular if necessary. 

 

Stage 2: Booster Synchrotron (Energy up to ~GeV, Capital cost $160M ~ $192M) 

A synchrotron (sometimes called a synchro-cyclotron) is a circular accelerator 

which has an electromagnetic resonant cavity (or perhaps a few placed at regular intervals 

around the ring) to accelerate the particles. 

Thus, as the particles increase in energy the strength of the magnetic field that is 

used to steer them must be changed with each turn to keep the particles moving in the 

same ring. The change in magnetic field must be carefully synchronized to the change in 

energy or the beam will be lost. A circular booster to increase the energy of the electrons 

each time they go around. 

 

The National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory.  

Key Features: Capital Cost $160M, Electron Energy:  up to 1GeV 

The National Synchrotron Light Source (NSLS) is the largest facility in the U.S. 

dedicated to the production of synchrotron radiation. Funded by the Department of 

 Energy as a user facility, construction on the NSLS began in 1977 with VUV Ring 

operation commencing in 1982 and X-Ray Ring operation in 1984. Since then, the facility 

has undergone a major 4-year upgrade and is continually improved to take advantage of 

the latest technology in storage rings, baseline optics, and insertion devices. 

The NSLS began operation in 1984 after four years of construction 

• The building and synchrotron cost $160 million to build 

• The booster ring accelerates the electrons to speeds up to 1GeV 

 

6.2 Capital Cost Estimation of Proton Accelerator Beam Facility  

An investigation of proton accelerator facility architecture and cost estimate 

becomes essential in order to reach the goal of comprehensive comparison electron-based 

and proton-based ADS for NWT. 
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Considering the proton source energy and current, Table 35 presents the main 

proton source facilities [Ankenbrandt, 2001] including the existing, under construction 

and proposed facilities.  

 

Table 35: Worldwide Existing and Proposed Proton Sources 

 
For proton accelerator, two representative designs were investigated in terms of 

architecture and cost estimate. One case is in the low energy, high intensity zone; and the 

other is in the high energy and low intensity zone. 

 

Type 1: Relative low energy and high intensity Proton Source – Superconducting 

Linac (SC) proton source for the SNS  

A preliminary design of a superconducting Linac (SC) option for the Spallation 
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Neutron Source (SNS) was undertaken by a working group established by SNS 

management. The basic construction of the SC Linac is to accept 194MeV proton from 

baseline facility, then accelerator the proton from 194MeV to 1GeV in the SC Linac. The 

SC Linac architecture parameters [SNS-SRF, 1999] are listed in Table 36. 

 

Table 36: SNS Super-Conducting Linac Architecture Parameters 

 
To get the whole cost estimation, two separate parts were taken into consideration. 

The first part is the baseline facility, which provides the proton with energy as 194MeV.  

The baseline cost for the starting proton with energy as 194 MeV is $71.1 M.  

The cost estimate comes from several sources, including vendor quotes, catalog prices, 

engineering judgment of experienced staff, and recent accelerator construction experience 

at other laboratories. Some of the cost data presented in this report are bottoms-up 

estimates and some are scaled from construction of existing facilities.  

The cost estimates [SNS, 1999] for the second part, the SC Linac, presents in 

Table 37. 
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Table 37:  Cost Summary of the SC Linac from 194 MeV to 1000 MeV 

 
As a whole, the cost of the SC Linac from 194 MeV to 1000 MeV is estimated to 

be $118.6M, and its associated conventional facilities cost is $32.2M. The total cost for 

1GeV proton facility is $ 71.1M plus $118.6M and 32.2 M, that is $221.9M in 1999 FY 

dollar. Considering the inflation from FY1999 to FY2004, by a factor of 1.134 [Bureau of 

Labor Statistics], then the total cost of 1GeV proton facility is $251.6 M. 
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Type 2 Relative high energy and low intensity Proton Source – Proton Driver 

Booster Design (FermiLab) 

The FermiLab Booster was originally built in the early 1970’s, with the design 

goal of servicing the now defunct Main Ring accelerator which required 3.8E12 proton 

per pulse at much less than 1 Hz repetition rate. Over time the demands on the Booster 

have risen steadily and it is now required to deliver high rate proton. Considering that goal, 

a potential new machine, described in “Proton Driver Design Study” was investigated and 

a report was published in Dec 2000. Here is an alternative 8GeV machine from FermiLab 

high energy physics program [Ankenbrandt, 2001].  

 

Table 38: An 8GeV proton booster machine parameter 

 
An architecture data for the 8GeV machine is 474.2m for machine circumference, 

which diameter is about 151.0 m. Here the average beam current is only 12uA. 
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Table 39: SNS Super-Conducting Linac Architecture Parameters [SNS-SRF, 1999] 

 
To get the whole cost estimation, two separate parts were taken into consideration. 

The first part is the baseline facility, which provides the proton with energy as 194MeV. 

The baseline cost for the starting proton with energy as 194 MeV is $71.1 M.  

The cost estimate comes from several sources, including vendor quotes, catalog prices, 

engineering judgment of experienced staff, and recent accelerator construction experience 

at other laboratories. Some of the cost data presented in this report are bottoms-up 

estimates and some are scaled from construction of existing facilities.  

As a whole, the cost of the SC Linac from 194 MeV to 1000 MeV is estimated to 

be $118.6M, and its associated conventional facilities cost is $32.2M. The total cost for 

1GeV proton facility is $ 71.1M plus $118.6M and 32.2 M, that is $221.9M in 1999 FY 

dollar.  

Considering the inflation from FY1999 to FY2004, by a factor of 1.134 [Bureau of 

Labor Statistics, 2004], then the total cost of 1GeV proton facility is $251.6 M. The 

FermiLab Booster was originally built in the early 1970’s, with the design goal of 

servicing the now defunct Main Ring accelerator which required 3.8E12 proton per pulse 

at much less than 1 Hz repetition rate. Over time the demands on the Booster have risen 

steadily and it is now required to deliver high rate proton. Considering that goal, a 

potential new machine, described in “Proton Driver Design Study” was investigated and a 

report was published in Dec 2000. Here is an alternative 8GeV machine from FermiLab 

high energy physics program.  
The architecture data for the 8GeV machine is 474.2m for machine circumference, which 

diameter is about 151.0 m. Table 40 is a cost estimate of the basic structure, no attempt to design 

systems such as injection, collimation, extraction or closed orbit correction.  
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Table 40: Capital Cost of a Proton Driven Machine Basic Structure 

 
Note:  RF:  Radio Frequency; RFQ: Radio Frequency Quadrupole 
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 ED&I  Engineering Design and Inspection 

 LEBT: Low Energy Beam Transport; MEBT: Medium Energy Beam Transport 

The first type, relative low energy and high intensity proton (~1GeV and ~mA) is 

comparative to the studies electron accelerator beam.  

As previous study shows, the electron accelerator synchrotron facility will costs around 

$173 M ~ $242M with booster circumference is around 200~300m, ie. NSLS (National 

Synchrotron light source) in Brookhaven is 170m and Switzerland Light Sources (SLS) 

270m.  

The price range for proton accelerator facility, as we presented before, around 

$200M to $280M, is very comparable to electron accelerator facility. The total length of 

206.6m in first proton facility, and the circumference of 474.2m in the second proton 

source, is also very close to the size of high energy electron sources. The capital cost for 

electron-based and proton-based accelerator facility is pretty comparative with a factor 

less then 20%. The proton-based facilities is slightly higher that that electron-based 

accelerator facilities. By investigating the cost estimate and architecture of the two types 

of proton accelerator, cataloging by proton energy and proton intensity, an overview of 

proton accelerator is provided.  
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Chapter 7  Summary and Conclusions 

The objective of this study was to examine the feasibility of an electron 

accelerator-based nuclear waste transmutation system based on my proposed preliminary 

conceptual design. Here is the abstract table covering the main comparison parameters in 

Table 41. 

 

Table 41: Overall Comparison – Electron-based ADS vs. Proton-based ADS 

 
 Comparing with current ADS coupling experiments summary and status [Mike 

Cappiello, 2005], the electron-based core with single target has the power ranging 4MW and 

source strength around 5.0 E16 n/s.  After fitting the core power and source strength with the 

plot of coupling experiment, the result of NCSU stands as the second highest core power and 

source strength as shown in Figure 110, adapted from 3rd Annual Workshop on ADSS 

presentation [M. Cappiello, 2005] 

.  
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Figure 110: Predictive position of core power as function of source strength comparing with 

coupling experiment 

 

XTADS stands for eXperimental facility demonstrating the technical feasibility of 

Transmutation in an Accelerator Driven System, an advanced design of an approximately 50 

to 100 MWth by European Research Program for the Transmutation of High Level Nuclear 

Waste in an Accelerator Driven System 

SAD project is dedicated to the creation of ADS system, based on JINR Phasotron 

with a replaceable target and subcritical blanket with metal oxide (MOX) uranium and 

plutonium fuel for implementation of the wide scientific program in the field of nuclear waste 

transmutation. 

TRADE, TRiga Accelerator Driven Experiment, The TRADE experiment was initially 

the object of an ENEA, CEA, CERN and ANSALDO Working Group who developed a 
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feasibility study in 2001, with updates in 2002. The TRADE International Collaboration is 

now carrying out a set of conceptual design activities concerning the main subsystems and 

components of the TRADE facility, as well as a preliminary experimental campaign. 

MUSE-4 experiments (Multiplication Source Externe) are being carried out in France, 

during 2001-2003, using the MASURCA facility, a reactor dedicated to the neutronics studies 

of fast reactor lattices. The experiments investigate both critical and sub-critical 

configurations changing the sub-criticality level. 

RACE, Reactor-Accelerator Coupling Experiments (RACE) Project, the purpose of 

the RACE project is to conduct subcritical nuclear experiments using particle accelerators and 

heavy metal targets to contribute to the understanding of coupling between accelerator targets 

and subcritical systems. The experimental centerpiece of the ISU phase of the RACE Project 

is a 25-MeV linear electron accelerator coupled to a subcritical nuclear assembly consisting of 

150 water moderated uranium-aluminum fuel plates inside a graphite reflector. 

 

7.1 Key observations and conclusions  

The study shows that both electron and proton accelerator driven systems are capable 

of providing high intensity neutron flux ~ 10E12 /cm^2-s; the neutron generation in the target 

increases approximately linearly as function the incident particle energy. Among the selected 

target materials:  bismuth (Bi), thorium (Th), tungsten (W), lead (Pb), tantalum (Ta) and 

uranium (U), uranium was found to produce the highest neutron yield for both the electron-

based and the proton-based targets. The maximum neutron production from the electron-target 

system was 0.8 neutrons per electron and, the neutron production from the proton-target 

system was 30 ~ 40 neutrons per proton.  

With natural uranium as the electron system target material and using 1GeV as the 

incident particle energy, the optimum target size and geometry was determined to be a 

cylinder with a diameter of 10 cm and thickness of 7 cm with electron beam size as 5cm in 

diameter. For the proton-based accelerator system the optimum target was 40 cm in diameter 

and 30 cm in thickness with proton beam size as 10cm in diameter. The average neutron 

energy was slightly lower with the electron system, 1.82 MeV for the proton system vs. 1.15 

MeV for the electron system. The optimized target size of the proton accelerator-based system, 
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in terms of the volume, was about 67 times larger than that of the electron-based accelerator 

target. 

 Considering the small electron-based target size and low neutron generation rate, a 

preliminary electron-based subcritical core is proposed.  In addition, the computations also 

included systems with multiply targets. The system net power is slightly over zero, indicating 

that the main objective of the electron-based ADS should be for nuclear waste transmutation. 

A power peaking factor approximately 2.61 was achieved in single electron target ADS and 

2.04 in three-target electron-ADS with the subcritical core at Keff ~ 0.95. In proton-ADS, a 

PPF reached 2.91 with Keff ~ 0.95. 

In terms of capital cost of accelerator facilities, the electron accelerator synchrotron 

facility is expected to cost around $173 M ~ $242M with booster circumference of around 

200~300m. For proton accelerator facility, capital cost is expected to be around $200M to 

$280M, which is very comparable to electron accelerator facility. The total length of 206.6m 

in first proton facility, and the circumference of 474.2m in the second proton source, is also 

very close to the size of high energy electron sources. The capital cost for electron-based and 

proton-based accelerator facility is pretty comparative with proton-based facilities slightly 

higher by a factor of 20%. 

Multiple targets design in the electron-driven ADS was possible and found to be useful 

in flattening the power peak factor in ADS subcritical core. Three target electron ADS 

performs similar with single target electron ADS in terms of total mass burnup and Keff, the 

average neutron flux is 10% higher and PPF is 23% lower.  Regarding transmutation, power 

peaking factor in both electron- and proton- ADS increases ~ 10% during the burnup period of 

700 days. Thermal power in proton ADS is higher than that of electron ADS by a factor ~ 20. 

The transmutation effectiveness of electron-based ADS (.29% total burnup) is smaller by a 

factor of 11 compared to a typical proton-based ADS (3.1% total burnup).  

The overall summaries of the advantages and disadvantages of electron-based 

subcritical system were listed as: 

Electron-driven ADS pros includes 

1. Small target size and small core scale 

2. Multiple target possibility for low PPF 

3. Low radiation damage to target and surroundings 
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4. Wide availability electron beam at ~100 Mev 

5. Low capital cost of electron accelerator facility 

Electron-driven ADS cons includes: 

1. Low efficiency of neutron generation rate 

2. High value requirement of Keff as power approximately proportional to 

neutron generation rate and Keff/1-Keff 

3. Low transmutation efficiency 

4. Low thermal power and electricity generation 

7.2 Proposed future works 

In this study, the main focus has been on the neutronic properties and analysis, the 

main difference of electron- and proton- based target and core, the preliminary conceptual 

design and improvements in the electron-based subcritical core design.  

 After carrying out the study of electron-based and proton-based targets, a 

comprehensive comparison was made and a preliminary conceptual electron-based 

subcritical core was proposed with main factors calculated. The remaining main task is the 

fuel component and fuel loading patterns configuration and optimization of electron-based 

accelerator subcritical core design. The following are proposed tasks: 

1. Study of various fuel loading patterns and fuel components in various neutron flux 

zone in homogeneous fuel load pattern. In heterogeneous fuel load pattern, more 

investigation needed for further flattening power peaking factor.  

2. Absorber/moderator and coolant materials selection beside sodium, Lead-bismuth is 

an alternative coolant choice.  

3. The thermo-hydraulic and safety analysis of the electron-based subcritical core is 

necessary for future investigation.  

4. Dynamic analysis and time dependant core characterization are important aspects in 

subcritical core design. 

5. Develop an improved capital cost model for the electron-based subcritical system for 

nuclear waste transmutation. 

The electron-based subcritical ADS for nuclear waste transmutation is at the 

preliminary conceptual design stage. More international and laboratorial cooperative 
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works need to be done in terms of benchmarking the neutron spectrum of the electron-

based target, verifying the thermo-mechanical design, addressing related accident and 

safety issues, evaluating, transmutation economics, and confirming burnup behavior. 
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